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ACRONYMS 

1D (2D, 3D) - one-dimensional (two-dimensional, three-

dimensional) 
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PC - personal computer 

PES - photoelectron spectroscopy 
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PMF - pulsed magnetic field 

PTRM - pulsed temperature regulation module 

PWM - pulse-width modulator 

RBS - Rutherford backscattering 

RTA - rapid thermal annealing 

SB - Schottky barrier 

SBD - Schottky barrier diode 

SCR - space-charge region 

SES - surface electronic state 

SIMS - secondary-ion mass spectrometry 

TBF - time between failures 

TLM - transfer length method 

TRAPATT - trapped-plasma avalanche triggered transit time 

UST - ultrasound treatment 

VPE - vapor-phase epitaxy 
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PREFACE 

For several decades, silicon microwave diodes remain one of the 

most called-for active elements of electronic devices used for various 

purposes. During that period, the manufacturing technology for silicon 

microwave diodes and transistors was being developed and refined, as 

well as the higher-frequency range was being mastered. 

The microwave technologies belong to the crucial base 

technologies that characterize the cutting-edge state of the country’s 

engineering and industry [1-3]. High level of manufacturing technology 

for solid-state microwave devices and integrated circuits (ICs) is the 

crucial factor for development of new-generation electronic systems as 

well as passing on to nanoelectronic technologies and devices. In other 

words, only those few countries will be able to go over to the 

nanoelectronic technologies that have mastered the modern microwave 

technologies by now. 

At the same time, the developers of microwave devices (first of all, 

those dealing with the silicon ones) came upon the fact that transition to 

submicron device structures requires essential corrections of the 

manufacturing procedures as well as the diagnostic methods and 

facilities. For instance, rapid thermal annealing (RTA) became part of 
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the manufacturing process. Such a procedure favored retention of the 

properties of semiconductor structures as well as 

semiconductor−semiconductor and metal (insulator)−semiconductor 

interfaces [4, 5]. It is impossible even to imagine either progress of 

manufacturing technology for microwave devices or diagnostics of their 

degradation without application of the modern analytical and structural 

methods of analysis of contact and device structures [6-9]. 

As the structure of microwave devices becomes more complicated, 

the importance of the physical methods used for diagnostics of their 

parameters becomes more evident. Such methods make it possible not 

only to check the device quality but also to determine maximum 

permissible operating conditions as well as physical limitations on 

certain operating parameters [2, 10-33]. Application of new materials, in 

particular, amorphous interstitial alloys (phases), for contact 

metallization in microwave diodes made it possible to increase 

considerably their failure-free time. This fact indicates definitely 

removal (slowing down) of one of the main degradation mechanisms in 

semiconductor microwave diodes and transistors, namely, grain 

boundary diffusion in the metallization layers and at 

metal−semiconductor interfaces [34-36]. Nicolet [37] was one of the 

first who has pointed out such a possibility. 

In the Soviet Union, most of such studies and developments started 

in the sixties and seventieth of the last century at the research institutes 

of the Ministry of Electronic Industry of the USSR and institutes of the 

Academy of Sciences of the USSR and Republican Academies of 

Sciences, as well as at universities and institutes of higher education. 
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Among them were (to name just a few) the Research Institute-311 

founded in 1951 (now the Scientific Production Association “Sapfir”, 

Moscow), the Research Institute “Pulsar” (1953) (now the Federal 

Unitary State Enterprise Scientific Production Association “Pulsar”, 

Moscow), the Research Institute “Orion” (now the State Enterprise 

Research Institute “Orion”, Kiev) and the Institute of Semiconductors of 

the Academy of Sciences of the Ukrainian SSR (now the V. Lashkaryov 

Institute of Semiconductor Physics of the National Academy of Sciences 

of Ukraine, Kiev). Application of the physical methods of diagnostics 

(instead of long-term thermal and electrical training) for prediction of 

failures of microwave diodes and transistors has been proposed and 

tested, practically at the same time, at the Scientific Production 

Association “Istok” (by S.P. Khodnevich, Voronkov, and A.D. 

Khodnevich) [11-13, 16, 17, 32], Research Institute “Pulsar” (by 

Sinkevich et al.) [17, 18], Institute of Semiconductors of the Academy of 

Sciences of the Ukrainian SSR (by Zaitsevskii, Faynberg, Soloviev, and 

Rapoport) [14, 15, 19-31, 33], and Research Institute “Orion” (by 

Rybalka and Scherbina). 

In the same period, an active search was going on in the Soviet 

electronic industry for alternative methods of treatment of device 

structures and finished products [38, 39]. The radiation technological 

procedures that were developed at the Institute of Semiconductor 

Physics of the Siberian Branch of the Academy of Sciences of the USSR 

(under the direction of Smirnov) [40, 41], Institute of Semiconductors of 

the Academy of Sciences of the Ukrainian SSR (under the direction of 

Dmitruk, Tkhorik, and Litovchenko) [42-46], Institute of Physics of the 
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Academy of Sciences of the Ukrainian SSR (under the direction of 

Shakhovtsov) [44, 47], and Research Institute “Saturn” (under the 

direction of Grusha and Sinischuk) turned out to be the most applicable 

ones. 

The radiation technologies were intensely developed in Tomsk, 

Minsk, and Tashkent. The results of the corresponding investigations 

were summarized in a number of monographs (see, e.g., [48-55]). All-

Union conferences and workshops in the area were being organized; 

only references to the most important works presented at those forums 

would take dozens of pages. 

The above examples demonstrate the factual situation with the 

development of technologies for solid-state microelectronic base in the 

seventieth and eightieth of the last century in the USSR. At the same 

time, the level of developments of many Western research centers and 

companies was above that of the Soviet Union. 

When analyzing the prerequisites for the modern solid-state 

microwave electronics, one should mention the theoretical and 

experimental works by Strikha et al. (Kiev T.G. Shevchenko State 

University) dealing with the metal−semiconductor contacts [56-64], as 

well as the studies on the physics of semiconductor surfaces and real 

barrier contacts by Dmitruk et al. [65-67], the vast cycle of physico-

technological works on the contact phenomena in semiconductors and 

applications of metal−semiconductor contacts performed by Vyatkin, 

Bozhkov et al. (Tomsk) [68, 69] and Gol’dberg, Tsarenkov et al. at the 

Ioffe Physical-Technical Institute (Leningrad) [70-72]. The above 

studies served as brilliant confirmation and realization of the pioneer 
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works performed by Schottky (Germany, 1938) [73]), Mott (UK, 1938) 

[74]), Davydov (USSR, 1939) [75]), and Bardeen (USA, 1947) [76]). 

Along with the works made by Padovani, Stratton, Rhoderick, Sze [77-

79] and many other researchers, those investigations made a great 

contribution to the development of the modern solid-state electronics. It 

should be noted that the silicon point-contact detector patented by Bose 

(1904) [80] and Pickard (1906) [81] became the basic element of the 

emerging semiconductor microwave electronics in less than five 

decades: the Ge and Si point-contact diodes were widely used in 

microwave radars during World War II. The postwar fifty years were 

marked by creation of the theory of р-п junction and transistor 

(Shockley [82]) and advancement of novel, truly revolutionary 

technologies that led to the modern electronics and produced essential 

changes both in science and everyday life. 

The molecular beam epitaxy (MBE) has a significant place among 

the novel technologies. Its original developers were Arthur and Cho [83-

86]. The first Soviet MBE plants were made in 1979 at the Institute of 

Semiconductor Physics of the Siberian Branch of the Academy of 

Sciences of the USSR. A multichamber MBE plant with parameters 

comparable to those of the Western ones was made at the above Institute 

in 1992. The key role in that area belonged to Rzhanov and Stenin [87-

90]. 

The great possibilities of MBE may be illustrated by the 

semiconductor epitaxial superlattices advanced in 1970 by Esaki and 

Chang and prepared in 1976 [91]. Another example is silicon double-

drift impact avalanche transit-time (IMPATT) diode made by Luy et al. 
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in 1987. Such a diode (maximal power output of ~600 mW at a 

frequency of 94 GHz, efficiency of ~6.7%) could not be made without 

MBE [92]. The advantages of the MBE technique over the other 

methods of obtaining thin semiconductor films are (i) low growth 

temperatures (≈650 °С for Si), (ii) possibilities of precise control over 

the doping profiles in the growing layers, and possibility to form 

superperfect dielectric layers [93] and metallization with preset 

parameters. 

The MBE technology involves the modern diffractometer and 

optical testing methods, thus making them an integral part of the 

technological process of formation of films with preset parameters. It 

turned out that the present-day semiconductor technologies (in 

particular, the microwave ones) are impossible without such analytical 

diagnostic methods as SIMS (secondary-ion mass spectrometry), Auger 

electron spectroscopy (AES) and photoelectron spectroscopy (PES), and 

Rutherford backscattering (RBS), as well as electron microscopy (EM) 

and atomic force microscopy (AFM). The above techniques make it 

possible (i) to monitor the manufacturing process (layer quality) for the 

semiconductor, dielectric and metal films under preparation and (ii) to 

determine and analyze the causes of flaws and degradation of 

semiconductor devices in the course of their operation. This enables one 

to develop the physico-mathematical models for failure of devices. 

The material of this monograph is based mainly on the interests 

and experience of its authors, as well as on the results of the theoretical 

and experimental investigations obtained by them when performing the 

research and development works during recent years. 
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The monograph is published on the eve of the fiftieth anniversary 

of the V. Lashkaryov Institute of Semiconductor Physics of the National 

Academy of Sciences of Ukraine and the State Enterprise Research 

Institute “Orion”. Both institutions have been established in the period 

of the highest development of science and education in our country and 

practically immediately made themselves known by the advanced ideas, 

researches and developments. Among those that appeared at the Institute 

of Semiconductor Physics (former Institute of Semiconductors) were (to 

mention but some): the nonequilibrium depletion effect in silicon 

(Snitko, Milenin, and Primachenko), the classical size effect at the 

diffusion lengths (Snitko and Klimovskaya), the works on laser-

holographic electrochemistry of semiconductors (Tyagai, Kolbasov, and 

Sterligov), the “liquid-drop” effect – condensation of excitons at the 

surface into liquid-plasma electron-hole drops (Litovchenko et al.), the 

radiation-planar gettering technique (Litovchenko and Romanyuk), 

discovery of photographic sensibility of thin semiconductor layers 

(Kostyshin et al.), and quite a number of other results (see the book 

“Institute of Semiconductors”, ed. by O.V. Snitko, Naukova Dumka, 

Kiev, 1985). It should be noted that those investigations were initiated 

by the outstanding researcher V.E. Lashkaryov, Academician of the 

Academy of Sciences of the Ukrainian SSR, who was the first Director 

of the Institute of Semiconductors of the Academy of Sciences of the 

Ukrainian SSR. The mm-wave solid-state element base has been created 

as well as solid-state microwave devices and systems were developed at 

the Research Institute “Orion” (Maltsev, Odnolko, Ivanov, Tsvirko, 

Basanets, Zorenko, Chaika, Krivutsa, Khomenko, Kasatkin, Karushkin, 
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Rybalka, Zwerschchovskyi, Rakitin). They were on a level with the 

highest worlds standards and even excelled them in some respects. Such 

an element base and microwave devices determine one of the crucial 

components of national security because they provide the basis for 

development of novel systems of communication, radar-location and 

navigation. 

The authors are grateful to their colleagues Prof. N.L. Dmitruk, 

Prof. I.V. Prokopenko, Prof. P.I. Baranskii, Dr. P.M. Lytvyn, 

Dr. O.S. Lytvyn, and Dr. L.V. Scherbina (V. Lashkaryov Institute of 

Semiconductor Physics of the National Academy of Sciences of 

Ukraine), Prof. B.A. Danil’chenko (Institute of Physics of the National 

Academy of Sciences of Ukraine), V.N. Ivanov, V.V. Basanets, and 

V.A. Krivutsa (State Enterprise Research Institute “Orion”), and 

L.M. Kapitanchuk (E.O. Paton Institute of Electric Welding of the 

National Academy of Sciences of Ukraine) for fruitful discussions of 

many results presented in the book. 

The authors would like to thank their former colleagues who are 

now working in the USA: Prof. L.S. Khazan (Pennsylvania University), 

Dr. V.I. Faynberg (Company Information MITEQ), and Dr. A.N. 

Rapoport for their collaboration and discussion of the results obtained. 

The authors are very much obliged to their collaborators who, by 

participation in the researches and discussion of the results obtained, 

contributed to generalization of the results presented in the monograph. 

We are thankful also to N.A. Kolmakova for her help in technical 

preparation of the manuscript. 
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Chapter 1 is written by Ya.Ya. Kudryk; Chapter 2 by R.V. 
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by A.E. Belyaev, N.S. Boltovets, E.F. Venger, R.V. Konakova and V.V. 
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Corresponding Member of NASU Prof. A.E. Belyaev, Dr. Phys.-Math. 

Sci. and Prof. R.V. Konakova, Dr. Tech. Sci. 
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Chapter 1. THE PROPERTIES OF 

METAL−SEMICONDUCTOR CONTACTS 

AND METHODS OF STUDYING THEIR 

PARAMETERS 

1.1. OHMIC CONTACTS AND METHODS OF 

STUDYING THEM 

Ohmic contacts are components of most of the semiconductor 

devices. That is why the problem of formation of reliable low-resistance 

ohmic contacts still remains actual. The ohmic contacts must have 

resistance smaller than that of the semiconductor bulk, as well as 

symmetric and linear I−V curves. One may separate the ohmic contacts 

into two groups: (i) those with small barrier height ϕB and (ii) the 

contacts whose near-contact region is characterized with high doping 

level; the main electrophysical parameter of such contacts is contact 

resistivity ρc [1]. In the ohmic contacts of the first type, the work 

functions of the metals in contacts are such as to ensure non-barrier 

current transport. The ohmic contacts of the second type have increased 

impurity concentration in the near-contact region to make charge carrier 
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tunneling easier. In practice, an ohmic contact has the features of both 

types. 

1.1.1. Current transport mechanism in ohmic contacts 

In an ohmic metal−semiconductor contact, according to [2-5], one 

of the following mechanisms of current transport may dominate, 

depending on the doping level and temperature: tunnel, thermal-field, or 

thermionic one. Under certain conditions, the electrons whose energy is 

considerably lower than the Schottky barrier (SB) height ϕb still can go 

through the barrier owing to quantum-mechanical tunneling. This 

mechanism of current transport, the so-called tunnel emission; is 

predominant for heavily doped semiconductors at low temperatures. As 

temperature is increased, the electron transitions to higher energy levels 

can occur (owing to thermal energy). At higher energies, the potential 

barrier width is smaller, so the electron tunneling probability becomes 

much higher. The corresponding mechanism of current transport is 

called the thermal-field emission. At further growth of temperature, the 

electron energy becomes sufficient to ensure over-the-barrier current 

transport, and the thermionic emission becomes the predominant 

mechanism. 

The characteristic energy E00 for calculation of the current 

transport mechanism is given in [6-13]: 
2/1

s0
*

d
00 2 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

εεm
NE h . 

Here h  = h/2π (h is the Planck’s constant), Nd concentration of 

uncompensated donors, m∗ electron effective mass, εs (ε0) semiconductor 
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(vacuum) permittivity. The following inequalities determine what 

mechanism of current transport is predominant [7]: 

kT << qE00 – the tunnel mechanism; 

kT ≈ qE00 – the thermal-field emission; 

kT >> qE00 – the thermionic emission. 

Here k is the Boltzmann constant, T temperature, and q electron 

charge. 

By assuming that the thermionic emission dominates, the 

following expression for contact resistivity ρc was obtained [2]: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛= 1exp b

*c kT
q

TqA
k ϕρ ,    (1.1) 

where *A  is the modified Richardson constant of the 

semiconductor under consideration. If the tunnel mechanism is 

predominant, then the contact resistivity is determined by the following 

expression [7]: 

⎥
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ms ϕεε
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.    (1.2) 

In the case when the thermal-field emission dominates, according 

to [8], 

⎥
⎥
⎦
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⎢
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⎟
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⎜
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b 00
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c tanhexp~

ϕ
ρ .    (1.3) 

To determine the mechanism of current transport in the sample 

under consideration, one should plot the curve ( ) ( )kTqfT /ln c =ρ . If the 

curve is a straight line, this means that the thermionic emission 

dominates. In this case, the barrier height ϕb can be determined from the 

slope of the curve. If the contact resistivity does not depend on 
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temperature, then the tunnel mechanism of current transport seems to be 

predominant. 

The above expressions enable one to determine the current 

transport mechanism from the experimental dependence of the contact 

resistivity. 

1.1.2. Discussion of the procedures of contact resistivity 
measurement 

The main requirements for the methods of determination of contact 

resistivity ρc (ordered according to their relative importance) are as 

follows: (i) accuracy, (ii) ease of test structure formation, (iii) ease of 

hardware implementation of the method used, and (iv) ease of 

calculations. Let us consider a number of the existing methods and, on 

the assumption of the above requirements, show how to choose the 

optimal procedures for contact resistivity determination and photomask 

calculation according to the technological specifications and capabilities. 

To compare the accuracy of different methods and their suitability, it is 

convenient to use the following expression for the relative error ∆ρc/ρc: 

( ) ),(, ceff Rlcrlf
c

s

c

c ∆∆+∆≤
∆

ρ
ρ

ρ
ρ .   (1.4) 

Here the factor ( )dlf ,eff∆  that depends on the effective error effl∆  and 

critical size cr  characterizes adequately most methods used for contact 

resistivity determination [9], while the term ),( Rlc ∆∆  allows for the 

accuracy of photolithography ( l∆ ) and measuring instruments ( R∆ ); ρs is 

the semiconductor resistivity. 
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The methods used for contact resistivity determination may be 

divided into two groups: (i) vertical (those in which the contacts are 

formed on the opposite sides of the wafer, and the whole wafer thickness 

is involved in current transport and should be taken into account in 

calculations), and (ii) planar (those in which the contacts are formed on 

the same side of the wafer). 

Fig. 1.1. Schematic of current flow at 
contact resistivity 
measurement with the 
Cox−Strack method (a) and an 
example of a photolithographic 
mask (b). 

 

The vertical methods. These are the Cox−Strack method and the 

differential method with several front contacts. 

1.1.2.1. The Cox−Strack method. In the Cox−Strack method [10], a 

mask with several front contacts and a continuous rear contact are 

formed (see Fig. 1.1.). According to [5], the total resistance R  of the 

structure “front contact−substrate−rear contact” may be presented as 

ts
c Rtdf

d
R ++= ),(4

2 ρ
π
ρ .      (1.5) 
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Here d is the contact diameter, t  the semiconductor layer thickness, tR  

the rear contact resistance, ),( tdf  a function allowing for the nonlinear 

(owing to current spreading) dependence of semiconductor bulk 

resistance on the wafer thickness and contact diameter. The first term in 

the right-hand side of Eq. (1.5) describes the contribution of contact 

resistance to the total resistance of the structure, while the second term 

describes the resistance of current spreading. 

The following two approximate expressions were proposed to 

allow for resistance of current spreading in semiconductor, namely, that 

by Cox−Strack [10] 

⎟
⎠
⎞

⎜
⎝
⎛= −

d
t

d
tdf 4tan1),( 1

π
,    (1.6) 

and that by Brooks−Mathes [11] 
1

0
1

2coth)(sin
2
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−∞
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⎬
⎫

⎩
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⎧

⎟
⎠
⎞

⎜
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d
xtxj

x
x

d
tdf ,   (1.7) 

where )(1 xj  is the Bessel function. At low contact resistances, the 

latter equation gives results that are more accurate. 

To estimate the method accuracy, let us use Eq. (1.6) by 

Cox−Strack. If tR  is small, then, by plotting the Rd
4

2π  vs ),(
4

2

tdfdπ  curve 

and approximating it with straight line btdfdaRd
+= ),(

44

22 ππ , оne obtains 

for the coefficients: sρ=a  and cρ=b . 

There are two ways for hardware implementation of total 

resistance measurement, namely, (i) two-wire (with joined contacts), and 

(ii) four-wire (with separate current and voltage contacts). The problem 

is that resistance measurement using the standard two-wire method 
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involves, along with a systematic error related to the probe resistance 

(that can be taken into account), also a random error related to the probe 

and contact surface condition, stress of contact pressing etc. that restricts 

the measurement accuracy: the absolute error δR is about 0.5 Ω. The 

method with separate current and voltage contacts does not involve the 

above errors. Its accuracy is restricted by current spreading over the 

metallization. Therefore, its accuracy may be two orders higher than that 

of the two-wire method. However, the four-wire method requires 

contacts of considerable area to place two probes. This, in its turn, leads 

to reduction of the contact resistance contribution to the total resistance 

of the structure and decrease of the total resistance. Better results can be 

obtained by using a structure with contact pads on an insulator. This, 

however, leads to increase of the number of technological operations, 

which is undesirable. 

The choice of a specific hardware implementation of resistance 

measurement depends on the accuracy of photolithography and other 

technological factors. Let us consider this in more detail taking the 

Cox−Strack method as an example. We consider two cases: in the first 

one, the minimal contact diameter to place two probes at the contact is 

100 µm, while in the second case it is 20 µm. Since the contact areas 

differ by more than an order of magnitude, we shall consider that the 

accuracy of total resistance measurement in both cases is sufficient and 

comparable. Let the substrate thickness t be 300 µm, with an accuracy ∆t 

of 10 µm. Then the error in contact resistivity ρc determination, without 

regard for the error in sρ  determination, will be reduced to the 

expression like Eq. (1.4): 
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For the sake of convenience, let us consider the factor at ρs/ρc in 

the separate figure (Fig. 1.2) where the part depending on the wafer 

thickness error is shown with the open marks, while that depending on 

the error in photolithography is shown with the filled marks. One can 

see from Fig. 1.3 that the first (two-wire) method gives better results at 

c

s

ρ
ρ =1 cm-1, while the second (four-wire) one should be preferred as the 

above ratio increases up to 10. As d decreases, the t/d ratio grows and 

the role of the measurement error in wafer thickness diminishes.  

 

Fig. 1.2. The effective measurement 
error in the linear dimension ∆leff 
(open marks) and error related to 
degree of photolithography 
accuracy as function of contact 
diameter. 

Fig. 1.3. The relative error in 
contact resistivity as function 
of contact diameter at 
different values of ρs/ρc (the 
error in photolithography 
∆l = 2.5 µm). 

 

However, the contribution from the photolithography error increases as 

d goes down. Therefore, when choosing the optimal circuit and 

measurement method, one should take into account not only the 

theoretical capabilities of the method but also the factual parameters of 

the accuracy of manufacturing technology for the structures studied and 

measuring instruments, as well as the required range of the contact 
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resistance measurement. It is evident from Fig. 1.3 that the error related 

to the wafer thickness becomes insignificant at the contact diameter 

values below t/4. It is possible to improve the method accuracy by 

increasing that of photolithography; this will make it possible to reduce 

the contact diameter. 

The majority of the methods used for determination of contact 

resistance involve approximation of the results of measurement of total 

resistance for structures of different geometric sizes, because two related 

unknown quantities (the contact resistance and resistivity of 

semiconductor) are determined at once. One should choose a range of 

contact sizes such that one of its boundaries is at the minimum of the 

contact resistance error, while another one lies in the region where the 

error in the semiconductor resistivity determination is admissible. A 

numerical calculation of the error in the semiconductor resistivity 

determination is presented in Fig. 1.4. The corresponding range of 

contact diameters at the parameters used is 25−250 µm. 

 

Fig. 1.4. The relative measurement error 
in semiconductor resistivity as 
function of contact diameter (А 
indicates transition from two-
wire to four-wire measurement 
circuit). The calculation was 
performed for 410−=sr  Ω⋅cm. 

The drawback of the Cox−Strack method is that it is intended for 

uniform semiconductors. In practice, it is difficult to apply this method 

to structures with several layers or semiconductor-on-insulator 

structures. 
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In the differential method with several front contacts, along with 

the contact whose resistance is to be measured, another (reference) 

contact is made. That reference contact is formed on a heavily doped 

layer, so its contact resistance is low. Such a method makes it possible to 

measure the voltage that is proportional to the contact resistance rather 

than is a sum of voltage drops across the contact and semiconductor. 

The drawback of this method is complexity of the required structure 

formation. That is why this method is used rather seldom. 

The planar methods. These are the different versions of the transfer 

length method (TLM), the Kelvin method and the four-probe method. 

There are two modifications of the TLM method, namely those with 

rectangular and circular contacts. 

1.1.2.2. Linear TLM method. To measure contact resistivity with 

this method, a structure is used that involves a number of identical 

rectangular ohmic contacts of length L and width W placed at variable 

intervals L1 < L2 < L3 < L4 (see Fig. 1.5a) [12]. 

If a current I flows through two such contacts spaced by Li, then 

the total resistance, Ri=V/I, is a sum of two components: 

RLRR c
iSH

i W 2+= .                                    (1.9) 

Here the first term in the right-hand side of Eq. (1.9) describes resistance 

of the semiconductor region with surface resistivity RSH, while another 

term, 2Rc, is a sum of the contact resistance and spreading-under-contact 

resistance, because the current “is crowding” near the edge that is nearer 

to another contact rather than flows uniformly from the whole area of 

metal (Fig. 1.5.с). Such a spreading can be simulated with a 
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transmission line. In this case, the contact resistance is given by the 

following expression: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T

SKT
c L

L
W
RL

R coth ,                                 (1.10) 

where SKRL /cT ρ≡  is the transfer length, RSK the surface resistivity 

of the semiconductor layer under the metal layer. Generally, SHSK RR ≠  

owing to additional doping of semiconductor in the course of contact 

firing. 

  

  

  
Fig. 1.5. The photomask versions for contact resistivity measurement with TLM: a 

- a structure of contact pads for TLM with linear contacts; b – appearance of 
a photomask with linear and circular contacts; c – distribution of current 
lines in a semiconductor; d – a linear TLM of improved accuracy, with 
contact pads on the dielectric [13];e, f – a linear TLM with floating contacts 
[14]. 
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If L>3LT (which is true in most cases), then coth(L/LT)→1, and, 

assuming that RSK≈RSH, one obtains the following simplified expression 

for the total resistance: 

WW
RLLRR SHTiSH

i 2+= .                             (1.11) 

Based on the above assumptions, one can determine RSH from the 

slope of the curve ( )ii LfWR =  (Fig. 1.6); knowing the point of that curve 

intersection with the x-axis, one can obtain ρc using the following 

expression: 

RL SHTc

2=ρ .                                     (1.12) 

Now the meaning of the term “transfer length” becomes quite 

evident: this is the effective length LT at which the current is transferred 

from the contact edge deep into the contact. This means that the 

effective area of a planar contact is about WLT rather than WL. 

  
Fig. 1.6. Determination of contact resistivity from the measurements of total 

resistance of linear TLM contacts: a – general case; b – under 
condition RSK≈RSH (b). 

The case L<LT. It is possible to estimate ρc rather accurately by 

making additional measurements of correction – the so-called contact 

end resistance Rend. The potential difference is measured that appears 

between one of the contacts and opposite external contact pad when 
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direct current flows between the two contacts (as is shown in Fig. 1.7). 

In this case, Rend = V/I. 

After determination of Rend, one can calculate LT using the 

following expression: 

( )Tend LLRR /cosh/ = ;    (1.13) 

here ( )T
SKT

c LL
W
RLR /coth= . Then the transfer length and contact 

resistivity can be calculated: ( )endc RRLL 1
T cosh/ −=  and SHс RL2

T=ρ . 

 

Fig. 1.7. Schematic of measurement of 
resistance of contact outer end. 

Let us estimate the method error. If the semiconductor film is thin 

(t<<LT,) then one can assume that the current is distributed uniformly in 

the region between the contacts in the semiconductor film, and tR sSK /ρ= , 

i.e. scT tL ρρ /≈ . The limitations used are as follows. Since the model for 

contacts is one-dimensional (1D), it does not allow for the effects of 

current spreading at the side edges of contacts, so it is required that 

W>>LT. If the epitaxial layer thickness is 1 µm and ρs lies between 10 ρc 

and 1000 ρc, then W>90 µm; therefore, the method calls for the four-

wire circuit to measure the total resistance. Let us assume that there is no 

considerable additional doping of semiconductor under the contact (RSK 

≈ RSH); then, at corresponding choice of L to ensure that L > 3LT, we 

obtain the error in contact resistance determination (see Fig. 1.8). 

The accuracy of the method can be improved by increasing the 

accuracy of photolithography and decreasing the contact linear 

dimensions, as well as by using a more accurate model for current 
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transport, or reducing the edge effects (Fig. 1.5d), or applying the model 

of linear TLM with a “floating contact” (Fig. 1.5e, f). 

 

Fig. 1.8. The error in contact resistivity 
as function of the spacing 
between contacts at different 
values of cs ρρ / . The error in 

photolithography ∆l = 2.5 µm, 
epitaxial layer thickness of 1 µm, 
and W = 100 µm. 

1.1.2.3. TLM with circular contact geometry  

Let us consider a TLM with circular contact geometry (CTLM) 

that does not require additional technological processes to remove the 

edge effects, the resulting accuracy of the method remaining the same. 

There are several versions of the TLM method with circular contact 

geometry that differ in the contact geometry: a set of contacts of a 

constant inner radius r1 and variable outer radius r2 (Fig. 1.9a), a set of 

contacts with a constant r1/r2 ratio, and a system of concentric embedded 

rings (Fig. 1.9b). For a single contact, the total structure resistance can 

be presented as [15] 
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Here r1 (r2) is the inner (outer) radius of the corresponding contact 

pad, )( 10 rI α  and )( 11 rI α  the modified Bessel functions of the zeroth and 

first order, respectively, TcSH LR 1)/( 2
1
≡= ρα , and ρс the transient 

resistivity of ohmic contacts. Let С denote ln(r1/r2); then, with the 

provisos that t<<r2 and TLr >>1 , Eq. (1.14) becomes simpler: 
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+=      (1.15) 
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The error is 
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Fig. 1.9. Photomasks of circular contacts in the TLM: a – with separated 

contacts, b – with embedded contacts. 

 

Fig. 1.10. The measurement error in 
contact resistivity as function of 
structure diameter at different 
values of cs ρρ / . The error in 

photolithography ∆l = 2.5 µm, 
epitaxial layer thickness of 1 µm. 

Comparing the plots of the measurement error in contact resistivity 

vs the geometric sizes of the structure (Figs. 1.8 and 1.10), one can see 

that, with the provisos that there are no additional dielectric layer and 

profile doping, the CTLM method makes it possible to perform 

measurements with accuracy an order higher than that of the TLM 

method, the cs ρρ /  ratios being the same. A comparison between the 

TLM methods based on circular geometry was made in [16] (see 

Fig. 1.10а, b). It was found that better results are given by the method 
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with variable r1 and constant ln(r1/r2) = Сonst (Fig. 1.9а). Such 

geometry makes it possible to exclude, in the course of calculation, a 

systematic error that may appear at application of the two-wire circuit 

for resistance measurements. 

When considering the method based on a mask with concentric 

embedded rings (Fig. 1.9b), one should note that the general expression 

for determination of contact resistance is obtained from comparison of 

two total resistances, namely, those of the central ring–inner ring and the 

inner ring–outer ring systems. Taking into account that (i) the area error 

for the inner ring is almost twice as that for the circle, and (ii) the 

contact resistance of the inner ring makes a rather insignificant 

contribution to the total resistance of the central circle–inner ring 

system, one can conclude that, in the case of rather uniform 

semiconductor, the method with variable r1 and constant ln(r1/r2) 

ensures lower accuracy than the previous TLM versions. However, in 

the case of considerably nonuniform semiconductor, that method may 

ensure better results owing to smaller structure area and other geometric 

factors. The simple Eq. (1.15) holds for 5.12/ >>= s
t
cTL ρρ µm, i.e., if 

ρρ cs =100 cm-1, then the strong inequality t >> 1.5 µm has to be true. In 

other cases, a more complicated calculations using Eq. (1.14) are 

required. 

1.1.2.4. The Kelvin method [17] is one of the most accurate 

methods used for determination of contact resistance. Besides, it 

requires very easy calculations. The Kelvin method makes it possible to 

estimate contact resistances as low as 10-9 Ω⋅cm2. It is intended for 

performing measurements with the four-wire technique; special pads are 



 33

to be formed with lithography for placing probes. Using metallization 

and diffusion, two branches for current transport and two other ones for 

taking voltage are formed, as is shown schematically in Fig. 1.11. 

 

Fig. 1.11. The principle of measurement 
(a) and a photolithographic mask: 
b – fully, (c) – a central part 
(enlarged) [17]. 

  
As a result, voltage drop is measured directly across the contact 

resistance. In this case, there is no error related to semiconductor 

resistance, since the linear dimensions of the contact are much smaller 

than the transfer length, so the flow through the contact may be 

considered as uniform. However, to ensure admissible error in the area 

at low accuracy of the photolithography (∆l = 2.5 µm), one should form 

contacts at least 25×25 µm. This means that the requirement for 

uniformity will be met in the case of scT tL ρρ /= >> 25 µm, i.e., if 

cs ρρ / =100 cm-1, then we should have t >> 6 µm. Therefore, the Kelvin 



 34

method is unacceptable in most cases for the preset accuracy of 

lithography. However, as the accuracy of lithography becomes higher, 

application of this method may be promising, especially when 

determining resistivity of contacts obtained by formation of a heavily 

doped layer. 

1.1.2.5. The four-point method. This method consists in 

measurement of voltage drops between the current contacts (Fig. 1.12). 

This method also requires that the transfer length be much over the 

contact size, i.e., s
t
cTL ρρ /=  >> 12.5 µm. So, as cs ρρ /  = 100 cm-1, we 

should have t >> 1.5 µm. The inequalities L>>r and L>>t also are to be 

satisfied. The contact resistance is determined with the expression [18] 
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The drawback of the four-point method is the requirement that 

L>>r. This means presence of considerable semiconductor spacing 

between the contacts. As a result, determination of contact resistance 

may become impossible at certain values of ρs/ρc ratio. 

 

Fig. 1.12. The principle of measurement 
of contact resistance with the 
four-point method. 

Owing to ease of test structure formation, the four-point method is 

used in the case of big diffusion length. 
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1.1.3. The temperature measurements of contact resistance 

The temperature measurements of contact resistance are performed 

like those at room temperature that were considered above. We made the 

temperature measurements of the resistance of Au–TiBx–Al–Ti–n-GaN 

ohmic contact using the circular TLM method with constant interrelation 

between the inner and outer contact diameters [19]. 

 

Fig. 1.13. Temperature dependence of 
contact resistance in the 
Au−TiBx−Al−Ti-n-GaN contacts.

Let us measure the total resistances for two contacts whose inner 

(and outer) diameters are different but the ratios between the inner and 

outer diameters for these contacts are equal. From Eq. (1.15), it follows 

that the difference between the two total resistances is proportional to 

the contact resistance: 
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Assuming that thermionic emission is the preferred mechanism, we 

have ⎟
⎠
⎞

⎜
⎝
⎛=

kT
q

TqA
k b

c
ϕρ exp* . In this case, the plotted curve kTqRT vs)ln(∆  

(Fig. 1.13) has two pronounced portions. One of them (in the 80−200 K 

temperature range) corresponds to the tunnel mechanism of current 

transport, while another (from 220 up to 280 K) is the portion of 
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thermionic emission. The barrier height for the thermionic mechanism 

determined from the curve slope as 
kTqd
RTd

b
)ln(∆

=ϕ  is ϕb = 0.33 V. 

The temperature dependence of semiconductor resistivity can be 

determined also from the above measurements. Knowing the charge 

carrier concentration as function of temperature, one can calculate the 

temperature dependence of charge carrier mobility in the contact 

(Fig. 1.14, curve 5). It is in a good agreement with that of electron 

mobility in GaN (Fig. 1.14, curves 1−4) presented in [20]. The position 

of the mobility peak for our contact is in a good agreement with the 

general dependence of mobility peak positions on the impurity 

concentration obtained in [19]. 

 

Fig. 1.14. Temperature dependence of 
charge carrier mobility at 
different impurity concentrations 
[20] (curves 1−4) as compared 
with that in GaN calculated for 
the Au–TiBx–Al–Ti–n-GaN 
contact (curve 5). 

Thus, the choice of method for contact resistance measurement 

depends on (i) the type of structures under investigation to which the 

contacts are formed (a solid semiconductor wafer, epitaxial film, its 

thickness), (ii) the technological capabilities accuracy of 

photolithography and measuring equipment, possibility and 

appropriateness of technological processes of doping, deposition of 

insulator, etc.), and (iii) the required range of contact resistance 
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measurement and/or interrelation between the contact resistance and 

semiconductor resistivity. 

The general line in increasing the accuracy of methods used for 

determination of contact resistivity is decrease of contact linear 

dimensions by increasing the accuracy of photolithography. In this case, 

the portion of contact resistance in the measured total resistance 

becomes bigger. 

If the accuracy of photolithography is ∼2.5 µm, then it is 

reasonable to apply a complex photomask with realization of the linear 

and circular TLM methods when studying contact resistances of ohmic 

contacts to thin films. This makes it possible to use simplified 

computational formulae (without sacrifice of accuracy) when the linear 

dimensions of the contact pads are either much bigger or much smaller 

than the transfer length. In some cases, one can achieve overlapping of 

the above requirements in some interval and thus obtain (by choosing 

the photomask parameters) a continuous range where simplified 

calculations are adequate. 

1.2. THE BARRIER CONTACTS AND METHODS FOR 

MEASUREMENT OF THEIR PARAMETERS 

The main mechanisms of current transport through 

metal−semiconductor (MS) contacts are as follows (see also the energy 

band diagram in Fig. 1.15 [2]): (i) over-barrier electron emission from 

semiconductor to metal, (ii) quantum-mechanical tunneling of electrons 

through the barrier, (iii) recombination in the space-charge region 
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(SCR), and (iv) recombination in the neutral region. Determination of 

the effect of these mechanisms on current transport in a real contact can 

provide information on its quality and reliability, on the condition of the 

metal−semiconductor interface and SCR, as well as give the main 

parameters for modeling of the electrophysical processes in contacts 

when designing the solid-state electronic devices. Let us consider the 

methods used for determination of the principal electrophysical 

parameters of metal−semiconductor barrier contacts, in particular, those 

with a transition layer (TL). 

 

Fig. 1.15. Band diagram of 
metal−semiconductor contact. 
The figures indicate the current 
transport mechanism: 1 - over-
barrier electron emission from 
semiconductor to metal; 2 - 
quantum-mechanical tunneling of 
electrons through the barrier; 3 - 
recombination in SCR; 4 - 
recombination in the neutral 
region. mϕ  - metal work function; 

FmE  ( FsE ) – Fermi energy for 
metal (semiconductor); CE  ( VE ) 
– energy of conduction band 
bottom (valence band top); VACE  - 
vacuum energy level; SW  - SCR 
width; dV  - built-in potential [2]. 

 



 39

1.2.1. The procedures used for determination of 
electrophysical parameters of barrier contacts 

1.2.1.1. Determination of electrophysical parameters of a barrier 

contact from the forward branch of I−V curve. To determine the SB 

height, the I−V curve of Schottky contact may be used. If one assumes 

that the thermionic mechanism of current transport is predominant, then 

the I−V curve may be presented as [2, 3] 
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 is the saturation current, S contact area, 

and n  ideality factor. 

After plotting the I−V curve in semi-logarithmic coordinates and 

approximating it with a straight line ( ) baVI +=ln , one can determine the 

coefficients ( )0ln Ib =  and nkTqa /= . The first of them serves for 

determination of the barrier height: 
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while the second one is used to determine the ideality factor n. 

Let us calculate the accuracy of determination of barrier height and 

ideality factor. From Eq. (1.17), we have: 
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The first term in the right-hand side is responsible for introduction 

of the error in current measurement to the error in barrier height 

determination. In Eq. (1.18), the current (measured with an error of 1.4% 

in the range 10-1–10-8 А) appears with the sign of logarithm. Therefore, it 
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is possible to neglect the contribution from the first term in comparison 

with those of the rest terms. The second term is responsible for 

introduction of the error in temperature determination. That error is most 

crucial at low currents (at ~10-9 А, its contribution to the error in ϕb is 

0.4%/deg); at such currents, however, the error in temperature is 

minimal. At high currents, when slight heating of the sample may occur, 

the error is not crucial (at I~10-1÷10-2 A, bϕ∆ ≈0.14 %/deg.). 

Let us estimate possible heating T∆  of a silicon carbide Schottky 

barrier diode (SBD) at a maximal current I ~ 10-1А and voltage V ~ 1 V. 

We assume that all the power P  is dissipated in SCR and goes into 

heating. In that case, PRT T=∆ . Here the thermal resistance of the SiC 

bulk is sicT edR χ/1= , where d  is the upper contact diameter and χ  is SiC 

thermal conductivity. For a SB diameter of 400 µm, TR  ≈ 4 °С/W, so the 

error introduced by temperature into the SB height obtained does not 

exceed 0.06%. 

The accuracy of ideality factor determination depends strongly on 

the length of the exponential portion of I−V curve. Let the exponential 

portion length in voltage be LV , while that in logarithm of current be 

( )LIln ; then 
( )

LLL

L

V
Vn

V
V

V
I

kT
qn ∆

=
∆

=∆
ln .    (1.19) 

At the exponential portion length of about three orders of 

magnitude and ideality factor of 1.2, we have 

V207.0)1000ln( ==
q

nkTVL .   (1.20) 
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If the error in voltage V∆  = 2.5 mV, i.e., digital-to-analog 

converter (DAC) discretization unit, then the error in ideality factor 

determination is 1.2%. The latter error can be reduced by using a 

voltmeter to control the voltage supplied to the sample from DAC. Thus, 

the total error in barrier height, bϕ∆ , is 1.3% without DAC voltage 

control about 0.1% with such a control using a voltmeter В7-21 А. The 

latter value is sufficient for experiment. 

 
1.2.1.2. The activation energy method. If the sample area is not 

known exactly, then it is possible to use the activation energy method 

for determination of barrier height bϕ . It consists in measurement of the 

temperature dependence of saturation currents. If the temperature range 

is sufficiently narrow, then bϕ  may be considered to be independent of 

temperature. Then we have from Eq. (1.16): 

( )SA
kTT

I
b

*
2
0 ln1ln +=⎟
⎠
⎞

⎜
⎝
⎛ ϕ .    (1.21) 

Plotting the curve ( )2
0 /ln TI  vs kT/1  and approximating it with 

straight line ( ) bkTaTI += //ln 2
0 , we can obtain the coefficients ba ϕ=  and 

( )SAb *ln=  (see Fig. 1.16). A critical point is clearly seen at a 

temperature of about 300 К. It may indicate replacement of the thermal-

field mechanism of current transport by the thermionic one. 
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Fig. 1.16. ( )2
0 /ln TI  vs q/kT curve for 

Au−TiBx–n-6HSiC silicon carbide 
diode. 

1.2.2. Estimation of the barrier height and ideality factor for 
low barriers 

At low barrier of a rectifying contact and/or considerable series 

resistance, either no exponential portion is observed in the forward 

branch of I−V curve, or its length is insufficient for determination of 

barrier height. In such cases, there are some other methods for 

estimation of the barrier contact parameters from other characteristics of 

metal−semiconductor contacts. 

1.2.2.1. The method of extrapolation of linear section. This method 

may be applied under the assumption of the thermionic mechanism of 

current transport. In this case, the contact voltage is a sum of the barrier 

and base voltage drops: 

( ) bIR
q

nkTIIV += 0ln ,     (1.22) 

where bR  is the semiconductor base resistance. At a specified 

current, the contact differential resistance is a sum of those of the barrier 

and base: 

bR
qI

nkT
I
V

+=
∂
∂ .       (1.23) 
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One can see that, at sufficiently high currents ( )qnkTIRb >> , the 

contact differential resistance is practically completely determined by 

the base resistance. From Eqs. (1.22) and (1.23), it follows that, by 

plotting the I−V curve in the linear coordinates and extrapolating the 

linear portion until it crosses the voltage axis, one obtains the cutoff 

voltage: 

( ) bn
STA

I
q

kTn
q

nkTIIV ϕ+⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛== ∗ 201 lnln .   (1.24) 

In the case of thermionic mechanism of current transport ( 1=n ), it 

is possible to estimate directly the barrier height by inserting the value of 

I  (current at the approximation point) and the known constants in 

Eq. (1.24). After measurements of temperature dependence of the I−V 

characteristic, one can determine the ideality factor in a narrow 

temperature range from the slope of the V1 vs ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛

∗ STA
I

q
kT

2ln  curve. This 

makes it possible to estimate barrier height more accurately. 

1.2.2.2. Determination of barrier parameters from the differential 

characteristics. A method for determination of the Mott barrier 

parameters from the differential characteristics was proposed in [22]. In 

this case, I−V curve is described with an expression like that for the 

SBD I−V curve: 

( ) ( )( )1exp)exp( 1
2* −−= nkTqVkTVSTAI bϕ .   (1.25) 

Here qVbb αϕϕ −=1 , and the coefficient α  determines the voltage 

dependence of barrier height. 

The authors of [23] considered the I−V curve of an intimate SB 

metal−semiconductor contact described with the expression 
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( ) ( )( )1exp)exp(2* −−= nkTqVnkTVSTAI bϕ .   (1.26) 

In any case, the current dependence of differential conductivity is 

linear at V > 3kT: ( ) I
nkT

qI =σ . Hence, the ideality factor n can be 

determined easily. 

It follows from Eq. (1.25) that the voltage dependence of 

differential conductivity is 

( ) ( ) ( )( )1exp)exp( 1

*

−−= nkTqVkTV
nk

TSqAV bϕσ .     

Now, with the ideality factor known and considering *A  being 

constant, one can determine the dependence ( )Vb1ϕ  and search for a 

function that approximates it over a voltage or temperature range. 

1.2.2.3. Study of the initial portion of I−V curve. For a Schottky 

contact, the portion of the I−V curve corresponding to small biases can 

be presented as [24] 

kT
qV

kT
qTSAI b

2
exp2* ⎟

⎠
⎞

⎜
⎝
⎛−=

ϕ .    (1.27) 

This expression can be obtained from Eq. (1.16) provided that 

kT<V<2kT. It follows from Eq. (1.27) that I−V curve is to depend 

linearly on voltage from the above range. To obtain the barrier height, 

one should determine the slope of the I−V curve plotted in the linear 

coordinates: ⎟
⎠
⎞

⎜
⎝
⎛−=

kT
q

k
ATqS

dV
dI bϕexp

2

*

. After this, knowing the other 

constants, it is possible to determine the barrier height from this 

expression. On the other hand, a temperature method is also possible. 

According to it, the dependence 
kT
q

dV
dI

∝⎟
⎠
⎞

⎜
⎝
⎛ln  is plotted, whose slope is 

barrier height bϕ . 
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1.2.3. Reverse branch of I−V curve 

According to the theory of thermionic emission, the reverse branch 

of I−V curve can be presented, at biases over 3kT, as 

⎟
⎠
⎞

⎜
⎝
⎛ −=

kT
qTSAI b

r
ϕexp2* .    (1.28) 

Here Stbb ϕϕϕϕ ∆−∆−= 0 , 0bϕ  is the barrier height on the assumption of 

flat bands, SqE πεϕ 4/=∆  is the barrier height reduction owing to the 

Schottky effect, ( ) E
Dq SI

S
St δε

δεϕ
+

=∆  is the static reduction of barrier height 

because of presence of a junction layer at the interface, 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=

q
kTVVqNE d

S

d

ε
2  is the electric field, Iε  (δ ) is the permittivity 

(thickness) of the junction layer, SD  is the surface state density at the 

metal−semiconductor interface. One can see from Eq. (1.28) that the 

voltage dependence of the logarithm of reverse current may lie from 4
1

V  

to 2
1

V . To determine 0bϕ , one should present approximately the 

dependence ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−∝⎟

⎠
⎞

⎜
⎝
⎛ V

q
kTV

q
kT

TSA
I

d
r
**ln  as 4

1
2

1
cxbxay ++= . Then, after 

calculating the coefficients of the above polynomial, it becomes 

possible, on the assumption of flat bands, to separate the barrier height 

and the corresponding contributions from the Schottky effect and 

junction layer to the reduction of barrier height. 

1.2.4. Calculation of barrier height from C−V curve 

Along with the method of I−V curves, the method of C−V curves is 

often used for barrier height determination. According to [2-3], the 
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voltage dependence of capacitance in a reverse-biased Schottky barrier 

is 
( )

ds

d

Nq
qkTVV

C ε
/21

2

−−
= .    (1.29) 

Here C= ( )SCCE 0−  is the reduced capacitance, С0 the package and 

contact capacitance, CE the experimentally determined capacitance. If 

the donor concentration dN  is constant over the whole depletion layer, 

then the 1/C2 vs V dependence is linear. After approximating it with the 

equation baVC +=21 , one gets 
ds Nq

a
ε

2
−=  and ( )

ds

d

Nq
qkTVb

ε
−

=
2 ; thus, 

aq
N

s
d ε

2
−=  and kTNbV ds

d +=
2

ε . By definition, ndb VV +≡ϕ , where FCn EEV −=  

is the Fermi level position relative to the lower edge of the conduction 

band. It can be estimated as ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

d

C
n N

N
q

kTV ln , where 
2
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⎝

⎛
=

h
kTmNC
π  is the 

density of states in the conduction band of a semiconductor. 

The barrier height values calculated from the static I−V curve and 

high-frequency C−V curve are not equal (usually IV
b

CV
b ϕϕ ≥ ). This fact 

may be related to ether presence of slow states that do not have time to 

become recharged during the measurements of C−V curve (such states 

take part in barrier height reduction in the course of measurements of 

static I−V curves) or the effect of the junction layer. 

The accuracy of the above method depends strongly on the 

accuracy of contact area S determination: 

ssdd
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q
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∆ ,    (1.23) 



 47

where 
C
N

C
C

C
N
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2 2
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ϕ ∆
+

∆
=

∆∆
+

∆
=

∆ . In many cases, it 

is impossible to determine accurately the contact area. This is the major 

factor in experimental error. By applying the computer processing of the 

results obtained, it is possible to reduce the errors to ~
b

b

ϕ
ϕ∆ 7÷8% and 

~
d

d

N
N∆ 6-7%, depending on the contact quality. 

1.3. THE EQUIPMENT FOR MEASUREMENT OF SBD 

I−V AND C−V CURVES 

1.3.1. Characteristics of an automated complex for 

measurement of I−V and C−V curves  

The curve tracers and automated measuring complexes are still 

widely used in diagnostics of the parameters of semiconductor devices. 

Such measuring equipment gives diagnosis of the I−V and C−V curves 

for various microelectronic devices [21, 25-30]. However, the 

continuous progress of the element base of solid-state electronics 

(especially that based on the wide-gap semiconductor materials) needs 

extension of functional capabilities of curve tracers, e.g., to measure I−V 

and C−V curves in a wide temperature range, to measure I−V curves in 

the nanosecond pulsed mode, etc. 

The authors of [25] measured the C−V and I−V curves in the 77–

700 K temperature range (with the temperature stability of 0.5 K) with 

an automated complex for rapid analysis of C−V and I−V curves based 
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on a standard probe station А5. The block diagram of the plant for rapid 

analysis is presented in Fig. 1.17. The complex is made as functionally 

independent units having common software for data acquisition and 

processing. Only the analog communications between the devices are 

shown in the block diagram. Each of the digital devices - В7-40, Б5-50, 

Б5-48, Е7-12, В7-46, В7-21А, and pulsed temperature regulation 

module (PTRM) – is connected to a computer through a common link or 

other digital interface. 

 

Fig. 1.17. Block diagram of the 
automated complex for quick 
analysis of electrophysical 
parameters. 

Let us consider the unit design and principle of operation. The 

characteristics of the automated complex are as follows: 

1. Measurements of static I−V curves for three- and two-terminal 

devices: 

• current measurement range: 10-11–2 A; 

• switch-selectable current ranges: 10-3−10-1 A and 10-2−2 A, 

resolution of 10-2 A; 

• switch-selectable voltage ranges: 0–10 V, resolution of 2.5 mV; 

0−50 V, resolution of 0.1 V; 0−300 V, resolution of 1 V; 

• possibility of temperature measurements in the 77−360 K range. 

2. Measurements of pulse I−V curves for three- and two-terminal 
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devices in the 1−100 kHz pulse repetition frequency range, as well 

as in the 1×10-4−2 A range and voltages up to 10 V. 

3. Measurements of C−V curves: 

• switch-selectable voltage ranges: 0–10 V, resolution of 2.5 mV; 

0−50 V, resolution of 0.1 V; 0−200 V, resolution of 1 V; 

• possibility of temperature measurements in the 77−360 K range. 

4. Measurements of temperature dependences of current, capacitance, 

conductivity (modulation method) at a preset bias voltage. 

5. Measurement of temperature dependence of resistance with the four-

wire method. 

6. Current overload protection of the sample under investigation. 

7. Possibility to perform measurements for discrete elements and 

elements on a wafer, as well as semiautomatic measurements of 

parameters for transistors on a wafer. 

8. Complete or partial mathematical processing of the results of 

measurements. 

1.3.2. A thermoregulating system  

To make a thermal stabilization system, a threshold stabilizer with 

a pulse-width regulator of furnace power was used (Fig. 1.18). The 

advantages of such a system are rather high accuracy of thermal 

stabilization and simplicity of design. The system involves a cryostat, 

PTRM, voltmeter В7-40 and PC with built-in digital-to-analog converter 

(DAC), common link and pulse-width modulator (PWM). 

The process of thermal stabilization occurs in the following way. 

As current flows from the current stabilizer 1 through the diode sensor 
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of temperature 2, the sensor voltage is proportional to the temperature of 

the sensor and table 7. The voltage goes  through a high-resistance 

amplifier 3 to a temperature control voltmeter В7-40 and comparator 4. 

The comparator voltage is compared with the DAC reference voltage 

that complies with the required stabilization temperature (Тs). If the 

factual temperature is lower (higher) than the required one, then the 

furnace 8 is switched on (off). 

 

Fig. 1.18. Block diagram of the thermal 
stabilization system: 1 – current 
supply; 2 – diode temperature 
sensor; 3 – buffer amplifier; 4, 5 - 
comparator; 6 - furnace; 7 – 
thermally stabilized table; 8 – 
copper rod; 9 – liquid nitrogen. 

Shown in Fig. 1.19 is the equivalent circuit of the thermal 

stabilization system. Presence of equivalent thermal conduction and 

thermal capacitance between the heater, cooler and temperature sensor 

results in occurrence of temperature oscillations (on condition that the 

furnace temperature is above the optimal one, ТпR2/(R1 + R2) > Ts). The 

closer the furnace temperature to the optimal one, the smaller the 

oscillations amplitude and period. The furnace power is regulated with 

PWM. The comparator 5 compares the PWM signal with that from the 

comparator 4. The resulting modulated signal goes to the furnace. 
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Fig. 1.19. a - equivalent circuit of the thermal stabilization system; b – time 
dependence of heater temperature; c – time dependence of sensor 
temperature. 

The error in temperature sensor graduation is 0.01 K. The 

temperature oscillation amplitude in the stabilized state is no more than 

±0.1 K. The DAC error is no more than 2.5 mV; this results in the 

temperature error of no more than ±0.2 K over the whole temperature 

range. Thus, even taking into account possible decrease of the 

table−sample temperature, the total error does not exceed ±0.4 K. The 

sensor temperature is checked using a voltmeter (with the error in sensor 

graduation) and is fed into a computer. 

1.3.3. A system for measurement of pulse I−V curves  

There are several reasons for application of pulse measurements of 

I−V curves of semiconductor devices, with a possibility to correct the 

pulse parameters. First, the Joule heating of a device structure in the 

course of measurement of static I−V curves distorts the performance 

characteristic. This reduces the information ability of the method, or 

may lead to sample degradation. Second, it is necessary to measure the 

parameters of semiconductor devices functioning in the modes close to 
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the operating one. Third, the measurements of pulse responses at various 

pulse parameters can give additional information on the crystal−sink 

thermal resistance. 

 

Fig. 1.20. Pulse I−V curve measuring 
circuit. 

A plant for measurements of pulse I−V curves has been developed 

and made at the V. Lashkaryov Institute of Semiconductor Physics of 

the National Academy of Sciences of Ukraine. It involves a stroboscopic 

oscillograph, a pulse oscillator, a delay line unit and a switching device 

with the sample under investigation. The measurement of pulse I−V 

curves is performed as follows. A pulse (whose amplitude is set 

programmatically) goes from an oscillator to a delay line system 

(Fig. 1.20). The delay line ЛЗ2 is intended for time separation of the 

incident signal (Vi) and that reflected from the sample studied (Vr). The 

delay line ЛЗ4 is intended for time separation of the reflected signal and 

that re-reflected from the pulse oscillator. The voltages at the delay lines 

ЛЗ1 and ЛЗ3 (VA and VB) are linear combinations of the incident and 

reflected pulses. At a certain choice of delay line loads ( 0, 21 =∞= RR ), 

these voltages become proportional to the voltage and current pulses (Vx 

and Ix) at the sample under investigation: 

XriA VKKVVV 11)( =+= , 

XriB zIKKVVV 22)( =−= . 
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Here K1 and K2 are the coefficients of proportionality, z  is the 

complex unit. 

The characteristics of the measuring complex are as follows: 

1. Test pulse duration: 70−100 ns. 

2. Test pulse repetition frequency: 1−1000 Hz. 

3. Test pulse amplitude: up to 600 V for a load of 50 Ω.  

4. Measured current range: 0−30 A. 

5. Continuous work time: 8 hours, break: 2 hours; heating-up time: 

15 min. 

6. Number of measurements per hour: up to 15 (at full taking of a 

pulse I−V curve), 180 (in the visualization mode). 

Thus, at a comprehensive approach to experiment and 

interpretation of its results, measurements of electrical parameters may 

become a powerful instrument for diagnostics of semiconductor devices. 

They can supply extensive information on the condition of 

semiconductors, interfaces, current transport mechanism and its 

parameters. The choice of specific methods of investigation for a given 

sample depends on both the parameters of the test sample and the 

technological potentialities, as well as the required information on the 

subject of inquiry and its economic expediency. 
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Chapter 2. JUNCTION LAYER IN THE 

SURFACE-BARRIER STRUCTURES ON 

SILICON AND GALLIUM ARSENIDE 

The appearance of numerous theoretical and experimental 

investigations of metal-semiconductor structures is due to practical 

importance of such objects as well as originality and uniqueness of the 

physical processes occurring at the interfaces [1-35]. Based on the 

results obtained in [1-35], one can state that each metal has its own 

features of interaction with semiconductors. These features are 

determined by its electronic structure, capability to form chemical 

compounds with atoms of semiconductors, and procedures used for 

semiconductor surface preparation, as well as the technological 

operations used to form the metal−semiconductor contacts. Therefore, in 

most cases it is impossible to predict a priori a character of interactions 

between phases and structural properties of reaction products. The 

existing data on chemical composition and structure of 

metal−semiconductor interfaces, even for the same contact pair, differ 

considerably. 
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2.1. THE GENERAL FEATURES OF FORMATION OF 

METAL−SEMICONDUCTOR INTERFACES AND 

THEIR EFFECT ON THE ELECTRONIC STRUCTURE 

OF CONTACTS 

It was found that metal−semiconductor interfaces are not abrupt on 

atomic scale, and their properties differ from those of the contact pair 

components [1-19]. One can separate at least three main stages in 

contact making, with predominance of different factors. These factors 

may affect the structure, chemical composition, and electronic 

characteristics of the metal−semiconductor interface. 

2.1.1. Physico-chemical preparation of semiconductor 
surfaces 

The starting stage (that precedes deposition of a metal onto 

semiconductor) is preparation of semiconductor surface. There are many 

works, experimental and theoretical, dealing with investigation of the Si 

and GaAs surfaces subjected to various active actions. The generalized 

results of such investigations can be found in [1-21]. From these results, 

it follows that the structural perfection, atomic geometry and electronic 

properties of semiconductor surfaces, as well as their chemical activity, 

depend on a number of factors, such as surface processing technique, 

crystallographic orientation of faces, the features of chemical bonding 

between the surface atoms, presence of foreign atoms at the surface, etc. 

Comprehensive allowance for all the factors influencing the physical 

and chemical properties of surfaces makes a rather complicated problem. 
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Therefore, we shall dwell on those factors that may affect most strongly 

the processes of contact formation and the electrophysical properties of 

contacts. 

At first, let us consider the free faces of Si and GaAs whose 

features are as follows: 

•  most of vacuum−semiconductor interfaces are reconstructed or 

relaxed in such a way that the relative positions of surface atoms 

differ from those in the bulk that belong to the same crystallographic 

plane as the corresponding free face [7, 8, 11, 20, 21]; 

•  the degree of surface reconstruction decreases as the ionic component 

of chemical bonding between the crystal atoms grows [3, 4, 20]; 

 small displacements of surface atoms at a normal to the surface or 

parallel to it require rather small expenditure of energy; the calculations 

made in [8, 20] showed that such processes are thermodynamically 

advantageous. 

Variations in atomic positions at the surface, reconstruction of 

chemical bonds and presence of foreign atoms modify considerably the 

electronic and phonon spectra as well as adsorption, kinetic and 

diffusion properties of semiconductor surfaces. Hence the above factors 

can affect the processes of formation and characteristics of 

metal−semiconductor contacts [1, 4-6, 8, 9, 20-21]. 

By now, a number of physical models for atomically clean Si and 

GaAs surfaces were developed [1-21]. They made it possible to explain 

the physical and chemical properties of those surfaces. An important 

aspect of such model representations is establishment of interrelation 
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between the electronic structure of atomically clean semiconductor 

surfaces and factual geometry of surface lattices. 

The above problems were studied more comprehensively for 

atomically clean Si faces [8, 20]. It was found that the energy spectrum 

of surface electronic states (SES) in the silicon bandgap could be 

described with a two-band model. It involves the filled donor states in 

the lower part of bandgap that are separated with an energy gap qE . The 

density of states in the bands is ≈1015 cm-2⋅eV-1. The positions of the 

donor and acceptor SES, energy gap between them, and charge carrier 

capture cross sections depend on the method of preparation of 

atomically clean surfaces as well as on the character of reconstruction of 

free silicon faces. 

Table 1. The parameters of SES at different atomically clean Si surfaces [20, 
22]. 

Surface 
structure 

Empty band 
bottom 

Vt EE − , eV 

Valence 
band top 

Vt EE − , 
eV 

Energy 
gap Egs, 

eV 

Capture 
cross 

section 
nC , cm2 

Capture 
cross 

section 
pC , cm2 

Ref.

Si(111)-7×7 0.71±0.05 0.50±0.05 0.20±0.10 10-13 10-13 [20]

Si(110)-4×5 0.78±0.05 0.42±0.05 0.36±0.10 10-16 10-15 [20]

Si(100)-2×1 0.83±0.05 0.34±0.05 0.49±0.10 10-14 10-16 [20]

Si*(111)-2×1 ≥0.45 ≤0.25 0.20 - - [22]

Note: tE  - energy position of SES; VE  - energy of the valence band top; nC  
( pC ) – the electron (hole) capture cross section. 
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Table 1 presents the parameters of SES for atomically clean 

surfaces obtained with ion bombardment followed by thermal annealing 

[20] and cleaving in ultrahigh vacuum [22]. Table 2 gives the electronic 

parameters of different surface structures at the pure Si(110) face [22, 

23]. 

Table 2. The experimental data on the electronic parameters for different 
surface structures at the Si(110) face. 

Surface 
structu-

res 

Vph, eV ϕ∆ , eV f∆ , eV
ntC EE − , 

eV 
Vt EE

p
− , 

eV 
0E , eV nC , cm2 

pC , cm2

16×2 0.27 
±0.43

- - 0.25 ±0.02 - - 10-18 - 

4×5 0.33 0 0 0.28 ±0.02 0.45 ±0.02 0.40 
±0.04 

10-18 10-18 

5×1 0.30 
±0.03

0.06 
±0.02 

0.09 
±0.08

0.6 ±0.02 0.45 ±0.02 0.42 
±0.04 

10-18 10-15 

2×1 0.22 
±0.02

0.13 
±0.02 

0.24 
±0.07

0.33 ±0.02 0.57 ±0.02 0.22 
±0.04 

10-16 10-11 

Note: ΦV  - photo-emf; ϕ∆  - contact potential difference; f∆  - electron affinity 
(relative to the corresponding values for the structure 4×5). The rest of 
the notations are same as in Table 1. 

Usually the nature of the local electronic states that appear at pure 

semiconductor surfaces is related to the features of rehybridization and 

refilling of dangling bonds. This causes appearance of empty and filled 

SES corresponding to the p- and s-orbitals. 

There exist also other interpretations of SES nature. For instance, it 

was shown in [24] that surface electronic spectrum is caused by the 

misfit dislocations appearing to fit the surface structures to the crystal 

bulk lattice. The interrelation between the surface electronic 

characteristics and atomic structure was confirmed also in [25-28]. At 

the same time, there were considerable disagreements concerning the 
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role of intrinsic SES in Fermi level pinning at the surface after various 

surface treatments. To illustrate, in [29], based on the theoretical 

calculations of total electron energy for potassium adsorption on 

Si(001)−2×1, a conclusion was drawn that the SB height is determined 

by the electronic spectrum of semiconductor surface. Exchange of 

charge between the K and Si atoms leads to metallization of Si surface 

and, as a result, “closure” of the semiconductor bandgap. At the same 

time, it was found in [25, 28] that the Fermi level pinning at the surface 

did not depend on the initial surface structure, although the effect of 

surface reconstruction on the SB height was detected. 

The experimental and theoretical investigations of SES at 

atomically clean GaAs surfaces indicate qualitative agreement of the 

results obtained with the model concepts that have been developed for Si 

[30]. However, the electronic structure of GaAs surface differs 

considerably from that of Si in some details. This applies, first of all, to 

the positions of donor and acceptor SES. To illustrate, for the cleaved 

GaAs(110) surface with no defects, the empty and filled SES lie at the 

level of the corresponding bulk bands. In this case, there is no Fermi 

level pinning at the surface. 

The free GaAs(110) face, whatever the method it has been 

obtained with, is not reconstructed: the positions of surface atoms are the 

same as they had in the bulk. Contrary to this, the lattices of the free 

GaAs(111) and GaAs(100) faces differ from that in the GaAs bulk. They 

demonstrate high density of SES in the bandgap. The reasons for SES 

appearance may be various point defects caused by deviations of surface 

stoichiometry from the bulk one. In this connection, one may put the 
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following questions: (i) what are the peculiarities of the role of GaAs 

surface in formation of potential barriers in the metal−GaAs structures, 

and (ii) whether or not the orientation of crystal faces and change in 

their atomic structure are of importance in Fermi level pinning at 

semiconductor surface contacting with a metal. 

By now, there are no definite answers to the above questions. For 

instance, the results of investigations that were made for many various 

metals deposited onto the GaAs(110) and (100) faces were generalized 

in [25]. The ideality factors of the structures studied varied within 

1.03−1.07. The SB height values for those contacts changed by ~0.47 

eV. However, no clear dependence of SB height on semiconductor 

surface orientation (i.e., on the surface structure) was detected. (One 

should only note that the higher SBs were found for metals with higher 

work function values.) This is confirmed also by the results of [31] 

where a SB made on GaAs(110) by Au was studied. The SB height was 

the same whatever the method of semiconductor surface preparation. 

The authors of [32] showed that the defects that were present at the 

surface before metal sputtering affected the barrier height but slightly. 

Moreover, in [1, 17, 19] it was noted that for contacts of two types 

(made on the GaAs surface with excess of either As or Ga) the barrier 

height values differed by ≥0.1 eV only. 

At the same time, the authors of [31-35] established relation 

between structural transformations at GaAs surface and the 

electrophysical properties of contact. The comprehensive studies of the 

effect of thermal annealing and ion bombardment of GaAs surface on 

the processes of Al(Au)−GaAs contact formation showed that there 
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exists a clear correlation between the variation of SB parameters, degree 

of interface amorphization and changes in the atomic composition of 

GaAs surface. 

It was found in [35] that Fermi level pinning in the Au and Al 

contacts deposited onto the GaAs(100) face differs considerably from 

that in the samples with 2° off-orientation from the plane (100) cut in the 

directions [110] and [111], and depends on the thickness of metal 

coating. The Fermi level position in the contact formed is 0.95 eV for 

the face (100) and 0.65 eV (0.45 eV) in the samples with 2° off-

orientation cut in the direction [110] ([111]). The conflicting results 

presented in this work are due to inadequacy of our knowledge of the 

nature of SES at free GaAs faces and their transformation at metal 

deposition, as well as to distinctions in the metal deposition procedures 

used by different authors and lack of studies of structural and phase 

transformations occurring at early stages of interface formation. 

The metal deposition scenarios may essentially affect the contact 

properties – first of all, the electrophysical parameters [25]. It was 

shown in [25] for the Co/GaAs(001) structures that the SB height 

changed by 0.24 eV depending on the metal deposition scenario. When 

studying the early stages of formation of a metal (Ti, V, Cr, Ni, 

Mo)−gallium arsenide contact whose surface was subjected to ion 

bombardment in ultrahigh vacuum, some substantial distinctions in the 

mechanisms of interface formation for the above metals have been found 

[36]. To illustrate, in the case of Ti deposition, a thin Ga layer is formed 

at the interface. On this layer, 2D metal islands begin to grow and then 

make a continuous film. Deposition of V, Cr, Ni, and Mo also is 
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accompanied with growth of 2D islands with further merging of them. In 

that case, however, the junction layer, along with insignificant 

excretions of metallic Ga, contains also rather big amount of As. 

Various chemical reactions (say, those between the metals and 

semiconductor components due to difference between their 

electronegativities [9]) may occur in the structures considered that affect 

the mechanisms of interface formation in them. The reaction intensity 

may be reduced considerably because of formation of “barrier” layers 

that hamper interaction between phases. The layers of oxides or products 

of reactions between a metal and semiconductor that were initially on 

the semiconductor surface may be considered as such barriers. The 

above considerations are confirmed by the results of investigations 

presented in [37-40]. 

Table 3 presents the data on interactions between metals and GaAs 

coated with an oxide film, as well as on variations of the Fermi level at 

the GaAs surface [37, 38]. One can see that a number of metals interact 

intensely with the intrinsic oxides of the semiconductor. This leads to 

changes in chemical composition of the junction layer. The changes 

serve as the reason for shift of the Fermi level. One can suppose that, 

until the chemical reaction between the metal and oxide occurs, the 

properties of the Me−GaAs structure were determined with those of the 

semiconductor−intrinsic oxide interface. If the conditions of interaction 

are such that the metal atoms reach the semiconductor or the reaction 

between the metal and oxide occurs, then the electronic structure of 

contact interface changes. 
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Table 3. The data on interactions of metals with GaAs coated with an oxide 
film, and variations of Fermi level at the GaAs surface [37, 38]. 

As2O3+Ga2
O3 

Ga2O3 *Q∆ , kcal As2O3 
+Ga2O3 

Ga2O3 GaAs 
ACS** 

Metals 

Inter-
action 

FE∆  Inter-
action

FE∆ Ga2O3 As2O3 Out-diffusion 

Au no 0.0 no -0.2 +278 +177 As As GaAs 

Ag no 0.0 - - +249 +148 As - no 

Cu no 0.0 no -0.2 +149 +48 No As - 

Al yes 0.9 yes -0.2 -138 -239 Ga Ga Ga 

Mg - - yes -0.2 -19 -270 - - - 

Ti yes 0 yes -0.2 -107 -208 No no no 

Cr yes 0 yes -0.2 -11 -112 - - - 

Note: *∆Q is the heat of reaction 2M*+2N*2O3→M*2O3+2N* (M* = Au, 
Al, Ti, Cr; N* = Ga or As) or 3M*+N*2O3→3M*O+2N* (M* = Ag, 
Cu, Mg; N* = Ga or As); **ACS – atomically clean surface. 

Thus, the electronic parameters of contacts depend on the physico-

chemical condition of the semiconductor surface. 

2.1.2. Very small (up to a monolayer) thicknesses of metal 
coatings 

At the early stages of metal deposition onto semiconductor when 

the coating is below a monolayer (ML), the direct chemical interaction 

between the adsorbate and substrate leads to appearance of impurity 

superstructures whose parameters differ from the initial ones (i.e., those 
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before metal deposition). The type of those superstructures depends on 

the number of dangling bonds at the semiconductor surface, symmetry 

of the valence electronic shells of adsorbate atoms, and difference 

between the covalent radii of adsorbate and semiconductor atoms, as 

well as on the energy of bonding of the adsorbate atoms with the 

semiconductor surface and in the metallic clusters. 

A comprehensive analysis of the structural-phase transitions 

induced by the metal adsorbates on Si and GaAs surfaces was made in 

[11, 20, 41] and [1, 4], respectively. It was shown that, contrary to the 

case of free crystal faces, adsorption of metals leads to a wide variety of 

symmetries of surface films, depending on the way of surface 

preparation, adsorbate concentration, and temperature. Table 4 presents 

the results of investigations of the structural-phase transitions at the 

cleaved Si(111)−(2×1) faces and their effect on the work function and 

Fermi level position ( )sPV EE −  [42]. 

One can see from the data presented that the impurity structure 

( )R33 × 30о is the most typical at small (submonolayer) amounts of 

adsorbed metal atoms (III, IV, and V groups). At higher degrees of 

coating, the observed structural-phase transitions are related to 

appearance and growth of metal islands. The structure ( )R33 × 30о is 

formed by submonolayer Au and Ag coatings on the cleaved Si(2×1) 

face, as well as Pb, Sn, Ag and Ge atoms on the Si(111)−7×7 surface 

after thermal treatments. 

The more detailed data on metal adsorption onto the intrinsic Si 

faces with other surface lattices, as well as the models that are proposed 

to explain them, can be found in [41]. Considerable changes of surface 
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charge and band bending in Si caused by adsorption of metal atoms (see 

Table 4) are also noted in this work. An approach was stated in [41] that 

make it possible to classify the effect of impurities on SES at atomically 

clean surfaces of silicon. According to this approach, the donor-acceptor 

behavior of impurities is determined by atomic valence state and 

crystallographic orientation of the substrate. 

Table 4. The data on covalent radii rcov and metal adsorption onto a cleaved 
Si(111)–(2×1) surface held at room temperature [41, 42] (θ is coating 
degree) 

 θ  = 0 θ  = 1/3 ML θ  = 1 ML θ  > 1 ML 
Aluminum, rcov = 1.25 Å   

←⎯(2×1)⎯→ ←⎯(1×1)⎯→ 
 
Structure 

←⎯( )R33 × 30о⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Epitaxy 
Ф, eV 5.35 4.95 4.75  
( )sFV EE − , eV 0.48 0.35 0.30  

Gallium, rcov = 1.25 Å   
←⎯⎯(2×1)⎯⎯→ ←⎯(1×1)⎯→ 

 
Structure 

←( )R33 × 30⎯⎯⎯⎯⎯⎯⎯→  
Ф, eV 5.35 4.95 4.85  
( )sFV EE − , eV 0.48 0.35 0.35  

Indium, rcov = 1.42 Å   
←⎯(2×1) ⎯ ⎯ ⎯ ⎯→ ←⎯⎯⎯(2×2) ⎯ ⎯ ⎯ ⎯⎯⎯→ 

 
Structure 

←⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯( )R33 × 30о ⎯⎯→ Epitaxy 
Ф, eV 5.35 4.75 4.60  
( )sFV EE − , eV 0.48 0.28 0.2  

Germanium, rcov = 1.24 Å   
←⎯⎯(2×1)⎯⎯→ ←⎯(1×1)⎯→ 

 
Structure 

←⎯( )R33 × 30о⎯⎯⎯⎯⎯⎯⎯⎯→ Amorphous 
Ф, eV 5.35 5.35 5.35  
( )sFV EE − , eV 0.48 0.55 0.55  

Tin, rcov = 1.42 Å   
←⎯⎯⎯⎯(2×1)⎯⎯⎯⎯→ ←⎯⎯⎯⎯(1×1)⎯⎯⎯⎯→ 

 
Structure 

←⎯( )R33 × 30о ⎯ ⎯ ⎯ ⎯ ⎯ ⎯⎯→  
Ф, eV 5.35 5.10 4.85  
( )sFV EE − , eV 0.48 0.55 0.30  



 66

There are not much works containing information on the donor-

acceptor levels in semiconductor bandgap. One of them is the work [43] 

where the effect of Al, Pb, and Sn adsorption on contact barrier 

formation at the Si(110)−16×2 face was considered in detail. Adsorption 

of aluminum changes the SES spectrum most strongly. In this case, 

shallow levels appear near the edges of allowed energy bands. This 

means in fact that an ideal SB appeared. 

Along with SES changes, some other effects that play an important 

role in contact formation are related to appearance of defined surface 

phases. These are isothermal desorption, surface dissociation, structural 

transitions of the “order→disorder” and “disorder→order” types, surface 

diffusion of metal atoms, and processes of epitaxy. The Fermi level 

pinning that determines potential barrier height in metal−semiconductor 

contacts occurs just at this stage, as was noted in [1-15]. 

2.1.3. Nucleation and growth of metal film 

At the stage of nucleation and growth of metal film, the 

interactions between phases are related to the following predominant 

processes: 

•  interdiffusion of the atoms of contacting materials [1, 4, 8, 15, 17, 

19]; 

•  surface chemical reactions between the components of contacting 

pairs, with formation of binary phases [1, 4, 8-17] (or ternary phases 

in the case of semiconductor compounds [44]). 

The dissociation and interdiffusion, as well as formation of the 

products of chemical reactions, are not regulated with the bulk 
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properties of semiconductor material [45]. Because of this, the surface 

chemical reactions occur at room temperature [1-6, 8, 18]. Besides, 

contrary to the bulky samples (where interaction between metal and 

semiconductor leads to concurrent appearance of several phases), thin-

film structures demonstrate definite sequence of phases appearance at 

thermal annealing. For example, the Ni−Si thin-film structures 

demonstrate the following sequence of phase transitions as the annealing 

temperature grows: Ni2Si→NiSi→NiSi2 [9, 16]. In this case, the silicide 

growth rate depends on the orientation of the silicon substrate: at the 

Si(100) surface, it is seven times that at the Si(111) surface. 

Let us consider in more detail the physical mechanisms and energy 

sources that ensure low-temperature interaction in the contacts and 

determine the intensity and character of reactions between phases. It was 

established by many authors (see, e.g., [46-51]) that the contact reactions 

begin at room temperature if the deposited layer thickness exceeds some 

“critical” value. In this case, it was supposed that the “critical” metal 

layer thickness is such at which the sputtered film acquires metallic 

properties. Those films whose thickness is below the “critical” value are 

chemically inert with respect to semiconductor not only at room 

temperature but at elevated temperatures too. In that case, interaction of 

the metal atoms with those of semiconductor surface is accompanied 

with closure of dangling valence bonds. 

At metal layer thicknesses over the “critical” value, the mixing 

reaction takes place at room and lower temperatures [46-51]. Taking 

into account this fact as well as the binding energies of atoms in the Si 

and GaAs lattices, one can conclude that the above process is athermic. 
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In this case, the reason for weakening or breaking of chemical bonds in 

the contact region of semiconductor may be related to shielding of the 

atomic covalent bonds in semiconductor by mobile free electrons of the 

deposited metal. 

Thus, as the “critical” thickness of metal layer grows, the threshold 

value of the activation energy for the reaction between the metal and 

semiconductor atoms decreases. One can assume that metal deposition is 

accompanied with formation of a thin layer of liquid alloy composed of 

the heterocontact components. When solidifying, it forms an amorphous 

phase at the boundary between phases. On the one hand, such an 

amorphous layer promotes decrease of the energy related to misfit of the 

metal and semiconductor lattices. On the other hand, it serves as base for 

formation of intermetallic phases (e.g., various silicides) at elevated 

temperatures [8, 16, 51]. 

There are, however a number of investigations whose results 

cannot be described with the model of chemical bonds shielding. To 

explain those results, some other mechanisms that promote reactions at 

the boundary between phases are involved. 

(i) These are the local thermal effects caused by energy transfer 

from the deposited atoms to the substrate. Now there are no methods and 

equipment to perform the corresponding investigations. That is why the 

theoretical works and computer simulations in the above area arouse 

considerable interest. 

A mathematical model for atomic mixing at the 

metal−semiconductor interface was proposed in [52]. It took into 

account discrete (space- and time-localized) character of heat release at 
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atom deposition by introduction of a thermal fluctuation region. 

However, absence of simple analytical expressions for description of 

mixing at the boundary between phases does not enable one to apply 

such an approach for analysis of experimental results. 

A more adequate model has been proposed in [53]. To consider 

atomic mixing, the effect of nucleation kinetics and growth of 2D 

metallic clusters was taken into account, along with the diffusion 

equation that describes interaction between the beam of metal atoms and 

those of substrate. The model agrees closely with the experimental data 

on formation of metal−semiconductor contacts at low rates of metal 

deposition. It should be noted that allowance for the processes related to 

metal clusterization plays an important role in the mechanisms of 

interactions between phases, because the energy released at formation of 

metal islands is sufficient for breaking of chemical bonds in such 

semiconductors as Si and GaAs [14]. 

(ii) The possibility of formation of metallic bonding between the 

metal atoms that have diffused into depth and occupied interstitials in 

the semiconductor lattice. Incorporation of metal atoms into the 

semiconductor lattice leads to weakening of chemical bonds in the 

semiconductor lattice. The reason for this is redistribution of the 

semiconductor and metal atoms, as well as appearance of local stresses 

in the crystal lattice owing to incorporation of the metal atoms [54]. 

(iii) Formation of eutectics by interacting contact components. It 

was noted in [9, 55, 56] that the composition of a junction layer between 

metal and semiconductor may be close to that of eutectic, because in that 

case the free energy of the structure is minimal. Moreover, a correlation 
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between the temperature of contacting components eutectic and 

electronic characteristics of the interface was found in [57]. 

(iv) Presence of oxygen or oxygen-containing compounds in the 

near-contact layers. The continuous oxide island films, as well as 

various their structural and allotropic modifications, can contribute 

essentially to the character and direction of reactions between phases 

[14], thus promoting formation of heterogeneous boundary between 

phases. 

Let us consider the peculiarities of interactions between phases in a 

metal−semiconductor contact related to presence of oxygen using the 

Ni-Si pair as an example. It was shown in [58] that the effect of oxygen 

on interactions between phases in the Ni-Si contacts depend on the site 

of oxygen localization. If oxygen is inside the metal layer, then a film of 

silicon oxide grows gradually at the interface in the course of silicide 

growth. This film hinders further growth of Ni2Si. If the SiO2 film 

becomes thick enough, then conversion of the Ni2Si phase into NiSi2 is 

observed. 

The above factors lead to drastic changes in structural-phase 

composition of the junction layer. In this case, a situation may appear 

that the contact junction is made not of metal but of a product of metal 

reaction with semiconductor in the framework of arsenides and silicides 

contact formation. A comprehensive analysis of the physico-chemical 

models for boundaries between phases in the case of different reactions 

and their correlation with the electronic structure of contacts was made 

in [10]. 
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The following conclusions can be made from an analysis if the 

cited literature sources. At metal sputtering onto a semiconductor 

surface, the interactions are possible at the interface that lead to 

appearance of new chemical bonds with the atoms of semiconductor as 

well as destruction of semiconductor surface. As a result, an extended 

transition region of complex composition appears at the 

metal−semiconductor interface. Its structure and phase composition 

depend on the types of semiconductor and metal as well as contact 

manufacturing technology. In many cases, the reactions occurring at the 

boundaries between phases cannot be described within equilibrium 

thermodynamic for the bulk. The mechanisms proposed in literature do 

not give complete description of formation of boundaries between 

phases in the case of ideal junctions “metal−atomically-clean 

semiconductor surface”. In the case of actual surfaces, one should take 

into account presence of impurities and oxidized layers, as well as 

electric fields and stresses, when describing processes occurring at the 

boundaries between phases [14]. 

2.2. THE NATURE OF POTENTIAL BARRIERS IN 

CONTACTS 

It follows from the results of the previous section that there is no 

simple physical model for the boundaries between phases in 

metal−semiconductor contacts. The present understanding of the 

mechanisms of interaction and products of chemical reactions at the 

boundaries still is not sufficient to exert purposeful control over these 
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processes and junction layer parameters as well as density of SES. The 

models that contribute significantly to solution of this problem are 

shown in Fig. 2.1 [59]. There is no need to present these models in 

detail. One can find comprehensive information on their physico-

chemical foundation and validity range in the references given in 

Fig. 2.1 as well as in the reviews and monographs [1-21, 54]. 

 

Fig. 2.1. Classification of models for metal−semiconductor contacts [59]. 

We would like to note only those of the existing microscopic 

models whose contribution to understanding of potential barriers in the 

metal−semiconductor contacts was the biggest. Most of these models are 

based on the approach advanced by Bardeen. This is the concept of 
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Fermi level pinning at SES that are distributed continuously over the 

semiconductor bandgap. The experimental foundation of this concept is 

weak dependence of barrier height on the metal work function. The 

original Bardeen’s concept has obtained further development in 

numerous works aimed at elucidation of the nature of electronic states 

that appear in semiconductor bandgap at metal deposition. 

It was assumed in [62] that these are the “intrinsic” states of the 

metal−semiconductor interface that appear because of penetration of 

electronic wave functions of metal atoms into semiconductor. Such 

functions decay exponentially at lengths of 1.5–4.0 Å. This is enough for 

explanation of Fermi level pinning and understanding of the mechanism 

of ionic-covalent transition [77]. Strong dependence of the parameter 

MB / ϕϕ ddS =  ( Bϕ  and Mϕ  are the barrier height and metal work function, 

respectively) on the difference between the anion and cation 

electronegativity values was considered as expression of the “intrinsic” 

SES [78]. A self-consistent calculation of metal-induced states in the 

semiconductor bandgap was performed in [79]. The calculated barrier 

heights turned out to be close to the experimental ones. 

The idea of metal-induced states has found further development in 

[80]. The author of [80] did manage to identify the level of local 

electrical neutrality as the energy in the bandgap that corresponds to the 

point of branching of the complex band structure. In that case, according 

to [67, 80], the barrier height is determined by the parameters of 

electronic spectrum in the semiconductor bulk and does not depend on 

the nature of deposited metal and variations of the chemical composition 
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of the boundary between phases. The latter contradicts to numerous 

experimental data. 

The theoretical notions that were developed in the model based on 

the metal-induced states become inadequate at submonolayer metal 

coatings and cannot explain Fermi level pinning at submonolayer 

oxygen coatings. Besides, this theory cannot explain barrier formation in 

the case of an insulator layer between a metal and semiconductor. 

According to the model proposed in [81], chemical interaction of 

adsorbate atoms with the semiconductor surface leads to generation of 

intrinsic point defects (along with reaction products). Some of such 

defects may have amphoteric properties. These point defects serve as 

SES in Fermi level pinning. However, the model proposed in [81], as 

well as its further modifications [82, 83], does not have sufficient 

experimental substantiation. There are no reliable data on determination 

of energies of local electronic states of intrinsic defects. The 

comprehensive explanations of high density of states of the intrinsic 

defects that pin the Fermi level in the near-surface region of 

semiconductor is also absent. Some factors that affect the type, 

concentration and energy position of the intrinsic defect levels in the 

near-surface region of semiconductors (and, therefore, Fermi level 

pinning) are given in [84]. 

For the III−V semiconductor compounds, a model was developed 

according to which it is the SES of group V elements that are 

responsible for Fermi level pinning. This conclusion is based on the 

known experimental results [85] on breaking of Fermi level pinning in 

GaAs by using chemical reactions that lead to removal of atomic As 
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from the boundaries between phases in the contact. However, absence of 

any reliable experimental data on excess group V element at the 

boundaries between phases in the contact that could appear because of 

interaction between the metal and semiconductor, as well as Fermi level 

pinning at the GaAs surface when there is no such an excess [86], seem 

to be rather convincing argument against the proposed model. 

Along with the above models for barrier formation, another model 

has become widespread [87, 88]. In that model, the features of the 

electronic structure of the interface were related to interface disordering. 

The authors of [87, 88] considered the metal−semiconductor interface as 

a contact of amorphous and ordered systems. They arrived at the 

conclusion that, in this case, the edges of allowed bands are smeared at 

semiconductor surface. The local states coming from the conduction 

(valence) band will be of acceptor (donor) type relative to the 

semiconductor bulk. The minimal density of states may be in a region 

below the middle of bandgap because of bigger smearing of the 

conduction band that is wider than the valence band. The characteristic 

energy 0nE  that corresponds to establishment of charge neutrality can be 

treated as the energy at which the Fermi level is pinned. 

A more rigorous calculation was made in the tight binding 

approximation using the method of linear combination of atomic orbitals 

(LCAO) for the sp3-hybrid orbitals [89]. They gave the mean value of 

characteristic energy 0nE  (relative to the vacuum level) that equaled to 

5.58 eV for GaAs and 5.57 eV for Si [89]. The 0nE  value is the same, no 

matter what the reason for disordering – deposition of dielectric or 

metal. According to the above model, barrier formation is owing to rigid 
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pinning of the Fermi level, thus leading to abrupt increase of charge 

density at the interfaces. 

The reactions that occur at the metal−semiconductor boundaries 

may affect the degree of their structural-chemical disordering, either 

increasing or decreasing disorder. In the latter case, a weak dependence 

of the barrier height on the metal work function is possible. This model 

may be applied also to the metal−semiconductor structures with oxide 

interlayers. 

It follows from the results presented that there is no unambiguous 

explanation for the mechanisms of barrier formation in contacts. One 

should not also exclude a possibility of combined contribution from 

different mechanisms that define the barrier characteristics of 

metal−semiconductor systems. 

2.3. CONTACT STRUCTURES WITH IMPROVED 

RESISTANCE TO EXTREME ACTIONS 

At high temperatures, as well as at some active actions [10-14], the 

processes of interactions between phases in the contacts are progressing 

faster. As a result, the electrophysical characteristics of contacts 

deteriorate up to complete degradation. This fact posed an urgent 

problem of making reliable contact structures (ohmic and barrier) 

tolerant to various active actions, in particular, high-temperature heating. 

This problem cannot be solved without (i) elucidation of the physico-

chemical nature of the processes that lead to contact degradation, and (ii) 

techniques enabling one to control them. This is related to identification 
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and understanding of the mechanisms of relaxation of nonequilibrium 

state of contact structures. Those mechanisms may be enhanced by 

various active actions, in particular, thermal treatments. 

Let us consider briefly the main approaches that are used when 

making contact structures with higher thermal stability. Based on an 

analysis of the literature data, one can propose two ways for solving the 

above problem. One of them (traditional) is based on choice of such 

contact structure components that are tolerant to high-temperature 

actions, while another uses introduction of stabilizing buffer layers into 

contact metallization. 

In the first way, the most promising materials for obtaining of heat-

resistant contacts are the transition metals of the IVa-VIa groups. Their 

thermal stability in the contacts to GaAs and Si has been studied rather 

minutely [17, 19, 90]. 

However, application of metallization systems based on the above 

metals has also some faults. To illustrate, Ti and Та oxidize readily in 

damp atmosphere [90, 91]. Chromium makes problems because the 

compounds CrX (Х = Ga or As) may be produced in the course of 

thermal treatment at 550 °С [8], thus leading to stresses. Contrary to 

this, at thermal treatment of Mo- and W-based contacts, these metals do 

not form compounds with GaAs components, even at a temperature of 

550 °С [11, 17]. No mixing of contact components was detected at long-

term (many hours) thermal annealing at 400 °С. However, both metals 

(Mo and W) have demonstrated insufficient adhesion to GaAs. 

Contrary to the metals of group IV that are widely used in 

electronic devices, the transition metals of group VIII (such as Ni, Pd, 
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and Pt) interact intensely with GaAs and form intermetallic phases [8, 9, 

19]. Up to now, the reaction mechanisms and nature of phases at the 

interfaces between these metals and GaAs are not studied in such detail 

as, say, the formation process for silicides that are widely used when 

making heat-resistant contacts to Si [16]. At the same time, the choice of 

metallization for GaAs-based heat-resistant contact poses a more 

complicated problem. To solve it, one may apply some empirical rules 

established in [9, 11, 17, 19]. 

Almost all metals whose electronegativity values are considerably 

below that of As form contacts with higher thermal stability. Those 

metals whose electronegativity values are practically the same as that of 

As or exceed it, interact easily with GaAs as temperature grows (the 

only exception is W). Besides, one should take into account that the 

elements with big heat of oxidation are heat-resistant as a rule. 

The above conclusions should be refined taking into account that 

in actual practice the multilayer metal coatings or metal alloys are used 

as a rule. In this case, the role of competing or concurrent interactions in 

formation of boundaries between the contact phases increases [92]. 

These effects reduce contact thermal stability. The role of local 

interactions in degradation of electric characteristics of contacts with 

multilayer coatings is considered in [93]. 

The role of grain boundaries in diffusion processes increases 

considerably in thin polycrystalline metal films. In this case, one can 

improve thermal stability by additional doping of metal layers with 

nitrogen, oxygen, carbon and other stoppers of diffusion between phases 

[17, 50]. There is, however, a more efficient way. A thin stabilizing 



 79

layer (that cannot appear in the course of interaction between the phases 

of contacting pairs) is introduced in the contact structure. Such layers are 

called diffusion barriers. It seems that just this area is promising for 

development of essentially novel contact structures that will be stable to 

extreme actions. 

Introduction of a number of transition metals (serving as diffusion 

barriers) into the metallization system ensures stability of contact 

parameters at temperatures up to 300−400 °С. At higher temperatures, 

3D structural-phase inhomogeneities are developed in the defect sites of 

the surface owing to local interactions of metals with gallium arsenide. 

These inhomogeneities lead to degradation of the barrier characteristics. 

The physical reasons that restrict thermal stability of such structures at 

growth of temperature are caused by penetrability of the buffer layers. It 

is possible to improve thermal stability of such structures by alternating 

thin Ir and Al films in the course of system fabrication [94]. This 

procedure removes defects that served as channels for mass transfer. As 

a result, the thermal degradation threshold can be increase significantly 

(950 °С, 10 s). 

Silicides, nitrides, borides, and carbides of refractory metals serve 

as barriers preventing diffusion of metal and semiconductor atoms. The 

physical parameters of some compounds that are promising for 

application in metallization systems, as well as the physico-technical 

aspects of use of thin-film diffusion barriers when making contact 

structures, are presented in detail in [95, 96]. 

The experiments with silicides and nitrides of refractory metals 

demonstrate a possibility of making Si- and GaAs-based heat-resistant 
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structures whose characteristics are not changed at heating up to 

800−850 °С [92-94]. However, some methodological difficulties in 

formation of such contacts, as well as absence of data on the 

mechanisms of their thermal degradation, make it necessary to perform 

further investigations in this line, in particular, using new semiconductor 

materials and metallization systems [97-116]. 
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3. METHODOLOGY OF THE CATASTROPHE 

THEORY IN PREDICTION OF 

STABILITY OF MICROELECTRONIC 

DEVICES 

One of the crucial problems in instrument engineering is 

electronics reliability control. It is based on usage of highly reliable 

semiconductor devices, ICs etc. The urgency of the above problem 

stems from fundamental thermodynamic non-equilibrium of 

microelectronic devices owing to action of both external and 

thermodynamic forces in them. Transition to equilibrium is 

accompanied with either physico-chemical degradation processes or 

stepwise changes that result in failures of devices and ICs. Therefore, 

the problem of reliability control requires physico-mathematical 

simulation of various situations that cause failures of microelectronic 

facilities. 
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3.1 THERMODYNAMIC APPROACH TO THE 

PROBLEM OF FAILURES OF MICROELECTRONIC 

DEVICES 

The discrete semiconductor devices and ICs are complex 

heterogeneous systems involving unlike components. Such systems 

always have gradients of microparticle concentrations and stresses, as 

well as gradients of thermal and electric fields (in the course of 

operation)..These factors lead to appearance of matter and energy 

transport (physico-chemical processes) in the device components or at 

their interfaces, thus resulting in facility aging [1-4]. 

To a linear approximation, the following relation exists between 

the flow I and the thermodynamic force giving rise to that flow [5]: 

∑
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=
m

j
jiji XLI

1

;                                            (3.1) 

here ijL  are the kinetic coefficients (Onsager coefficients). The 

thermodynamic force, in its turn, is related to the gradient of chemical 

potential jµ  [5]: 
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Variation of chemical potential throughout a system is because of 

nonuniformity of its composition (particle concentration lN ), pressure P  

and temperature T  [5]: 
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Under anisothermic conditions variation of system state owes also 

to thermal energy transport caused by the corresponding thermodynamic 

force [5]: 

⎟
⎠
⎞

⎜
⎝
⎛∇=

T
XT

1 .                                           (3.4) 

If a system has charged particles subjected to action of external 

electric fields, then an additional directed flow appears whose value is 

determined by the electric potential gradient: 

⎟
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⎛∇−=

T
qX j

ϕ
ϕ ,                                       (3.5) 

where jq  is the particle charge. 

When a dislocation system is placed in a stress field, then the 

dislocations move in such a way as to decrease the total system energy. 

This is accompanied by plastic deformation of the material, in 

accordance with the stress applied. Such material may be treated as a 

system whose potential energy П depends on the dislocation position 

[6]. Variation of the system state is caused by the force 
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X .                                   (3.6) 

Thus, the characteristics of potentially reliable devices are 

changing in the course of operation and storing because of directed 

flows of charged and neutral particles, heat, dislocations and other 

defects caused by presence in a system of gradients of particle 

concentrations, temperature and pressure as well as electric field 

potentials and system potential energy [1, 2]: 
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Equations (3.3) and (3.7) enable one to classify device failures 

according to the character of predominant thermodynamic forces that 

cause flows [1, 2]: 

• A chemical failure is predominant if the thermodynamic force is 

caused by the chemical potential gradient only ( 0≠∇µ ). These are 

chemical corrosion [8] and decomposition of solid solutions [10]. 

• A diffusion failure is due to matter redistribution in multicomponent 

metal−metal [7-9], metal−semiconductor [8, 11] and 

semiconductor−semiconductor [12] systems. It is observed at 

inhomogeneous matter distribution only ( 0≠∇N ). 

• A dislocation failure is due to dislocation multiplication and motion 

under action of intrinsic and external stresses [13, 14]. This type of 

failure is predominant at 0≠Π∇ , with no other forces. 

• An electric failure is due to charge carrier injection and trapping in 

oxide films [15] and at the interface between insulators [16], 

generation of surface states by high-energy electrons [7, 15], 

polarization of insulators [1, 5] and electrical breakdown [13]. This 

type of failure requires presence of electric field ( )0≠∇ϕ  in the system. 

• A thermofluctuation failure is damage of device construction [8, 9, 17-

19]. It occurs under action of thermodynamic force 0≠∇P . 

• An electrodiffusion failure that is accompanied with ion transport in 

insulating [7-9] and conducting [7-9] materials is possible only at 

concurrent action of two forces: 0≠∇ϕ  and 0≠∇N . 

• An electrochemical failure, or electrochemical corrosion of device 

metallization [7-9], may occur at inhomogeneous distribution of 

electrochemical potential, ϕµµ q+= , over the system, i.e., at 0≠∇µ . 
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• An electrothermal failure occurring at ,0≠∇ϕ  0≠∇T  is device 

breakdown because of current pinching in high-power semiconductor 

devices [7]. 

Thus, examination of potentially unreliable devices in the context 

of linear nonequilibrium thermodynamics makes it possible to classify 

the known types of failures as well as predict new ones by considering 

novel combinations of thermodynamic and external forces. In this case, 

a detailed analysis of loss of semiconductor devices and ICs resistance 

to failures is required. One can perform such an analysis, with allowance 

made for nonlinear behavior of thermodynamic systems, within the 

catastrophe theory. 

The applicability of the catastrophe theory to the problem of 

semiconductor device failures was considered, in a general way, in [20-

22]. However, construction of a consistent physical picture of 

semiconductor device failures based on the catastrophe theory still 

remains a topical problem. It is of interest for the fundamental science as 

well as practice. Following is an attempt to develop such a picture. 

Evolution of any open thermodynamic system, in particular, in the 

region of nonlinearity of irreversible processes, can be described with 

the Fokker−Planck−Kolmogorov equation i
i I

t
∇=

∂
∂ρ  [23, 24]. Its general 

form is as follows: 

{ }( )iiii
i Df

t
ρρρ 2∇+=

∂
∂ .                                   (3.8) 

Here the variables { }iρ  describe the state of a multicomponent 

system (the subscript i labels its components). The variables may be 

probability density, microparticle concentration, temperature and 
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coordinate of microparticle displacement. if  is a nonlinear function that 

describes the system evolution rate. For physico-chemical systems 

obeying the law of mass action in the state of equilibrium, the function 

if  is a polynomial in the variables { }iρ . Therefore, Eqs. (3.8) make a set 

of nonlinear partial differential equations. The physical meaning of the 

coefficients iD  is different in the specific situations. Let us consider the 

role of those coefficients in more detail. 

In case of 1D Markov processes of diffusion type, Eq. (3.8) can be 

rewritten as [25]: 
( ) ( )

2
2

2
1

2
1

XXt ∂
∂

+
∂

∂
−=

∂
∂ ρχρχρ .                               (3.9) 

Here )(tX  is a random function whose possible values at successive 

moments t0 < t1 <...< tn are х0, х1,..., хn, respectively. ( )00 ,;, txtxρ  is the 

transitional probability density (i.e., the conditional probability density 

for transition from the state 00 ,tx  to the state tx, ). The function ( )tx,1χ  

characterizes the average process evolution )(tx  (average rate of change) 

provided that xtx =)(  (drift coefficient). The function ),(2 txχ  characterizes 

the rate of change of process dispersion (diffusion coefficient). 

The behavior of a system (considered as the continuous Markov 

process) will be determined by its state at a certain moment 

(independently of system history). Thus, the stochastic differential 

equation in )(tx  is [25] 

)()( tqxf
dt
dx

=+ .                                   (3.10) 

Here )(xf  is a nonrandom function; the external action )(tq  is delta-

correlated (otherwise the system history will affect the system behavior 

through the stochastic connectivity of action). Thus, the external action 
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)(tq  has to be white noise, i.e., to satisfy the conditions 

( ) ( ) ( )1221,0)( ttstqtqtq −== δ . In what follows, the white noise will be 

considered as being stationary, so that s = const. 

With allowance made for the above, one obtains for the 

coefficients of Eq. (3.9) [25]: 

),(1 xf−=χ  s=2χ .                                  (3.11) 

If 0=
∂
∂

t
ρ , then the stationary solution of Eq. (3.9) is 
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2
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∂
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+
x

sxf ρρ                                 (3.12) 

Since the initial conditions are ( ) 00 =xf  and 0
0

=
∂
∂

=xx
ρ , const. = 0, and 

one has finally 

( ) ( )⎥⎦
⎤

⎢⎣
⎡−= xV

s
Ax 2expρ .                                (3.13) 

Here A  is a constant, and the function )(xV  is similar to the 

potential energy of the system; therefore 

∫=
x

x

dxxfxV
0

)()( .                                   (3.14) 

Equation (3.13) whose right-hand side is determined according to 

Eq. (3.14) is the Maxwell−Boltzmann distribution for a system with one 

degree of freedom (the Maxwell−Boltzmann distribution takes place at s 

= 2kT [23]). It is particularly remarkable that Eq. (3.13) relates explicitly 

the coordinate distribution to the potential energy of the system. The 

positions of equilibrium correspond to the extrema of probability 

density. If the position of equilibrium is steady, then the potential energy 

has a minimum, while the probability density has a peak. Conversely, 



 88

the minima of probability density correspond to unstable positions of 

equilibrium (Fig. 3.1) [24]. 

 

Fig. 3.1. The transitions between 
concurrently stable stationary 
states induced by fluctuations: a – 
potential energy, b – probability 
distribution. 

The above situation is related closely to the theory of activation 

energy [24]. Owing to energy fluctuations, the different parts of the 

system (microparticles) experience spontaneous deviations from the 

initial state Х0 that corresponds to the most probable state. Some of those 

deviations force the system beyond the potential barrier formed by an 

unstable state Х1. From that point, the system may jump to another 

attracting state Х2. If that state is more stable than Х0, then the 

probability of system leaving it is low. In the course of time, the other 

system elements will make the same transitions. Ultima analisi the 

predominant part of the system will come to be in the state Х2. 

The above analysis demonstrated that presence of diffusion term in 

the right-hand side of Eqs. (3.8) and (3.9) is of importance. That term 

causes transitions between stationary states. To analyze situations of 

practical importance with no diffusion term in Eqs. (3.8) and (3.9), a 

method has been developed by Thom (see [23]) that enables one to 
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classify the solutions of Eq. (3.8). In that case, the differential Eqs. (3.8) 

turn into a set of ordinary differential equations: 

{ }( )λρρ ,1
iifdt

d
= ,                                        (3.15) 

where λ  are control parameters. 

At a certain critical value Cλ  of the control parameter that 

corresponds to a certain value of external action, some catastrophic 

(stepwise) changes in the system may be observed. This phenomenon is 

called bifurcation [23, 24]. The term is used, in a broad sense, for every 

qualitative transformations of objects at variation of parameters on 

which they depend. 

 

Fig. 3.2. Diagram of bifurcation. 

A bifurcation diagram is presented in Fig. 3.2 [21, 22]. A system is 

asymptotically stable at λ  values lying to the right of Cλ  because in that 

region it can suppress intrinsic fluctuations or external disturbances. 

That is why the states in this branch are globally stable [23, 24]. As 

those states go over the critical value of control parameter, they become 

unstable because fluctuations or small external actions are no longer 

suppressed. The system goes to one of the branches 1 or 2 where the 
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states are locally stable [23, 24], i.e., it retains its state if the initial 

disturbances do not exceed some threshold value. 

A situation of practical importance occurs when λ  changes in the 

opposite direction, from right to left (Fig. 3.2). As a result, the system 

completely stabilizes its state and assumes global stability (in our case, 

this is the state of device failure). 

Let us consider the bifurcation phenomenon in more detail. To this 

end, an assumption is made that plays a significant part in the 

catastrophe theory: Eq. (3.15) is written using a potential function [23, 

24]: 
{ }( )

i

ii V
t ρ

λρρ
∂

∂
−=

∂
∂ ,                                      (3.16) 

One should note that, within the limits of thermodynamics of 

irreversible processes, it is possible to describe dissipative systems with 

potentials only in some specific cases, e.g., for systems with one 

variable or near the state of thermodynamic equilibrium. 

Within the framework of the above two assumptions, one can 

consider a general (based on loss of structural stability) classification of 

solutions of Eq. (3.16) using search for points at which 0=∂∂ iV ρ , i.e., the 

character of stability of stationary states changes [23]. Such states exist 

if V  does not depend emplicitly on time. The points at which the 

character of stability changes (“ensemble of catastrophes”) form in the 

parameter space hypersurfaces at which either ramification of solutions 

occurs or V  reaches absolute minimum at least at two different points. In 

other words, the character of solutions dynamics must change 

qualitatively as the above hypersurfaces are translated. Generally 

speaking, a hypersurface defines a spatial domain with certain 
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morphology that partitions modes of different types. Thus, dynamics and 

form become tightly bound. 

Table 3.1 [26] presents the main results of catastrophe theory. One 

can see that, if there is one control parameter λ , then only a fold 

catastrophe is observed. If there is independent control with two control 

parameters, 1λ  and 2λ , one can observe additionally a cusp catastrophe. 

In a case of independent control with three control parameters, 1λ , 2λ  and 
3λ , it is possible to observe swallowtail, hyperbolic and elliptic umbilic 

catastrophes. At four control parameters, any catastrophe may be 

observed. It should be noted that the first four catastrophes (see 

Table 3.1) have only one state variable, while the remaining catastrophes 

have two state variables. 

Table 3.1. List of the seven elementary catastrophes. 

Catastrophes Potential function )(ρV  

Fold ρλρ 13 +  

Cusp ρλρλρ 1224 ++  

Swallowtail ρλρλρλρ 122335 +++  

Butterfly ρλρλρλρλρ 12233446 ++++  

hyperbolic 
umbilic 

1
3

2
2

12
13

1
3
2 ρλρλρρλρρ −−++  

elliptic umbilic ( ) 1
3

2
22

1
2
2

12
12

3
2 3 ρλρλρρλρρρ −−+++  

parabolic 
umbilic 

1
4

2
32

1
22

2
14

11
2
2 ρλρλρλρλρρρ −−+++  
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The presented list of catastrophes includes all structurally stable 

features that may be observed in the visual environment. This can be 

applied directly to failures of semiconductor devices and ICs. 

The failures of microelectronic devices at atomic scale are due to 

surmounting potential barriers by microparticles (see Fig. 3.3): transition 

from the local minimum 1 to the local minimum 2. In this case, 

coordinate x serves as variable that describes the system state. The 

potential function ( )λ,xV  may be approximated with a polynomial of the 

following type [21]: ( ) xxxxxV λγβαλ −+−= 234

234
, , where γβα and, are 

coefficients of proportionality. An external action λ  leading to reduction 

of the potential barrier is taken into account by introduction of an 

additional term xλ . Now Eq. (3.16) takes the following form: 

λγβα −+−=− xxx
dt
dx 23 .                                      (3.17) 

 

Fig. 3.3. Potential function V(x, λ). 

The system (device) state corresponding to the control parameter 

value 0λ  (safe value) is that at which a physico-chemical degradation 

process begins at any 0λλ > . This process is controlled with the diffusion 

term in Eqs. (3.8) and (3.9) that characterizes intensity of heat motion of 
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microparticles. Indeed, one can see from Figs. 3.1 and 3.3 that, at 0λλ = , 

the probabilities of microparticle transitions between the local minima in 

both directions are the same. At 0λλ > , the transition from left to right is 

preferable, thus leading to degradation process. The system state at 

which the potential barrier disappears corresponds to the value Cλ  of 

control parameter. With no diffusion term, the degradation rate 

experiences catastrophic changes: it jumps from zero (or close to zero) 

value up to the limiting value. One can say in this case that a device in 

which degradation process occurs loses its thermodynamic stability. 

The stationary solutions of Eq. (3.17) satisfy the equation 

00
2
0

3
0 =−+− bkxqxx .                                    (3.18) 

Here the following designations are used: 
α
β

=a , 
α
γ

=k , 
α
λ

=b . As is 

known [23], the character of the roots of this cubic equation depends on 

the sign of expression 23 rq + : 

kaq
3
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9
1 2 += , bakar

2
1

6
1

27
1 3 +−=  (3.19) 

If 023 >+ rq , then Eq. (3.18) has one real root and two complex-

conjugate roots. At 033 <+ rq , all the three roots are real. The above two 

modes are separated in the parameter space ( )rq,  or ( )kba ,,  by the curve 

023 =+ rq ,                                               (3.20) 

at which Eq. (3.18) has at least two equal roots. 

According to Eq. (3.19), as the external action b,λ  increases, a 

smooth transition occurs from the situation 023 <+ rq  ( )cC bb << ,λλ  to the 

mode 023 >+ rq  ( )CC bb >> ,λλ . Physically speaking, this means that we 
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have a globally stable state (one real root) Eq. (3.18) (Fig. 3.3) instead of 

two locally stable and one unstable states (three real roots) Eq. (3.18). 

With allowance made for Eq. (3.19), one can present Eq. (3.20) 

with a  and b  as [23] 

0
27
1

27
4

3
1

27
22 22332 =−+⎟

⎠
⎞

⎜
⎝
⎛ −+ kakbakab .                       (3.21) 

If two roots of this equation are 1b  and 2b  ( 21 bb < ), then the 

following conditions must be fulfilled in order that all the three roots of 

Eq. (3.18) be real: 

21 bbb << .                                    (3.22) 

Equations (3.21) and (3.22) are plotted in Fig. 3.4 in the physically 

reasonable part of the plane ( )ba, , i.e., in the region 0>a , 0>b  [23]. At 
2/1

0 2ka = , there are a zero root ( )01 =b  and the second positive root 

2/3
2 27

4 kb =−  in the curve )(abb = . That curve loses its physical meaning to 

the left of the point minaa =  at which determinant of quadratic Eq. (3.21) 

vanishes. That point corresponds to three equal roots of Eq. (3.18). 

3/030201 axxx === ; this takes place at ( ) 2/1
min 3ka = . In our case, we have 

1
0aa = , and b  varies through the range ( )Cb,0 . 

 

Fig. 3.4. Diagram of linear stability 
for the model [17]. 
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Figure 3.5 shows dependence of the stationary position x of a 

microparticle on parameter at fixed k  and a  such that 1
0aa =  [23]. Using 

the linear stability analysis, it was shown that the branches P′Q and PQ′ 

correspond to stable states (minima in Fig. 3.5), while the branch PQ 

corresponds to unstable state (maximum in Fig. 3.5) [23]. A 

microparticle has three stationary states in the region Cbb <<0 . Therefore, 

hysteresis effects along x  are possible at b  variation (as shown with 

arrows in the lines P′Q, QQ′, Q′P and PP′). Besides, transitions may 

occur from the states in branch P′Q to the upper branch PQ′ (and vice 

versa) even before achievement of the states Q and Р if disturbances ((in 

particular, thermal fluctuations characterized by the diffusion term) 

acting on the stationary states exceed the value that corresponds to the 

intermediate branch QP. 

 

Fig. 3.5. Stationary dependence of 
microparticle position Х on the 
parameter b. 

 

It is reasonable to state the results obtained in terms of the 

catastrophe theory. Let us introduce a new variable (instead of x ) in 

Eq. (3.17) in order to eliminate the quadratic in x term in the right-hand 

side of that equation. By assuming [23] 

α
β

3
1

−= xz ,                                            (3.22) 

one can obtain the standard form of the equation in z : 
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vuzzz
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where 

( )kbauu ,,
3

3
2

2

=
−

=
α

βαγ ,                                 (3.25) 

( )kbavv ,,
27
2

3 3

3

2 =−−=
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λ

α
β

α
βγ , 

tατ = . 

Next let us recall that a system with one variable always can be 

described with a potential. Therefore, Eq. (3.24) may be rewritten as 

[23]: 
( )
z
zv

t
z

∂
∂

−=
∂
∂ .                                    (3.26) 

Here )(zv  is the integral in the right-hand side of Eq. (3.24) 

calculated with an accuracy of an arbitrary constant: 

( ) vzzvzzv ++=
24

24

.                               (3.27) 

According to Table 3.1, it is the catastrophe cusp that corresponds 

to such a potential function. Let us consider this in more detail. 

The plane zv,  is divided into two regions. One of them contains the 

only minimum of the function ( )zv  ( )cλλ > , while another contains two 

minima separated with a maximum ( )Cλλ < . The boundary between these 

regions is determined from the merging condition for two roots of the 

cubic form appearing in the right-hand side of Eq. (3.24) [23]: 

0274 23 =+ vu .                                        (3.28) 

This equation (that is similar to Eq. (3.20)) defines the semicubical 

parabola )()( ba +  shown in Fig. 3.6. At intersection of branches )(a  or )(b , 

two new stationary solutions appear on the right. A region of multiple 
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stationary solutions is to the left of the curves )(a  и )(b  (see Fig. 3.5). 

Generally, both minima v  in that region are different except the points 

forming the line )(c  in which ( ) ( )0201 zvzv = . (Here ( )01zv  and ( )02zv  are z  

values for the first and second minima v , respectively.) In that line 

(going out of the angle 0), a situation is realized that is called a conflict 

in the catastrophe theory. This means that the states 01z  and 02z  have 

equal attractive forces (Fig. 3.2 and Fig. 3.3, 0λλ = ). Therefore, a 

microparticle may go from the line ( )c  to one or other state as ∞→τ . 

 

Fig. 3.6. Diagram of stability for the 
model described with Eq. (24). 

 

It is of interest to consider behavior of z  in the curve )()( ba +  

(Fig. 3.6). One should note that the point 0 is always the projection (in 

the 3D space z , u , v ) of the point 0′  that belongs to the surface ( )vuzz ,=  

and corresponds to merging of three roots of Eq. (3.24). To the right of 

the curve )()( ba + , all the vertical lines going from the plane ( )vu,  intersect 

the surface ( )vuzz ,=  at a single point. And to the left of the curve )()( ba + , 

there are three cross points. Thus, when moving towards negative u , one 

can notice that the image 0′  of point 0  that belongs to the surface 

( )vuzz ,=  is a bifurcation point (Figs. 3.1 and 3.2) at which a new branch 

of stationary solutions ( ) ( )'' ba +  appears as is shown in Fig. 3.7 [23]. 
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Fig. 3.7. Illustration of cusp catastrophe 

In our case, u  has some quite definite value 0u  that, according to 

Eq. (3.25), is determined by the parameters of potential barrier at 0=λ  

(Fig. 3.3). The system evolution at variation of external action λ  (or, 

what is the same, v ) is presented by the curve 'd  in Fig. 3.7. The 

character of abrupt changes of the state parameter that appear in this 

case was discussed when analyzing Fig. 3.5. 

Let us apply the results presented in this section to an analysis of 

mechanical failure and electrical breakdown of the elements of device 

structure. In accordance with the cusp catastrophe considered above, 

particular emphasis will be given to determination of expressions for 

critical and safe values of external actions. 
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3.2. FAILURES OF ELECTRONIC DEVICES CAUSED 

BY MECHANICAL FAULTS AND ELECTRICAL 

BREAKDOWN 

3.2.1. Analysis of failures of electronic devices caused by 
mechanical faults 

In the classical fracture theory, a solid is considered as a 

continuous medium. One of the first attempts to obtain fracture criterion 

based on such a consideration was that by Griffith. He has formulated 

the energy fracture criterion [27-30]. According to Griffith, brittle 

fracture in a solid was considered as propagation in it of the most 

dangerous edge cross microcrack of initial length l  (or a central crack of 

length l2 ) until formation of surfaces that divide solid in parts. This 

process occurs under action of applied stretching stress σ  that is 

sufficient for balancing increase of the surface energy and decrease of 

the elastic energy as microcrack surface grows. The released elastic 

strain energy per unit length of the edge crack is ( )*22 2ElU σπ−=  [27-31]. 

Here *E  is the Young’s modulus; the expression in parentheses is 

specific energy of elastic strain. Concurrently the surface energy γlS 2=  

is added (here γ  is specific surface energy of the appeared surfaces, each 

of length l ). The total energy of the body is [27-31] 

γσπ l
E

lW 2
2 *

2
2 +−= .                                    (3.29) 

The critical stretching stress Cσ  that leads to irreversible 

broadening of the crack edges and its propagation with velocity close to 

that of sound is determined from the condition 0=∂∂ lW ; it is [27-31] 
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l
E

C π
γσ

*2
= ,                                          (3.30) 

where γ  = 0.01 aE *  ( a  - is the lattice constant, or interatomic 

spacing) [28]. 

The further modification of Eq. (3.30) was related to account for 

the effect of partial plastic flow in the overstrained region on the fracture 

process. That plastic flow is related to dislocation generation and 

motion. It was suggested that some part of the elastic energy released in 

the course of crack growth is spent on plastic deformation near the crack 

tip. The work spent on plastic deformation does not depend on the initial 

crack length and is just such a characteristic measure of material 

resistance to fracture as the surface energy. In this case, the Griffith’s 

Eq. (3.30) takes the following form [27-31]: 

l
E

C π
γσ

**2
= .                                         (3.31) 

Here плγγγ +=* , плγ  is the energy spent on plastic deformation (per 

unit area): плγ  = 0.1 Gb  (G  is the shear modulus, and b  is the Burgers 

vector) [32]. 

However, the fracture theory considered goes beyond the scenario 

of catastrophe theory described with Figs. 3.3–3.7. The basis of that 

scenario is atomic structure of solids. The fracture theory based on the 

account for thermal motion of atoms is the kinetic theory developed by 

the scientific school of S.N. Zhurkov [33]. The key idea of the kinetic 

approach is thermofluctuation character of breaking and restoration of 

stressed chemical bonds (fluctuations appear at inelastic scattering of 

phonons of rather high energy). The mechanical stresses increase 

possibility of bond breaking and decrease possibility of their restoration. 
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The thermofluctuation mechanism of solids fracture is the most 

general one because it is related to such a fundamental phenomenon as 

thermal motion. Its most pure form is realized at brittle fracture; at other 

types of fracture, it is accompanied with relaxation processes. As it was 

noted above, microcracks are the destruction sources at brittle fracture. 

The solid length of life is determined by growth of the most dangerous 

microcrack that is propagating into a main crack, thus resulting in 

sample destruction. Development of a microcrack is determined by the 

fact that, owing to phonon-atom interactions, the atoms at the crack tip 

acquire, from time to time, kinetic energy that is sufficient for bond 

breaking. (Restoration of broken bonds is determined by the above 

interactions too.) 

The processes of breaking as well as restoration of bonds are 

accompanied with expenditure of kinetic energy to overcome the 

potential barriers 0V  and '
0V  (Fig. 3.3). The kinetic energies of particles 

(that are equal numerically to the above potential barrier heights) are the 

corresponding activation energies of the processes of bond breaking and 

restoration. The difference of the potential barrier heights is the potential 

surface energy. It is equal practically to the free surface energy that 

appears at breaking of a single bond [34]. The potential energy of atoms 

in the bulk and at the surface may be treated as a function of the distance 

between the particles along the stretching direction. In an unloaded 

solid, the local minimum 1 (2) corresponds to the equilibrium state of 

atoms in the bulk far from the crack (at the free crack surfaces). A 

potential curve peak appears because of action of the nearest neighbors 

(from the next atomic layers) on the process of bond breaking. 
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In an unloaded material, the probability of a particle being in the 

left minimum of the potential energy curve exceeds that in the right 

minimum. As the material is being loaded, the activation energy of bond 

breaking decreases (see Fig. 3.3). This favors bond breaking and 

hampers bond restoration. The stress 0σ  at which the probabilities of 

bond breaking and restoration are equal to each other is the safe stress. 

At 0σσ > , bond breaking becomes more probable, and the crack is 

growing in accordance with the thermofluctuation fracture mechanism. 

At Cσσ = , the activation energy of bond breaking is equal to zero, and 

thermal fluctuations have no effect on the crack motion velocity that is 

close to the velocity of transverse elastic waves in a solid. Such a 

mechanical fracture is called athermic [34]. 

A mathematical analysis of particles transitions through a potential 

barrier far from 0σ  is performed in accordance with Eq. (3.13) and with 

allowance made for the fact that the potential barrier height for particle 

transition from the local minimum 1 to the local minimum 2 under 

applied stress is *
0 ωσ−V  (Fig. 3.3) [34]. It gives the following expression 

for durability of a loaded device [33, 34] 

⎥
⎦

⎤
⎢
⎣

⎡ −
=

kT
V *

0
0 exp ωσττ ,                                     (3.32) 

where ω  is the fluctuation volume. In the most general case, in 

accordance with [34], 

321 ddd=ω .                                       (3.33) 

Here 1d  is the length at which a crack section moves at a single 

fluctuation resulting in bond breaking; 2d  is the length of an elementary 

section of crack front involving one or several bonds enveloped by a 
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fluctuation; 3d  is the distance between the minimum and maximum of 

the potential curve that describes bonds breaking and restoration 

(Fig. 3.3 at 0λλ = ). In most cases of practical importance, it is more 

convenient to apply the following expression for the fluctuation volume 

[33]: 

ρ
ω

AN
A

= ,                                          (3.34) 

where A  is the atomic weight, AN  is the Avogadro’s number, and ρ  

is the material density. Near the crack tip, the stress *σ  is [33, 34] 

βσσ =* ,                                        (3.35) 

where the coefficient β  characterizes local stresses at the crack tip 

[34]: 

121 dK πσβ += .                                 (3.36) 

One can use the following expression for 1d : 
3

1 ω=d .                                        (3.37) 

K  is the stress intensity factor for the first-type loads (stretching 

loads that are normal to the crack plane). The quantity K  characterizes 

stress near the crack tip and depends on the sample shape and character 

of loads applied [27-30]. It is of great importance in fracture mechanics 

in which a body is considered as continuous medium. The quantity K 

determines the force fracture criterion formulated by Irwin (see, e.g., 

[27-30]): cKK = , where cK  is the critical stress intensity factor that can be 

found in handbooks. 

In practice one deals most often with situations that can be 

modeled with a half-plane containing an edge transverse crack stretched 



 104

at a normal to the crack. In this case, the stress intensity factor is of the 

following form [27-30]: 

lK πσ12.1= ,                                       (3.38) 

where 0τ  is [34] 

ωσν
τ

0

1
0

66.2 dlkT
= .                                     (3.39) 

Here 0ν  is the frequency of particle thermal vibrations that take part 

in bond breaking and restoration. It can be determined from the 

following equation: 

3
1

0 ω
ρ

ν
G

d
Vзв == ,                                    (3.40) 

where звv  is the velocity of transverse elastic waves in a solid. As a 

rule, the 0τ  values lie within the 10-14–10-15 s range [33, 34]. 

To conclude analysis of Eq. (3.32), it should be noted that 

activation energy 0V  for the fracture process is in good agreement with 

the sublimation energy of material [33]. One can treat Eq. (3.32) as that 

determining the time required for the most dangerous crack to grow up 

to the length at which the mechanical stress acting on the device under 

consideration becomes critical for it. In its turn, the situation when the 

numerator in the exponent in Eq. (3.32) vanishes corresponds to Cσ : 

ωβ
σ 0V

C = .                                           (3.41) 

Let us present the expression for safe stress 0σ  in accordance with 

Fig. 3.2 [34]: 

ωβ
σ

2

'
00

0
VV −

= ,                                          (3.42) 

where [30, 33, 34] *2*2 32
21

'
00 γωγ ≅=− ddVV . The final result is 
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βω
γσ 310

*
= .                                           (3.43) 

Often a device is in a complex stressed state, i.e., is subjected to 

action of stretching (normal, σ ) and shear (tangent, τ ) stresses. 

Therefore, it is necessary to generalize the results (obtained above) for 

such a case. This can be made using the hypothesis of maximal normal 

stress. According to it [29], under multiaxial stress conditions, fracture 

occurs as the maximal principal normal stress becomes equal to (or 

exceeds) the maximal normal stress at the moment of fracture of a 

sample that is made of the same material and is under uniaxial stress 

condition. The principal normal stresses Γσ  are determined as the roots 

of the cubic equation: 
( ) ( )

( ) 02 222

22223

=−−−+

−−−−+++++− ΓΓΓ

xyzxzyyzxyzxzxyzyx

yzxzxyzxzyyxzyx

τστστστττσσσ

τττσσσσσσσσσσσσ         (3.44) 

Its roots ( )321 ,, ΓΓΓ σσσ  are determined using the known formulae [29]. 

The above fracture hypothesis may be presented in the following 

way. Fracture will occur if  

ωβ
σσ 0max V

C =≥Γ ,                                         (3.45) 

where max
Γσ  is the maximal of the three principal normal stresses. It 

is expedient to generalize this hypothesis for thermofluctuation fracture. 

In this case, one should use max
Γσ  rather than σ  in Eqs. (3.32) and (3.44). 

And, finally, if a device is subjected to a cyclic load, then one assume 

(to a first approximation) that the number of cycles before fracture is 

pt
N τ
= ,                                               (3.46) 
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where pt  is the cycle duration with a specified stress and τ  is 

fracture duration at a specified stress calculated according to Eq. (3.32). 

In conclusion of this section, let us consider some specific 

catastrophes that may occur in an ideal crystal subjected to stresses. In 

such cases, the bifurcations can lead to two important effects, namely, 

shear-induced instability of atomic lattice at stretching stresses and 

appearance of stable nucleus microcracks. 

At first, let us consider the catastrophes that characterize instability 

of an ideal atomic lattice. Let us assume that a layer of close-packed 

atoms forming a crystal is stretched along the direction of stress xσ , and 

there is no shear stress xyτ . Then the crystal becomes longer along the 

direction of stress xσ  and acquires strain xε . This will continue (as was 

shone above) until the stress–strain curve reaches a maximum, i.e., a 

state in which the atomic attraction is overcome. (The corresponding 

stress Cσ  is calculated according to Eq. (3.41).) The main equilibrium 

trajectory in the plane xσ , xε  is shown in Fig. 3.8 [26]. 

The main symmetric equilibrium trajectory of an ideal crystal may 

become unstable at an 'A  insertion point until achievement of the 

maximal equilibrium state A  at development of a shear strain xyγ  in the 

crystal. The investigations made in the framework of nonlinear theory 

showed that the point of branching is related to a cusp catastrophe [26]. 

The secondary unstable equilibrium trajectories with non-zero shear 

strains xyγ  come out from the point of branching (see Fig. 3.8). The load 

at which bifurcation occurs is a breaking load for an ideal crystal. At this 

critical load value, even infinitesimal perturbations will induce fast 
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fracture of a loaded crystal. The bifurcation point 'A  may lie 20% below 

the principal maximum. However, in many cases it lies much closer and 

almost coincides with the principal maximum A  [26]. 

 

Fig. 3.8. Illustration of cusp catastrophe.

At the same time, low shear stresses xyτ  will result in appearance of 

trajectories close to the main one (Fig. 3.8), thus leading to lowering of 

the bifurcation point. An analysis shows that there is a cusp catastrophe; 

sensitivity to shear stress is obeyed to the two-thirds law (Fig. 3.8). 

Since shear stresses are present often in the device design, this case is of 

interest bearing in mind reduction of Cσ . 

If an additional compression yσ  is applied to the solid, then we 

obtain a problem with three control parameters. The additional 

compression leads to suppression of bifurcation instability and shifts the 

point of branching 'A  closer to the state of maximal equilibrium A . At 

defined values of yσ , the point of branching 'A  coincides with the point 

of maximum A , and the initial two-thirds law in the 2D space xσ  and xyτ  
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passes into a fracture locus composed of two rays (Fig. 3.9) [26]. 

According to Table 3.1, the above situation is an example of the 

hyperbolic umbilic catastrophe. 

 

Fig. 3.9. Hyperbolic umbilic 
catastrophe. 

Let us make some notes concerning quantitative estimation of Cσ  

decrease under shear stresses. The results of calculation made for a 

model four-atom lattice [24] are approximated well by the following 

expression: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

max
max 25.01

c

xy
cC σ

τ
σσ ,                                (3.47) 

where maxcσ  is the Cσ  value for the ideal crystal. Equation (3.47) 

may be of interest when calculating strength of practically ideal crystals 

containing considerable shear stresses. 

Now let us analyze bifurcation occurring at appearance of nucleus 

microcracks. In [34] it was proposed to consider incipience of cracks in 

ideal solids within the dilatonic model. A dilaton is a stretching region 

(whose linear dimension l  is equal to the free path of hypersonic 

phonons) where the bulk ε  exceeds the equilibrium strain of medium, ε . 

A dilaton is considered as an open system through which a flow of heat 

energy (phonons) goes. This flow is determined by (i) absorption of 
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phonons going through the dilaton and (ii) outflow of energy from the 

dilaton that is determined by the divergence of heat energy flow. The 

evolution of dilaton is described by the following kinetic equation [36]: 

( )εε
Φ=

∂
∂

t
, ( ) ( ) ( ) ⎥

⎦

⎤
⎢
⎣

⎡
−−−=Φ 11 ε

ε
εεεεε G

l C

,                      (3.48) 

( )
lG
G

C *
13/1 εωε −

= ,                                     (3.49) 

where *G  is the Grüneisen coefficient that characterizes relative 

frequency shift of atomic vibrations at relative strain of atomic bonds. 

The above third-order equation is nonlinear and similar to 

Eq. (3.17). Therefore, the character of its solution is determined by the 

roots of the polynomial ( )εΦ  [36]: 

εε ≈1 ,   Cεε ≈2 ,  *
*

1
3 εε ≅≈

G
.                        (3.50) 

The roots correspond to the singularities of Eq. (3.48), i.e., the 

stationary dilaton states. The type of singularity is determined by the 

sign of derivative ε∂Φ∂ . In our case, we have [36] 

    ( ) 0' 1 <Φ ε  - stability, 

( ) 0' 2 >Φ ε  - instability,                              (3.51) 

         ( ) 0' 3 <Φ ε  - stability. 

A plot of solution of Eq. (3.48) based on the analysis of Eqs. (3.50) 

and (3.51) is presented in Fig. 3.10. The value Cε  is a bifurcation point. 

Depending on ε  value at the initial moment ( )0=t , two evolution 

branches are possible: a) at Cεε < , the strain goes to the value ε  in the 

medium – a dilaton relaxes; b) at Cεε > , the strain increases with time, 

and a stable stationary state appears (with strain *ε ) that corresponds to 

breaking of interatomic bonds. Just this state corresponds to formation 
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of a stable nucleus crack. Such a crack cannot collapse. One may 

attribute the states ε  and *ε  to the local minima in Fig. 3.10, while the 

state Cε  - to the peak position. Then the system will be at the left or right 

minimum depending on where (to the left of right of the maximum) is 

the initial ε  value. 

 

Fig. 3.10. Qualitative dependence of 
strain on time. 

One should note that the results obtained are of practical interest 

for ideal crystals. The real solids have initially microcracks that 

appeared in the course of previous mechanical treatments. In this case, 

the problems of theoretical calculation of stresses at which nucleus 

cracks appear as well as their size has to be solved. As to the latter 

problem, it should be noted that the length of nucleus crack is equal to 

the free path of hypersonic phonons [36], therefore, an expression for its 

calculation is required. 

3.2.2. The electromechanical concept of breakdown in the 
elements of electronic devices 

There are many papers considering mechanical fracture of an 

insulator caused by applied electric field, as well as the mechanism of 

electrical breakdown [27, 37-42]. From the practical viewpoint, bearing 
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in mind performance of calculations, the approach proposed by 

Horowitz is most interesting (see, e.g., [37]). (It resembles the energy 

approach by Griffith.) Horowitz calculated the breakdown voltage for an 

insulator through a microcrack at its surface. An assumption was made 

that collapse of the crack is caused by the mechanical forces acting on 

the insulator surface in uniform electric field. Even at a field of 

(2÷3)×⋅106 V/m, the air in the crack is broken and becomes conductive. 

As a result, the insulator touches conductive air (along the crack) that 

can be considered as an extension of the electrode. 

The additional electric energy contained in the crack volume is the 

energy of electric charges (induced at the inner surface of the crack) per 

unit of length. It equals to ( )2
2
1 2

0
2 ElU εεπ−=  [37]. Here ε  is the insulator 

permittivity, 0ε  = 8.85×10-12 F/m is the permittivity of empty space, and 

E  is the electric field strength. The factor in parentheses is specific 

energy of the electric field. The crack surface energy is determined by 

the second term in Eq. (3.29). Therefore, the energy per unit of crack 

length is [37]: 

γεεπ lElW 2
22

2
0

2

+−= .                                    (3.52) 

Fracture of insulator along the crack occurs under the condition 

0=∂∂ lW ; the expression for electric strength (critical electric field 

strength) is [37] 

l
EE Cпр επε

γ

0

4
== .                                   (3.53) 

The electric strength values calculated from Eq. (3.53) are in good 

agreement with the experimental ones [37]. It should be noted that, if 
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there is a plastic flow zone at the tip of propagating crack, then 

Eq. (3.53) is modified by analogy with Eq. (2.31), and one should 

replace γ  with *γ . 

The above energy approach, as in the case of mechanical fracture, 

goes beyond the scope of the cusp catastrophe. Therefore, let us obtain 

an expression for electric strength based on the kinetic fracture theory. 

Such an approach is as follows. The action of electric field on the bound 

charges in the insulator leads to their deformation and dielectric 

polarization. If there are ions at the dielectric lattice sites (the chemical 

bond is ionic), then the ions are shifted from their initial equilibrium 

positions to new ones. If there are atoms at the lattice sites (the chemical 

bond is covalent, nonpolar or polar), then the charges of opposite signs 

are shifted by the electric field. Such physical processes strain the 

chemical bonds. At certain (critical) values of electric fields, the 

chemical bonds may break, with removal of ions or atoms (for instance, 

due to electron transition from a bonding to antibonding orbital) from 

their equilibrium positions at the lattice sites. This leads, ultima analysi, 

to crack growth and dielectric breakdown. Let us obtain the 

corresponding expressions. 

The electrical processes in insulators are described with the electric 

induction vector. The electric field near the edges of a crack in an 

insulator is described with the following equations [27]: 

2
sin

2
Θ

−=
r

K
D q

x π
,                               (3.54) 

2
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2
Θ

=
r

K
D q

y π
. 
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Here yx DD ,  are the components of the electric induction vector, 

Θ,r  are the polar coordinates, qK  is the intensity factor of charge 

density, and q  is the electron charge. 

Equations (3.54) are similar to the expressions for stress 

components at out-of-plane shear if one writes down the components of 

shear stresses xzτ  and yzτ  instead of the components of the electric 

induction vector, as well as the intensity factor of stresses K  instead of 

the intensity factor of charge density [27-30]. The above analogy makes 

it possible to write down the expression for qK  (that determines, as in the 

case of mechanical fracture, force fracture criterion). This expression is 

similar to that for the intensity factor of stresses at an out-of-plane shear 

[27-30]: 

lElDKq πεεπ 0== .                                     (3.55) 

The chemical bonds in an insulator are subjected to stretching 

forces qEF Эβ= , where the coefficient Эβ  characterizes local overstrain of 

bonds at the crack tip. By analogy with Eq. (3.36), 

121 dDKqЭ πβ += .                                (3.56) 

Taking into account that reduction of the potential barrier to 

particle transition from one state to another is ( )3/1
330 ω=− dFdV , one 

obtains, by analogy with Eq. (3.32), the following expression for 

durability of insulator subjected to electrical load [21]: 

⎥
⎦

⎤
⎢
⎣

⎡ −
=

kT
qEV Эβωττ

3/1
0

0 exp ,                             (3.57) 

qEdlkT 3/1
010 98,2 ωντ = . 
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Equation (3.57) agrees completely with the experimental results on 

investigation of service life of polymer films as function of electric field 

strength reported in [39] and gives exhaustive explanation for the 

corresponding empirical dependences obtained in [39]. From Eqs. (3.57) 

it follows that the expression for electric strength is [21]: 

q
VE

Э
пр βω 3/1

0= .                                          (3.58) 

The above formula explains the fact of proportionality between the 

electric strength of alkali halide crystals and energy of their crystal 

lattice [37, 41, 42]. And, at last, according to Eqs. (3.42) and (3.43), the 

safe electric field strength is 

q
E

Эβ
γω *3/1

0 = .                                            (3.59) 

The following important remark should be made concerning 

Eqs. (3.57)–(3.59) as well as Eq. (3.53). They are valid in such situations 

(ambience temperature, conductivity, insulator thickness etc.) where 

breakdown is determined by the process of insulator fracture owing to 

crack propagation rather than thermal instabilities or charge transfer. 

The analogy of fracture of insulators subjected to electric and 

mechanical loads that was analyzed in this section made it possible, on 

the one hand, to obtain a number of results of theoretical and practical 

importance, and on the other hand, made it necessary to consider 

situations with an insulator subjected to concurrent action of electric and 

stress fields. Indeed, one should expect that, since the stretching stresses 

reduce activation energy of the bond breaking process, they could lead 

to drop of electric strength of insulators. This effect was observed 
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experimentally and discussed in [37-42]. In what follows, we consider 

two approaches to mathematical description of the above effect. 

One approach is based on the energy criterion of fracture. Taking 

into account that, in accordance with Eqs. (3.29) and (3.52), the energy 

per unit of crack length is (at concurrent action of electric and 

mechanical loads) [21] 

*2
*222

2
22

0 γσπεεπ ll
E

EW +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= ,                      (3.60) 

one obtains the following expression for electric strength [21]: 
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Another approach is based on thermofluctuation fracture theory 

that, according to Eqs. (3.32), (3.41)−(3.43) and (3.57)−(3.59), leads to 

the following expressions for durability, electric strength and safe 

electric field strength [21]: 

⎥
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⎤
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=
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0 exp ,                           (3.62) 

( )qEdlkT 3/1
010 12,198,2 ωωσντ += , 

q
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0 −= ,                                     (3.63) 

q
E

Эβ
βσωγω 3/23/1

0
*−

= .                              (3.64) 

 

3.2.3. The problems of practical estimation of device stability 

against mechanical faults  

and electrical breakdown 

The results obtained in the sections 3.2.1 and 3.2.2 can be applied 

for solving such problems as estimation of the critical and safe values of 
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stresses and electric fields; as well as crack lengths. They enable one 

also to determine time required for a crack to grow up to the critical size 

or vice versa, to put limitations on microcrack length to ensure the 

required device durability. Following are some examples of the 

corresponding calculations [21, 22]. 

Example 1. There is a microcrack (whose length is l  = 5×10-7 m) at 

the silicon crystal surface. Estimate Cσ  and 0σ . The reference data 

required for calculations [31, 33, 35]: ASi = 28.09×10-3 kg, ρSi = 

2.33×103 kg/m3, NA = 6.02×1023 mole-1, V0 = 7.87×10-19 J 

(113 kcal/mole), *
100><E = 130 GPa, ><100G = 79 GPa, a  = 5.43×10-10 m. 

The calculations according to Eqs. (3.34), (3.36)–(3.38), (3.41) and 

(3.43) give ω  = 2.0×10-29 m3, 1d  = 2.72×10-10 m, β  = 34.96, Cσ = 

1.13×109 GPa (for comparison, the calculation of the fracture stress from 

the Griffith’s equation (3.31), the Burgers vector of dislocation cluster at 

the crack tip being ab
2
3

= , gives Cσ = 1.09 GPa; this value is in a good 

agreement with the obtained one); 0σ = 751 MPa. 

Example 2. A silicon crystal is subjected to stretching stress σ = 

300 MPa. Estimate Cl  and 0l . 

According to Eqs. (3.36)–(3.38) and (3.41), one obtains: 
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Example 3. There is a microcrack of length 5×10-6 m at the silicon 

crystal surface. The crystal is subjected to stress σ  = 300 MPa (such 

stresses can result from, say, polymer materials applied for sealing of 
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semiconductor devices [43]). Find the time τ  required for crack growing 

up to the critical value at Т = 323 K. 

The calculations according to Eqs. (3.32) and (3.34)−(3.40), taking 

into account that k  = 1.38×10-23 J⋅K-1 [35], give: 0ν = 2.14×1013 s-1, 0τ = 

1.25×10-11, β = 108.38, τ = 279 h. 

Example 4. There is a microcrack of length 5×10-7 m at the silicon 

crystal surface. Estimate прE . Te reference data required for calculations 

[33, 35]: 
20SiA  = 60.09×10-3 kg, ρ  = 2.65×103 kg/m3, 0V = 5.92×10-19 J 

(85 kcal/mole), q  = 1.6×10-19 C. 

The calculations according to Eqs. (3.34), (3.55), (3.56) and (3.58) 

give: ω = 3.77×10-29 m3, 1d  = 3.35×10-10 m, Эβ = 28.32, прE  = 3.8×108 

V/m. 

Example 5. There is a microcrack (whose length is l = 5×10-7 m) at 

the quartz crystal surface. The crystal is subjected to stretching stress σ = 

300 MPa. Taking inuo account the data from Example 4, estimate прE . 

The calculation in accordance with Eqs. (3.36) and (3.63), taking 

into account the reference data from the example 5, gives прE = 1.6×108 

V/m. 

3.3. THERMAL BREAKDOWN IN TRANSISTORS 

Application of high-power high-frequency and microwave planar 

bipolar transistors in various radio facilities is limited, in a number of 

cases, owing to the effect called “secondary breakdown”. At first, this 

effect was observed at reverse bias on the emitter р-п junction only, 

when a transistor goes abruptly to a state with low collector-emitter 
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voltage and high collector current. Later on it was found that similar 

effect develops also at transistor operation in the active region; however, 

the mechanism of breakdown appearance and development in this case 

differs substantially from that in the previous one [44, 45]. 

Common in both cases is that the secondary breakdown is related 

immediately to current redistribution in a transistor structure and loss of 

thermal stability at transistor operation in the active mode as well as 

collector current cutoff mode. The secondary breakdown itself is 

characterized by abrupt transition of a transistor via the negative 

resistance region to the mode with low voltage and high collector 

current. As a rule, this results in complete degradation and failure of the 

device. 

An analysis of many transistors that failed owing to the secondary 

breakdown showed that the breakdown occurs because of current 

pinching within small regions of the device active area and appearance 

of the regions whose temperature is higher than that of the surrounding 

regions (the so-called “hot spots”). Local increase of temperature in the 

hot spots leads to appearance of additional charge carriers and higher 

current densities. This, in its turn, promotes further temperature increase 

and, ultima analysi, results in fusion penetration of aluminum 

metallization in the hot spots region and emitter-collector junction 

shorting. 

If a transistor is operating in the active mode (forward bias on the 

emitter-base junction), then appearance of secondary breakdown is 

related, in the first place, to disturbance of uniform current distribution, 

formation of local overheated regions and loss of thermal stability. This 
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effect is explained by the theory of thermal instability advanced by 

Scarlett and Shockley and, independently, by Bergman and Gerstner 

[see, e.g., 44] that will be considered in more detail below. 

At zero and reverse bias on the emitter junction, the most 

important role in the secondary breakdown development is that of 

pinching of the reverse collector current under avalanche multiplication. 

It is supposed that the transistor base current at the initial moment is 

distributed uniformly over the collector junction area. Later, however, 

the current going through the base region to the base contact makes a 

transverse potential gradient under the emitter. As a result, a forward 

bias appears at a point lying under the center of the emitter junction, a 

forward bias appears, and the transistor “opens’, i.e., fast current 

pinching occurs [44]. 

There are a number of models for secondary breakdown 

mechanism. According to one of them (see, e.g., [42]), the secondary 

breakdown starts when temperature of a small part of collector junction 

reaches such high value (owing to local heating) at which intrinsic 

conductivity begins in the high-resistance collector layer. In this case, 

the SCR disappears and the junctions are “short-circuited”. This 

manifests itself as abrupt decrease of the collector-emitter current. 

Another model is related to the electrical effects [44]. It considers 

the effect of high concentration of free charge carriers in the depletion 

layer of the collector junction on the field strength distribution and 

multiplication factor as the main mechanism that promotes development 

of secondary breakdown. 
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Of most interest is investigation of secondary breakdown when a 

transistor operates in the active region (forward bias on the emitter-base 

junction). In this case, secondary breakdown is caused by redistribution 

of current in the transistor structure and loss of thermal stability. There 

are a number of reasons in real transistors that lead to disturbance of 

uniform current distribution and formation of hot spots. Among such 

permanent factors are [44]: forcing the current to the periphery or central 

part of the emitter junction owing to voltage drop across the base layer 

at base current flowing or appearance of a transverse thermal gradient in 

the emitter junction region, nonuniform injection in the emitter junction 

related to drop of voltage across the metallized strips of the emitter and 

base contacts. 

There exist also random causes leading to current concentration 

[44]: nonuniformity of the diffusion layer thicknesses and transient 

resistance near the emitter and base ohmic contacts, local oscillations of 

thermal resistance value, defects in the p-n junction region and structure 

geometry, nonuniformity of resistivity and epitaxial layer thickness, 

overpickling of metallized paths to the active regions or presence of a 

thinner layer of sputtered metal over the step in the oxide layer etc. 

All the above random causes promote, to a great extent, 

appearance of overheated spots and increase the secondary breakdown 

probability. However, one should not consider them responsible for the 

mechanism of thermal instability in principle. The best proof is the fact 

that all devices, whatever their manufacturing technology, are subjected 

to the secondary breakdown under certain conditions, in spite of taking 
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any measures to remove the random factors. Following is the general 

analysis of secondary breakdown within the catastrophe theory [46]. 

Transition of a transistor from one state (with current distributed 

uniformly over the р-п junction area) to another (with current pinch) 

resembles a phase transition. Therefore, it seems possible to apply the 

Landau−Ginzburg theory of phase transitions to describe the effect of 

secondary breakdown. 

Let us introduce a parameter η  that characterizes current 

distribution over the р-п junction area [46]: 

np

T

S
S

−

−=1η ,                                    (3.65) 

where npS −  is the emitter р-п junction area, TS  the р-п junction area 

through which the current flows. At low voltages between the collector 

and emitter, npT SS −=  and 0=η . As a current pinch appears, npm SS −−=1η  

where mS  is the current pinch area. 

Generally the transistor state can be described with the 

thermodynamic potential ( )T,ηΦ . (In principle, one may mean the voltage 

kU  between the collector and emitter or emitter current ЭI  instead of the 

crystal temperature T , since ( )kЭ UIT ,ϕ= ). The temporal behavior of the 

thermodynamic potential obeys the following equation: 
( ) ( )

η
ηη
∂

Φ∂
−=

∂
Φ∂ T

T
T ,, .                                   (3.66) 

If pinch formation is similar to a first-order phase transition, then 

the thermodynamic potential is of the following form [47]: 

( ) ( ) 62
0 62

, ηγηαη ++Φ=Φ TT ,                              (3.67) 
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where ( )T0Φ  is the η -independent part of free energy; γβα ,,  the 

proportionality coefficients ( 0,0 >< γβ ). If there is an analogy with the 

second-order phase transition, then the thermodynamic potential is [47]: 

( ) ( ) 42
0 42

, ηβηαη ++Φ=Φ TT ,                            (3.68) 

with 0>β . In accordance with Table 3.1, Eq. (3.67) corresponds to 

the butterfly catastrophe with 031 == λλ , while Eq. (3.68) corresponds to 

the cusp catastrophe with 01 =λ . 

Let kT  denote the temperature of a collector р-п junction at which a 

current pinch appears. It follows from the minimum condition for the 

thermodynamic potential ( )022 >∂Φ∂ η  that 0>α  at low temperatures 

(voltages between the collector and emitter) as the current flows through 

the total р-п junction area (η = 0), while 0<α  at temperatures (voltages) 

that correspond to current pinch appearance (η ≠  0). Thus, α  depends 

on the temperature (voltage) and vanishes at the point of current pinch 

appearance. By expanding ( )Tα  as a series in the small parameter ( )TTk −  

and restricting oneself to the first term of this series, one obtains [47] 

( )TTk −= 0αα .                                      (3.69) 

Let us discuss first the situation when formation of a current pinch 

is described with the thermodynamic potential Eq. (3.68). From the 

condition of pinch stability, ( ) 0=∂Φ∂ ηη , one obtains the following 

equation: 

03 =+ βηαη .                                        (3.70) 

Its roots are 

,01 =η   βαη −±=2 .                           (3.71) 
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The first root corresponds to the peak of ( )ηΦ . The current pinch is 

stable (i.e., ( )ηΦ  is minimal) at positive value of 2η  (Fig. 3.11). By 

inserting 2η  in Eq. (3.69), one obtains the temperature dependence of 

pinch formation (Fig. 3.11): 
( )
β

αη KTT −
= 02 .                                    (3.72) 

Thus, current pinching occurs “softly” and has no temperature 

hysteresis. 

 

Fig. 3.11. Thermodynamic potential and 
temperature dependence of 
current pinch formation ( *

mS  is 
the minimal area of pinch cross 
section). 

Let us consider now the current pinching process in transistors at 

secondary breakdown in the case when the evolution of device state is 

described with the thermodynamic potential Eq. (3.67). From the 

condition of current pinch stability, one can obtain the equation 

053 =++ γηβηαη ,                                (3.73) 

whose roots are [47]: 

,01 =η   
2/1

2

5,4,3,2 2
4

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +−
±=

γ
αγββη .               (3.74) 
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In what follows we shall deal with the roots 4,3η  with the plus sign 

before the parentheses (presence of negative roots in this case, as in the 

previous one, is owing to the symmetry of thermodynamic potential). 

The root 3η  corresponds to the maximum of the thermodynamic 

potential while the roots 1η  and 2η  correspond to the minima of ( )ηΦ  

(Fig. 3.12). The minimum 2η  is energy-preferred; it corresponds to a 

stable current pinch. The situation with two minima one of which 

corresponds to a state without a current pinch while another one 

corresponds to a state with a current pinch indicates (in full accordance 

with the catastrophe theory) abrupt behavior of the current pinching 

process that is characterized by a temperature hysteresis, i.e., its 

appearance (disappearance) occurs at a higher (lower) temperature. 

 

Fig. 3.12. Thermodynamic potential and 
temperature dependence of 
current pinch formation. 

Let us consider the character of current pinch appearance and 

formation in more detail. At the point of pinching, the thermodynamic 

potentials of the phases without a current pinch, ( ) 00 Φ==Φ η , and with it 

(Eq. (3.67)) are equal to each other. Therefore, 
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0
32

42 =++ ηγηβη .                                  (3.75) 

Substituting the root 2η  in Eq. (3.75), we obtain an equation 

relating the three parameters γβα ,,  to each other. Its solution is the 

value of the temperature-dependent quantity α  at which current pinching 

occurs: 

γ
βα

2

16
3

=k .                                      (3.76) 

Thus, current pinching occurs at positive value of the parameter α  

rather than at KTT =  and 0=α . Therefore, in accordance with Eq. (3.69), 

the critical temperature (designated as *
KT ) will be less than KT . This 

means that the voltage at which a current pinch is formed is also less 

than that in the case of soft pinching. A pinch at *
KTT =  appears abruptly 

(see Fig. 3.12). The corresponding jump can be determined by inserting 

Eq. (3.76) in Eq. (3.74): 
γ
βη

4
3

=∆ . Thus, formation of a current pinch at 

the thermodynamic potential given by Eq. (3.67) is abrupt and is 

characterized with a temperature hysteresis. 

Sinkevich et al. made a number of works dealing with current 

pinching in the transistor structures (see, e.g., [48, 49]). Based on 

solution of a nonlinear heat conduction equation (accounting for energy 

balance in the structure considered), it was shown that ramification of 

solutions takes place at certain (critical) values of current and voltage. 

This means that, besides a homogeneous solution, inhomogeneous ones 

are possible near the critical point that is often referred to as the point of 

branching (bifurcation). These inhomogeneous solutions correspond to 

current pinches. An analysis of the character of ramification of solutions 
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showed that current pinch formation under action of nonuniform 

fluctuations may occur as either “soft” or “rigid” effect. In the case of 

“soft” ramification, a pinch appears gradually as the current grows, 

while in the case of “rigid” ramification, a pinch appears abruptly and 

demonstrates hysteresis (i.e., it appears at a higher voltage and 

disappears at a lower one). These results are in full agreement with those 

presented earlier and based on the catastrophe theory. 

If a catastrophe is characterized with an edge nonuniformity (i.e., 

with factors or various defects breaking uniform current distribution), 

then the notion ‘point of branching” loses its meaning. It seems that the 

nonuniformity removes “degeneracy” from the pinch branch. This 

branch is split into two ones. One of them corresponds to a current pinch 

in the region of nonuniformity, while another corresponds to a pinch 

beyond that region. If the mode varies smoothly (quasi-static variation), 

then the branch is realized that is responsible for the pinches adjacent to 

the structure edge near which there is a nonuniformity. At setting the 

pulse mode and the corresponding additional perturbations of sufficient 

magnitude, formation of pinches adjacent to the structure edge opposite 

to the nonuniformity becomes possible too. If the nonuniformity is far 

from the structure edges, stable pinches localized in the nonuniformity 

region can be obtained by setting pulse voltage of certain value only. At 

lower voltages, stable pinches adjacent to the side wall of the structure 

considered are always formed. 

As in the case of a uniform structure, pinching in nonuniform 

structures may occur “softly” or “rigidly”. However, “rigid” pinching 

occurs at lower currents and voltages than in the uniform structures. 
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Generally, no additional nonuniform fluctuations of physical quantities 

are required for pinch formation in a transistor structure with a 

nonuniformity (contrary to the case of an ideal uniform structure). 

Formation of pinches is a deterministic transient process; as 

nonuniformity increases, the hysteresis decreases until its complete 

disappearance. 

Such character of current pinching in a transistor structure with a 

nonuniformity also finds its explanation within the catastrophe theory 

that was considered above [46]. Let us consider a situation of a transistor 

with a nonuniformity lying far from the structure boundary, and current 

pinch formation occurs “rigidly”, i.e., abruptly. In this case, if a current 

pinch is formed at a side wall of the transistor structure, then its 

formation is described with the thermodynamic potential ( )η2Φ  (see 

Eq. (3.67)). If a current pinch is formed on a nonuniformity, then 

evolution of the transistor structure is described with the thermodynamic 

potential ( )η1Φ  (see Eq. (3.67)) but with other coefficients γβα ,,  

(Fig. 3.13). 

Contrary to the situation when the transistor structure has no 

nonuniformities, the transistor evolution at quasi-static mode variation is 

described with more energy-preferred branch BN rather than ВМ2. After 

the transistor has attained the point N , it comes to the state 2S . As a 

result, a current pinch adjacent to the side wall of the structure is 

formed. Thus, the height of the energy barrier to be overcome for current 

pinch formation decreases. This means in fact reduction of the role of 

fluctuations of physical quantities in current pinch formation and, 
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therefore, decrease of hysteresis: the bigger the difference between 1η  

and 2η , the smaller hysteresis. 

 

Fig. 3.13. Thermodynamic potentials of 
pinch formation in a transistor 
structure with a uniformity. 

One can also see from Fig. 3.13 that pinch formation at a 

nonuniformity is possible at pulse mode setting only, when ii is possible 

to overcome the state М1. But if the transistor structure appears in the 

position on the left of М1, then its further evolution proceeds in the 

trajectory 21NSM  with further formation of a current pinch adjacent to the 

side wall of the structure considered. The above consideration is in full 

agreement with the results of simulation of current pinching in the 

transistor structures presented in [49] and discussed above. 

Let us pass on to consideration of the corresponding criteria for 

current pinch formation in transistors and hysteresis magnitude. The 

criterion for loss of thermal stability is based on the 

Scarlett−Shockley−Bergman−Gerstner theory of transverse thermal 

instability [44]. Within this theory, the initial current distribution is 

assumed to be uniform; besides, it is supposed that one can neglect the 

avalanche multiplication of charge carriers in the region of collector р-п 

junction. According to the above theory, thermal instability is a 

fundamental phenomenon. It may appear in any transistor if the local 

temperature increase due to an initial current disturbance owing to a 

local fluctuation of charge carrier concentration is sufficiently big to 
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lead to injection current increase that exceeds the initial disturbance. 

Thus, the initial current disturbance is caused by the reasons of purely 

random (statistical) nature. 

Any local increase of the р-п junction temperature results in a local 

current increase (at a constant voltage value), i.e., factually, in increase 

of the level of power dissipated in that area. And this, in its turn, again 

leads to temperature increase etc. The result of such positive thermal 

feedback is thermal instability and current pinching within a small area 

leading to secondary breakdown as a rule. 

Thus, the basis of the theory of thermal instability is the concept of 

positive thermal feedback that appears as a result of interaction between 

local temperature increase and growing operating current density leading 

to formation of a hot spot. A small increase of scarttered power leads to 

local thermal breakdown at such spots. 

According to the above theory, the condition of thermal stability 

loss is [44] 

1=−Π КTkЭT RUIα ,                                  (3.77) 

where Tα  is the temperature coefficient of emitter current and КTR −Π  

the heat resistance of the collector junction−body section.. 

The expression for the temperature coefficient of emitter current is 

[44]: 

( ) ( )[ ] ЭCTбпЭk

TO
T IBrrkTq +++
=

11 ''

α
α .                        (3.78) 

Here ( ) 23 kЭgkTO kTqUEkT −∆+=α , kT  the temperature of collector р-п 

junction; gE∆  the silicon bandgap at a temperature of 0 К; ЭU  the emitter 

junction voltage, '
Эr  the series emitter resistance (involving also the 
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additional stabilizing resistance); '
бпr  the ohmic resistance of the passive 

part of base region (it is determined by the distance between the emitter 

junction edge and base contact); CTB  static current gain in a common-

emitter circuit. 

Equation (3.77) may be presented also as [44] 

1=−КTПмаксKT RPα ,                                (3.79) 

where максKP  is the limiting value of transistor dissipated power. 

One should note that the topology of high-power transistor 

structures is usually an in-parallel combination of many single active 

cells (a comb-shaped emitter, multiemitter structure etc.) [44]. 

Therefore, the internal thermal instability in a system of in-parallel 

transistors (or many cells of a single transistor) is of importance. The 

appearance of positive thermal feedback in any single cell (single 

transistor) of a common parallel chain will make that cell to take upon 

itself increasingly bigger part of current, while the rest of transistor 

remains rather cold. 

To estimate stability of such a system, let us consider first, for 

simplicity sake, an in-parallel combination of two transistors. The 

criterion for loss of stability is [44] 

( ) 12 21 =+ −− TКTПKЭT RRIUIα ,                             (3.80) 

where 21−TR  is the thermal resistance between the two transistors. 

The expressions for the maximal dissipated power and maximal 

temperature of collector р-п junction overheating, in the general case of 

a multiemitter structure involving an arbitrary even number N  of emitter 

sections is given in [45]: 
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Here 1КTПR −  is the thermal resistance of the first half of transistor 

(with emitter sections 1, 2, ...N/2); kopT  the package temperature. 

When determining transistor resistance to thermal breakdown, one 

should estimate the hysteresis magnitude since it determines current 

pinch stability. The corresponding analytical procedure was made in 

[46]. 

From the physical viewpoint, presence of hysteresis results from 

the fact that appearance (disappearance) of a current pinch is caused by 

the fluctuations of majority charge carriers in the transistor base. They 

lead to fluctuations of injection current and, therefore, temperature 

fluctuations. The fluctuations that do not lead to abrupt appearance or 

disappearance of a current pinch in a transistor are decaying. Those 

fluctuations that lead to abrupt appearance or disappearance of a current 

pinch are increasing. Therefore, the hysteresis magnitude is to be 

determined by the parameters that characterize the fluctuations. 

The fluctuating particles are microparticles whose behavior is 

described by the quantum mechanical equations. Therefore, to describe 

their fluctuations, one should apply the fundamental relations that form 

the basis of quantum theory – the Heisenberg uncertainty relation [35]: 

2
h

≥∆∆ tW .                                   (3.82) 

Here h  = h/2π = 1.05×10-34 J⋅s where h is the Planck’s constant; 

W∆  the uncertainty of particle energy; t∆  the uncertainty of time of 
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particle localization. In fact, t∆  that characterizes uncertainty of whether 

the fluctuation will be increasing or decaying, is equal to fluctuation 

durability. 

Since current pinching is caused by the fluctuations of majority 

charge carriers in the device base, their durability is determined by the 

Maxwellian relaxation time Mτ  [50] 

Pq pµ
εε

τ 0
M = ,                                             (3.83) 

where pµ  is the mobility of majority charge carriers (holes) in the 

transistor base; p  their concentration in the base. In its turn, W  is the 

energy of fluctuating particles that determines the hysteresis magnitude. 

The fluctuation with minimal energy that causes current fluctuation is 

that involving a single particle; therefore, one has for the energy 

uncertainty 

гкTkW ∆=∆
2
3 .                                     (3.84) 

From Eqs. (3.82)–(3.84) it follows for the temperature hysteresis 

magnitude: 

k
pq

T p
гк

03εε
µh

=∆ .                                        (3.85) 

Taking into account that KTKЭK RUIT −Π∆=∆  [44], one obtains the 

following expression for the voltage hysteresis magnitude [46]: 

ЭKT

p
гк IkR

Pq
U

−Π

=∆
03εε
µh .                                     (3.86) 

As concerning Eq. (3.86), one should note that, since the mobility 

of charge carriers in the base decreases with crystal temperature because 

of their scattering on the ionized impurity atoms [50], the hysteresis 

magnitude has to decrease too. This is in accordance with the results on 



 133

current dependence of hysteresis [49]. On the other hand, presence of 

various nonuniformities in the transistor structure leads to increase of 

KTR −Π  and, therefore, decrease of ΚΓ∆U . This is in agreement also with the 

features of current pinching in transistors with a nonuniformity 

considered above. Thus, a current pinch is most stable in the uniform 

transistor structures. In transistors with a nonuniformity, the current 

pinch is less stable and appears at lower voltages and currents, in 

accordance with Eqs. (3.79)−(3.81). 

Following are some examples of application the results obtained 

for estimation of transistor stability against thermal breakdown [46]. Let 

us determine макскP , макскU , макскT , and гкU∆  using the following data: кTпR −  = 

2 °С/W, 1кTпR −  = 4 °С/W, Tα  =  5×10-3 І °С-1, корT  = 50 °С, ЭI  = 3 A, ε  = 

11.8. The calculation made using Eq. (3.81) gives макскP  = 79 W, макскU  = 

26.3 V, макскT  = 209 °С. 

At a temperature of 209 °С, the hole concentration in the base (at 

the typical concentrations of acceptors AN  = 1024 m-3) is P  = 1024 m-3; 

the hole mobility is Pµ  = 4.5×10-3 m2/V⋅s [50]. Then the calculation 

made with Eq. (3.86) gives гкU∆  = 3.0 V. The estimated hysteresis 

magnitude is in good agreement with the results of numerical simulation 

[49]. 

In conclusion let us make a brief analysis of the features of thermal 

breakdown in diodes. As in transistors, it occurs with formation of a 

current pinch because of statistical fluctuations of reverse current 

density. The criterion for loss of diode thermal stability resembles that of 

transistors (Eqs. (3.77) and (3.79)) [51, 52]: 
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1=TобрнасT RUIα ,                                        (3.87) 

where 2
npgT kTE −∆=α  is the temperature coefficient of reverse 

current насI ; обрU  the  р-п junction reverse voltage. 

Since the breakdown voltage at thermal breakdown depends on the 

diode reverse current, the conditions for thermal breakdown in diodes 

with high reverse currents are created even at room temperature. It 

occurs earlier than the avalanche or tunnel breakdown. This is true, in 

particular, for the germanium diodes. Contrary to this, the thermal 

breakdown voltage in the silicon diodes is so high (because of much 

lower reverse currents) that thermal breakdown is a result of the 

avalanche or tunnel breakdown. The latter lead to abrupt increase of 

reverse current and, as a result, to increase of the р-п junction 

temperature. This does not mean, however, that no purely thermal 

breakdown can occur in silicon diodes. It may occur at high ambient 

temperatures, because of considerable increase of heat resistance at 

incorrect diode installation, as well as at variation of ambient conditions 

(say, at air pressure reduction when climbing through a big height that 

leads to heat-transfer drop) [51, 52]. 

 

*              * 

* 

 

The failures of electronic devices may be considered as 

catastrophes. The cusp catastrophe is common for mechanical fracture, 

electrical breakdown, and electrical breakdown at concurrent action of 

stresses. That catastrophe is based on disappearance of the potential 
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barrier for microparticle transition at certain (critical) values of stresses 

and electric field strengths. At external actions below the critical values, 

degradation of device parameters is of thermoactivated character and is 

described as a Markov process of diffusion type. The cusp and 

hyperbolic umbilic catastrophes as well as bifurcation singularity at 

nucleation of a stable microcrack are specific at mechanical fracture of 

an ideal crystal. 

The thermal (secondary) breakdown of transistors and other 

semiconductor devices is the result of the cusp of butterfly catastrophes. 

In the case of cusp catastrophe, current pinch formation is “soft”, while 

at the butterfly catastrophe, “rigid” pinch formation occurs that is 

characterized with temperature hysteresis. 
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Chapter 4. SOME FEATURES OF BREAKDOWN 

IN SILICON MICROWAVE DIODES 

As is known from theoretical and experimental investigations of 

avalanche pin diodes with negative differential resistance (NDR) [1-3], a 

current filament occurs corresponding to the diode-specific critical 

values of voltage and current density, with the filament current density 

sometimes several orders of magnitude greater than the critical current 

density. This phenomenon is responsible for local overheating of the 

diodes and their destruction. Detailed analysis of the I−V curve in the 

breakdown region is important for improving the reliability of circuits 

with pin diodes. When describing NDR in pin diodes in the literature, 

the estimate evNjcr ~  is used (where N is the impurity concentration in 

the low-doped base [1, 4]), along with the model of equal coefficients of 

impact ionization [1, 5]. However, the real silicon pin diodes may have 

an insignificant negative slope of the I−V curve at current densities one 

or two orders of magnitude below those obtained in accordance with the 

estimate of evNjcr ~ . In [6, 7] it was shown that these portions of small 

negative slope are due to distinction between the electron and hole 

impact ionization coefficients in silicon. 
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4.1. CALCULATION OF I−V CURVE OF pin DIODE AT 

LOW BREAKDOWN CURRENT 

An ideal pin diode can be described by the following set of 

equations: 

( ),npe
dx
dE

−=
ε

         (4.1) 

dx
dj

e
nvpv

dx
dj

e
n

nnpp
p 11

−=+= αα ,        (4.2) 

;pevj pp =  nevj nn = ; pn jjj += ,           (4.3) 

with the boundary conditions of 0)0( =pj  and jljp =)( . Here, 

( )EB npnpnp /exp ,,, −= ∞αα  are the impact ionization coefficients for holes and 

electrons, respectively. At low breakdown currents, one can readily 

obtain from Eqs. (4.2) and (4.3) the following expression for the hole 

current (correct to first order in j ): 
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Here ( )0,
0
, Epnpn αα =  are the impact ionization coefficients in the initial 

breakdown field 0E . Solving Poisson equations with allowance for 

Eq. (4.4) yields 
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The contact E(0) can be determined considering the breakdown 

condition 
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Low breakdown current causes insignificant distortions of the 

initial breakdown field E0. If the coefficients of impact ionization are 

linearized in the small deviations Eδ  from the field 0E , 

( ) ( ) ( ),00 EEdEdE αδαα +=  then the following relation stemming from 

Eq. (4.6) can be derived for ( ) 0ExEE −=δ : 
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from which the contact E(0) is found. As a result, the following 

expression for the I-V curve can be obtained: 
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According to the currently available data [8-10], the lower pnB ,  

contact has a bigger coefficient of impact ionization, so the value of 

( )[ ] ( )( )[ ] 100 111 −
−+−⋅− npnppn lBBlBB αα  is positive. If the values of 0

nα  and 0
pα  are 

roughly equal, then the brace sign of the numerator can be determined 

by expanding ( ) ( ) ( ) ( ) ( ) ...43211ln1 32 +−+−=+ εεεεε , where 001 pn ααε =+ , 

1<<ε . For εαα +=100
pn , the expression in braces is negative only if the 

velocity of the charge carriers with bigger impact ionization coefficient 

is bigger. In this case, as is predicted by Eq. (4.8), the I-V curve of the 

pin diode has a linear section of small negative slope starting from zero 

current density. If 1000 ≈pn αα , then the right-hand side of Eq. (8) is 
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negative even at 5.1=np vv . For silicon with fields of 3×105 V/cm (l ≈ 

2×10-4 cm), pn αα =7.73 and np vv ≈0.8. That is why the I-V curve has a 

linear section with a small negative slope that changes into a more 

pronounced nonlinear negative slope as the current density increases. 

4.2. NUMERICAL CALCULATION OF THE I−V CURVE 

OF p+-n-n+ Si DIODES 

Let us consider a structure with diffusion doping profiles. The 

acceptor impurity profile is given by the following expression: 
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Here l is the structure length (see Fig. 4.1), aD  the diffusion 

coefficient, at  the diffusion time, and ( )aaa tDlk 2=  the coefficient 

characterizing the profile slope. Equation (9) describes the acceptor 

concentration distribution in a semi-bounded body through which 

impurities diffuse from the vapor phase under the condition that there 

exists a constant concentration 0
aN  on the surface [11]. The donor 

impurity profile is 
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Here 0
dN  is the donor concentration in the n+-layer and 1

dN  the donor 

concentration in the high-resistance layer. The charge carrier velocity as 

function of electric field is given by the following expression: 
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s
pn

pn +
= ,           (4.11) 
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where s
pnv ,  are the saturated charge carrier velocities. Under these 

conditions, the p+-n-n+ structure can be described by a set of equations. 

( ) ( )( ),xNxNnpe
dx
dE

ad −+−=
ε

 

,11
dx
dj

e
nvpv

dx
dj

e
n

nnpp
p −=+= αα       (4.12) 

;pevj pp =      ;nevj nn =      ( ).pvnvej pn += . 

 

Fig. 4.1. Doping profile of the n+-n-p+ 
structure [6]. 

The set (4.12) was numerically integrated, and a reference left-

boundary point 0x  was selected for each value of the parameter j . For 

this point, E = 6×103 V/cm, pj = 0 (the impact ionization can be 

neglected if the field amounts to 6×103 V/cm). The upper limit of 

integration of equation was the point at which the field decreased down 

to 6×103 V/cm, and the condition jjp =  at that point was verified. If the 

relation jjp <  holds at that point, then the initial value of 0x  decreased; at 

reverse inequality, the value of 0x  increased. Thus the electric field 

distribution along the structure length, as well as the value of the voltage 

applied to this structure, was derived for each value of current density. 

When performing calculations, the following parameter values were 

chosen: reduction of the acceptor impurity concentration from aN  = 
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5×1020 down to 1×1014 cm-3 for the structure length al∆  = 10-4 cm; 

reduction of the donor impurity concentration from 2×1019 down to 

1×1014 cm-3 for the structure length dl∆  = 1×10-4 cm. These lengths are 

related to the coefficients ak  and dk  through 2×1019erfc ( )[ ]llk dd∆  = 1×1014 

and 5×1020 ( )[ ]llk aa∆erfc =1×1014. The constants in the expressions for the 

impact ionization ( )EB pnpnpn ,,, exp −= ∞αα  were taken from [10]. The 

calculated relationships )(Uj  for a number of structures, beginning from 

that with the n  region length nl = 0 (smooth p+-n+ junction) and down to 

the structure with the n-base length of 1.5×10-4 cm, are shown in 

Fig. 4.2. It is evident from the diagrams that for diodes with nl = 0.5×10-4 

cm (0.75×10-4 cm), the NDR region starts from the current density crj  = 

3.3×104 A/cm2 (2×103 A/cm2). For diodes with nl  = 1×10-4 cm and nl  = 

1.5×10-4, the I-V curve is almost vertical, with a weak negative slope 

increasing as the current grows. The I-V curve sections for diodes with nl  

= 2.5, 3.5×10-4, 5×10-4 cm were also calculated; at current densities ≤j  

100 A/cm2, all these diodes have I-V curve sections of negative slope. 

For comparison, the calculation was performed for a diode with nl = 

1.5×104 A/cm2. Therefore, the existence of a weak negative slope of the 

I-V curve with 1
devNj <  is accounted for by the contribution to NDR of 

the inequalities pn αα >  and pn BB < . 
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Fig. 4.2. Calculated I−V curves of 
the p+-n-n+ diodes [6]. 

The samples under investigation were p+-n-n+ junctions fabricated 

using the mesa-technology with mesa-type diameter of 5×10-3 cm; the 

n+- and n-layers were grown epitaxially on the heavily-doped substrate 

and that doped with arsenic; the p+-layer was formed with boron 

diffusion. The p+-n junction depth was about 1×10-4 cm; the doping 

impurity profile in the n+-n junction was found from C-V measurements. 

Contrary to the p+-layer, this profile was smoother and fitted fairly well 

that for the concentration range from 1015 up to 1018 cm-3. The 

measurement of the pulse I-V curve was performed with the technique 

described in detail in [12]. A shaped incident pulse was used with top 

duration of 15 ns and the front duration of 4 ns. The I-V curve was 

measured 10 ns after the pulse start in the course of slow variation of the 

pulse amplitude. A standard experimental I-V curve for a batch of diodes 

with Ubr ≈ 28 V is given in Fig. 4.3a; the curves for diodes with Ubr > 50 

V are shown in Fig. 4.3b. The dashed portions of the experimental 

curves denote the “disruption” sections of the I-V curve implying that at 

current densities ≤ 30 A/cm2 (current response limit derived according to 

this technique) there were I-V curve sections with NDR. Here, the cross-
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sectionally uniform distribution of the current density is unstable, and 

the structure enters the state of the current filament distribution, the 

whole process being accompanied by the discontinuous reduction of 

voltage on the structure. When observing the voltage pulse with the 

duration of 20 ns on the diode, a vertical step several volts high can be 

seen on the oscillograph screen, i.e. the transition process time < 10-9 s. 

The slope of the dashed sections is determined by the generator voltage 

[12]. In our view, the vertical sections of the experimental I-V curves 

correspond to a state of the diode with a current filament whose diameter 

increases at constant voltage. As can be seen from the experimental 

curves, the diodes with Ubr ≈ 28 V had no NDR, whereas those with Ubr 

≥ 50 V had a current-voltage curve in which the NDR region started at a 

current density below 30 A/cm2. This observation fits the calculation 

results obtained in Section 3 (see Figs. 4.2 and 4.3). 

 

Fig. 4.3. Experimental I−V curves for diodes with Ubr ≈ 28 V (a) and Ubr > 
50 V (b) [7]. 
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The qualitative matching of the calculated and experimental I-V 

curves for the diode breakdown region has been obtained. The 

theoretical I-V curves indicate the presence of the NDR region in the 

shortest p+-n-n+ structures, even though their erj  value is high. NDR 

disappears only if nl = 0. Contrary to the relationship derived in [2] for 

short-base low-voltage p+-n-n+ diodes, such that ( ) 0
1 ENe d <<ε  and nn ll ∆~ , 

dl∆  the value of erj  drops as the n-region length increases. The 

experimental I-V curves with Ubr > 50 V at current densities j ≈ 30 

A/cm2 displayed no lower positive I-V branch despite the fact that the 

doping profiles were rather smooth. This effect can be accounted for by 

the presence of NDR at 1
devNj <  caused by the divergence of the impact 

ionization coefficients in silicon if E ≈ 3×105 V/cm. The NDR formation 

mechanism is explained in Fig. 4.4. Low impact ionization current 

reduces the intensity of the field close to the n+-contact, where the 

ionization is caused chiefly by electrons, and increases the field intensity 

near the p+-contact, where the ionization is principally hole-generated. 

This generally leads to the reduction of the voltage on the diode. The 

hole impact ionization coefficient increases faster as the field grows, 

compared to the decrease of the electronic coefficient ( )np BB > , that is 

why the field increase in the vicinity of the p+-contact is sufficient for 

maintaining a higher current density at a lower diode voltage. 
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Fig. 4.4. Distortion of the initial 
breakdown field for a pin 
diode caused by avalanche 
charge carriers [7]. 

4.3. NEGATIVE RESISTANCE AND CURRENT 

FILAMENT IN AVALANCHE DIODES 

One of the interesting phenomena in modern microelectronics is 

NDR, as well as the current filament, both appearing under avalanche 

breakdown conditions [1, 2-5, 13-26]. Whereas NDR is promising for 

the fabrication of microwave generators of new types and other devices, 

the current filament phenomenon in p-n-junctions under avalanche 

breakdown essentially influences the reliability of IMPATT and pin 

diodes [13]. 

The NDR phenomenon under avalanche breakdown is 

characterized by the critical density jcr, which determines, according to 

[2, 24], the appearance of the NDR section on the I-V curve. The values 

of jcr obtained in some works [1, 14, 17], are essentially smaller than the 

calculated ones. Such a mismatch may be explained by the long duration 

of the pulses used by the authors to measure I-V curve. To obtain an 

isothermic I-V curve of the diode, the pulse duration must be 

considerably less than (i) the thermal relaxation time which is 10-6 s for 

silicon back mesa-structures with p-n junction diameter of the order of 
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60 µm [27], and (ii) the microplasma (MP) switching time which is in 

the range from 10-6 to 10-7 s [28]. Note that although in [17] the pulse 

duration is less than 10-7 s, the values of jcr are not given there. 

The experiment was performed on silicon p+-n-n+ diodes with back 

mesa 50−70 µm in diameter. The base length (epitaxial n-silicon film) 

for one of the samples under investigation was 1.8 µm with the impurity 

concentration 2.5×1014 cm-3 in the n-region, and for all others it changed 

in the limits from 4 to 5.2 µm with impurity concentrations from 6×1013 

up to 2.5×1014 cm-3 in the n-region. 

Pulse I-V curves were measured by means of the method described 

in [29]. The use of the pulse accumulator on the cable delay lines in this 

method gives an opportunity to increase the sensitivity considerably and 

to measure currents of the order of some mA. 

The circuit represented in Fig. 4.5 was used to observe the 

relaxation oscillations. Such a circuit makes it possible to observe 

relaxation oscillations in the case of S-shaped characteristic of the diode. 

Back voltage Us and parameters D1, R1, C1 determine the repetition 

frequency which may change from some kHz to some MHz (C1 = 0.03 

to 0.3 µF, R1 =1 to 10 kΩ) [30]. 

 

Fig. 4.5. The diagram used when 
considering relaxation 
oscillations generation in 
the p+-n-n+ diodes [30]. 
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Fig. 4.6. The diode pulse I−V 
curves: 1 – typical; 2 – at 
narrow base; 3 – at 
considerable leakage current 
[30]. 

The typical pulse I-V curves are represented in Fig. 4.6 [30]. In the 

I-V curve section describing the diode breakdown, two specific regions 

may be singled out: a) the region of the abrupt jump of the reverse 

voltage (1 to 7 V) at the NDR section, and b) the region with a weak 

change of the reverse voltage where the diode has a small positive 

differential resistance (Fig. 4.6, curve 1). The pulse I-V curves were 

characterized by the critical current density jcr and by the value of the 

reverse voltage jump ∆U at section a (Fig. 4.6). 

To exclude the possibility of surface breakdown, I-V curve of some 

diodes were measured before and after surface treatment (chemical 

etching to the depth of 1 µm, dipping in the organic silicon compound 

KT-2). No changes of I-V curve were observed. 

The presence of NDR on the I-V curve may be explained by the 

influence of the space charge at high current densities. Although this 

effect was described theoretically [2, 5] as early as 1966, its 

experimental study is at the initial stage. 
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In the present work, the influence of the impurity concentration in 

the base N0 and the base width x0 on the value of the critical current was 

evaluated for the first time. It was established that the increase of the 

impurity concentration in the diode base leads to an increase of 2
erj  

(Fig. 4.7). In this case, the experimental values of jcr agree with the 

estimated current density for a pin diode obtaining according to the 

formula [5] 

scr qVNj 0= ,                 (4.13) 

where q is the electron charge and Vs is the carrier drift velocity. 

 

Fig. 4.7. The critical current 
density as function of the 
impurity concentration in 
the base N0: 1 - experiment; 
2 - estimation [30]. 

It is necessary to note that this formula is correct only for a П-

shaped field distribution in the depletion layer. A smoother change of 

the field at the edges leads to an increase of jcr by some orders, as is 

shown in [2, 24]. That is why NDR is not observed for diodes with the 

base width of 1.8 µm in the current range under study (Fig. 4.6, curve 2), 

since in this case the tails of heavily-doped areas, i.e. regions of smooth 

changes of the field, may occupy up to 0.5 µm from each side, i.e. a 

considerable part of the depletion layer. 

The regularities described above are characteristic of NDR in p+-n-

n+ diodes, caused by the space charge of the current carriers [2]. 

However, the changes of N0 and x0 in the studied diodes did not cause 
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the changes of the NDR value predicted in [2], namely, the increase of 

NDR with the decrease of N0 and decrease of NDR with the decrease of 

x0. Besides, we did not observe the smooth change of the voltage and 

NDR with increasing current as predicted by the theory. Thus, the 

change of the voltage in the real p+-n-n+ junctions occurred by a jump, 

the value of which was considerably smaller than expected change of the 

voltage and ranged usually from 2 to 10% of the break-down voltage 

(see Fig. 4.6). 

As is known [21], the presence of NDR in the case of S-shaped 

characteristics leads to current filaments. The above-described 

deviations from the theory obtained for the case of a homogeneous 

distribution of the current over the p-n junction area are evidently caused 

by the formation of one or more longitudinal current “threads” [17]. 

Then range a in Fig. 4.6 corresponds to the current filament process, and 

the abrupt current increase in section b may be caused by the increase of 

the number of current “threads” and (or) by the increase of the area of 

each of them at constant current density and practically constant voltage. 

Note that the static I-V curve measured in the constant current 

regime, were qualitatively similar to the pulse ones. The peculiarities of 

the static I-V curve are an essentially smaller critical current value 

compared to the pulse I-V curve (from some tens to some hundreds of 

mA) and the absence of a correlation between impurity concentration in 

the base and critical current value. This may be explained by the fact 

that, in the case of direct current, a MP evolves and the current filament 

process develops only in the MP range. If one adopts the MP diameter to 

be approximately 1 µm, then to reach the critical current density in the 
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MP the value of the current through the diode must be of the order of 

100 to 500 µA [22]. Since the experimental values of the critical current 

agree well with the latter, the assumption made above may be 

qualitatively correct. 

 

Fig. 4.8. Relaxation oscillations in p+-n-n+ diodes (diode current supply Is = 1 
mA): x = 50 ns/cm (a, b, c), 500 ns/cm (d); y = 13 mA/cm [30]. 

When switching on the diode into the circuit shown in Fig. 4.5, the 

generation of relaxation oscillations was observed in the circuit at the 

breakdown of the diode (Fig. 4.8). Such oscillations were observed in 

the circuit at the breakdown of the diode (Fig. 4.8). They appear if in the 

avalanche region of the static I-V curve sections with NDR occur [23]. 

The period of oscillations and the duration of the current pulses were 

dependent on the circuit parameters as well as on the sample parameters. 

The pulse duration for the given experiment and different samples was 

with in the limits τ1 = 10 to 500 ns (Fig. 4.8a, b, c, d). It is evidently 

connected with the peculiarity of the current filament process in the 

diodes, and amplitude of the current pulses was proportional to the value 

of ∆U in the pulse I-V curve. For instance, for ∆U = 2 V the amplitude 
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of the current pulses reached 50 mA, whereas the current supplied to the 

diode was 4 mA. One has to notice the following peculiarities of the 

relaxation oscillation regime in the diode: 1) the pulse current value is 

considerably larger than the mean current value; 2) small filament range 

where heat evolution takes place; 3) comparable values of the relaxation 

pulse duration and the heat relaxation time of the filament range. The 

peculiarities mentioned above lead to considerable pulse overheating of 

the filament range and the reason of the catastrophic diode failure. It is 

obvious that the overheating of the diode increases with the increase of 

energy supplied to the diode in the pulse time, and this energy is 

proportional to ∆U. Therefore, one may expect a decrease of the diode 

reliability with increasing ∆U. This phenomenon was observed in 

experiment. 

It is established experimentally that the appearance of NDR in 

silicon p+-n-n+ diodes is caused by the space charge of the current 

carriers. The presence of NDR leads to the process of current filament 

creation. 

In the constant voltage mode, relaxation oscillations (current 

impulses) were observed in the diodes. As the circuit of the diode 

determines whether the given diode generates oscillations on the static 

curve possessing section with NDR, to avoid generation one has to use a 

working circuit with low stray capacitance. 
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4.4. EFFECT OF S-TYPE I−V CURVE AND CURRENT 

PINCHING ON THE р+-n-n+ DIODE RELIABILITY 

A current filament may appear in the mm-wave diodes with an S-

shaped I−V curve. This is accompanied with increase of local 

temperature and, consequently, increase of diode failure probability. 

Therefore, one should take into account the parameters of S-shaped I−V 

curve and the character of current pinching when designing microwave 

devices, choosing the operation mode, and developing the testing 

methods. 

To prevent failures, one should design semiconductor devices in 

which current pinching would be hindered or, at least, the current pinch 

diameter would be as big as possible (in this case, the current density 

and pinch temperature would be smaller). Hindrance to pinching can be 

achieved by increasing the critical current density. For p+-n-n+ diodes, 

this is achieved by increasing the doping level in the diode base and 

formation of smoother p+-n and n-n+ junctions. Along with increasing 

the critical current density, one should reduce the nonuniformity of 

current distribution at currents below the critical one caused by 

nonuniformity of the electrophysical parameters of the structure of diode 

base region. At an impulse load, the mechanism of appearance of current 

flow nonuniformity is as follows. At reverse bias, the currents are 

extremely low as a rule (<10-10 А), and only a very small number of 

charge carriers go through SCR during the pulse voltage action (several 

or several tens of nanoseconds). Avalanche multiplication is induced by 

just the above charge carriers and is localized in the regions where they 
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appear [31, 32]. At small pulse duration, increased voltages or low 

reverse currents, the current density in one of the local regions of current 

transport achieves the critical value before the above regions spread and 

become amalgamated with each other. In that case, current pinching 

begins at currents much lower than the critical one. 

To increase uniformity of current flow in the pulse mode, it is 

necessary to increase the prebreakdown currents that supply the primary 

charge carriers for avalanche multiplication. Such currents are the over-

the-barrier one in SBs and generation-recombination current. To this end 

(reduction of current flow nonuniformity), it is necessary also to exclude 

a possibility for short-front pulses to come to the diode. This 

requirement applies to both feeding pulses (when operating in the pulsed 

mode) and spurious pulses that appear at commutations in complex radio 

equipment. 

The diode reliability at development of relaxation oscillations is 

closely related to the above factors. The relaxation oscillations are 

characteristic of the two-terminal circuits with S-shaped I−V curve if 

there is a parallel capacitance (either parasitic or circuit). The matter is 

that, during the period of relaxation oscillation, energy is released in the 

current pinch. This energy is proportional to the parallel capacitance and 

voltage jump at the S-shaped portion of I−V curve. Therefore, to reduce 

temperature of the current pinch (that appears in the course of each 

period of relaxation oscillations), one should (i) use diodes in which the 

region of NDR corresponds to a narrow voltage range, and (ii) decrease 

the parallel capacitance. The latter condition is contrary to the 

requirement that it is necessary to prevent the short-front pulses from 
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coming to the diode, since just the parallel capacitance efficiently 

lengthen the front of the pulses coming to the diode. Therefore, the 

problems concerning presence and value of the parallel capacitance have 

to be solved in each specific case, taking into account what other 

measures have been taken to prevent appearance of relaxation 

oscillations as well as reduce prebreakdown current nonuniformity. 

The problem of increasing the pinch radius and reduction of both 

current density and temperature in the current pinch is solved by use of 

p++-p+-n-n+-n++ structures. Their thickness and doping levels for the p+- 

and n+-regions are chosen in such a way that the pinch current density be 

reduced without impairment of other diode operating characteristics. 

The features of S-shaped I−V curves and instabilities of uniform 

current flow related to them are of great importance when designing test 

modes and reliability control methods for semiconductor diodes. The 

main question that is raised in the course of any accelerated tests is that 

of correspondence of the results obtained to those of full-scale test. If the 

I−V curves of the diodes tested are S-shaped, then there may be no such 

a correspondence. To illustrate, if acceleration of test is achieved by 

passing high current (that is over the operating one) through diode, then 

its value may be very close to the critical value. In this case, the fraction 

of catastrophic failures because of current pinching grows essentially. 

The reason is coming of random parasitic pulses to the diode. As a 

result, a batch of practically good semiconductor diodes may be rejected. 

The above situation is very possible for the p+-n-n+ TRAPATT (trapped-

plasma avalanche triggered transit) diodes whose critical current value 
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(that is determined by the doping level of n-layer) may exceed the 

operating current value by no more than 1.5−2 times. 

A possible source of errors in the course of bench test of diodes 

with S-shaped I−V curves is the fact that the parasitic pulses occurring 

during operation of real equipment (with the diodes tested) differ from 

those that occur in the course of bench test. To exclude such errors, one 

should study the character of parasitic pulses occurring in the real 

equipment and simulate them in the course of bench test. 

From the preceding it follows that the techniques for determining 

the parameters of S-shaped I−V curves are necessary when designing 

semiconductor diodes, developing the test methods and determining the 

limiting operating modes. The above techniques also enable one to 

control reliability and reject potentially unreliable semiconductor 

devices. The fact that current pinching and, as a rule, diode failure are 

related to transition to the portion of I−V curve with NDR requires use 

of nanosecond pulses when performing nondestructive measurements. 

4.5. THE FEATURES OF NONUNIFORM 

BREAKDOWN OF SILICON IMPATT DIODES 

The form of the backward branch of I−V curve in the breakdown 

region is determined mainly by MPs. At voltages that correspond to 

appearance of MPs, discontinuities (current jumps) are observed in I−V 

curves. Each such a discontinuity is related to appearance of another 

MP. 
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The features of I−V curves in silicon IMPATT diodes were studied 

in [18, 31-35] using the technique of modulation differentiation. All the 

devices studied were separated into three groups, according to the 

peculiarities of I−V curves and their first ((I′(V)) and second (I′′(V)) 

derivatives [33, 34]. 

 

Fig. 4.9. a – I−V curves of the 
diodes from the first (curves 
1, 3), second (curve 4) and 
third (curve 7) groups; b – 
microwave power output as 
function of operating 
current for the diodes from 
the first (curves 1−3), 
second (curves 4−6) and 
third group (curve 7) [34]. 

The diodes with abrupt breakdown (Fig. 4.9а, curve 1) belonged to 

the group I. The reverse branches of their I−V curves behave like I ~ Um. 

Depending on the m value, the I−V curves may be divided into two 

portions. That with m = 0.3÷0.5 is characteristic of the thermal-

generation component of reverse current. This is evidenced also by the 

temperature dependence of reverse current, with activation energy εа = 

0.54±0.02 eV. For another portion (the breakdown region), m > 9 and 

the temperature coefficient of voltage is positive; this corresponds to 

avalanche breakdown. For some diodes, the reverse branches of I−V 

curves had a field component of current in the prebreakdown region (see 

Fig. 4.9a, curve 3). The temperature dependence of that current did not 

have a portion characterized with single activation energy. 
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Fig. 4.10. The first (I′(U)) and second (I′′(V)) derivatives for the diodes from 
the first (a), second (b) and third (c) groups [34]. 

Fig. 4.11. Variation of the first 
derivative I′(U) with 
temperature for a diode 
from the first group (U0 = 
29 V): 1 – T = 300 K, Is = 
4×10-10 A; 2 – T = 380 K, Is 
= 2.5×10-8 A; 3 – T = 455 
K, Is = 5×10-7 A; 4 – T = 
545 K, Is = 4×10-6 A [34]. 

For a diode from group I, both derivatives of the I−V curves, I′(U) 

and I′′(U), in the breakdown region are presented in Fig. 4.10а. A sharp 

narrow peak in the plot I′(U) corresponds to start of avalanche. Then a 

quick transition of the I−V curve to the ohmic portion occurs. That 

portion is due to the diode base resistance. For that portion, an interval 

∆U (measured from the I′′(U) curves) at which the development of 

avalanche breakdown occurs does not exceed 0.1 V. As temperature 

grows, the reverse current through the p+-n junction increases. In this 
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case, the maximum of I′(U) smoothes out, while that of I′′(U) decreases 

and “spreads” (see Fig. 4.11). 

For diodes from group II, the current jumps in the breakdown 

region are observed at voltages 0.5÷1.5 V below that of p+-n junction 

breakdown (Fig. 4.9а, curve 4). The temperature and voltage 

dependences of reverse current at the first portion are the same as those 

for the diodes from group I. The I′(U) and I′′(U) curves had several 

peaks of different heights in the breakdown region (Fig. 4.10b). This 

indicates presence of regions with different breakdown voltages Uпр in 

the p+-n junctions. As temperature grew, the peaks became lower and 

broader and shifted towards higher voltages (Fig. 4.12). Presence of 

several peaks in the I′(U) and I′′(U) curves indicates avalanche 

breakdown nonuniformity. 

 

Fig. 4.12. Variation of the first 
derivative I′(V) with 
temperature for a diode from 
the second group: 1 – U0 = 23 
V, T = 300 K, Is = 3×10-10 A; 2 
– U0 = 24.2 V, T = 375 K, Is = 
10-8 A; 3 – U0 = 25.3 V, T = 
460 K, Is = 3×10-7 A; 4 – U0 = 
26.2 V, T = 540 K, Is = 2×10-6 
A [34]. 

The diodes with soft breakdown (Fig. 4.9а, curve 7) belong to 

group III. They are characterized by high reverse currents and quite 

considerable field component of reverse current in the prebreakdown 

region. The I−V curves with soft breakdown are due to presence of many 

MPs whose breakdown voltage is much less than that of the p+-n 
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junction. The I′(U) and I′′(U) curves of a typical diode with ”soft” 

breakdown are presented in Fig. 4.10c. 

We measured the microwave power output and starting current for 

devices of all the groups studied. The microwave power output as 

function of operating current is presented in Fig. 4.9b. One can see from 

comparison between the results of microwave measurements and I−V 

curves that maximal microwave power was generated by the diodes 

from group I. The reverse branches of their I−V curves in the 

prebreakdown region did not have considerable field component of 

current (Fig. 4.9b, curves 1 and 2). Presence of that component leads to 

appreciable reduction of the generated power (Fig. 4.9b, curve 3). The 

diodes from group II generated much lower power than those from 

group I (Fig. 4.9b, curves 4−6). For the diodes from group III, either no 

microwave power was generated or it did not exceed several mW 

(Fig. 4.9c, curve 7). 

The starting current value grew from 30÷40 mA (group I) up to 

100÷120 mA (group III). It should be noted that the diodes from group I 

(whose starting current was a small threshold current) demonstrated 

much higher efficiency (see Table 4.1).  

Our investigations of the I−V curves and I′(U) and I′′(U) curves of 

real silicon IMPATT diodes showed that their breakdown was not 

uniform. This is because of technological difficulties when forming 

perfectly uniform р-п junctions as well as statistical straggling of the 

impurity concentration values at different points of р-п junction (such a 

straggling is unavoidable in principle). One can see from the 

experimental data presented that breakdown nonuniformity affects the 
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diode starting current and power output because nonuniform current 

distribution over the diode area leads to nonuniform heating of the р-п 

junction. In that case, higher reverse saturation current takes place in the 

areas with increased temperature. This may lead to additional shift 

between the conduction and total currents and reduction of the output 

power. It should be noted that the diodes in which the whole of current 

is concentrated in MPs do not make generation possible [5]. 

Table 4.1. Efficiency (%) for three groups of IMPATT diodes. 

Iop, mA Group # Sample # 

80 130 

 

I 

1 

2 

3 

3 

2.65 

1.25 

3.7 

3.58 

2.4 

 

II 

4 

5 

6 

0.94 

0.71 

0.13 

1.74 

1.35 

0.62 

III 7 - 0.05 

 

An analysis of the form of I′(U) curve enables one to determine the 

breakdown area of р+-п junction from the height of peaks in the curve. 

The calculation was made with the following expression [5]: 

brdif12 5.0 СRSS τ= .     (4.14) 

Here τ  is the time of charge carrier transit through the п-region of 

the barrier layer at breakdown (~ 10-11 s); 1S  is the geometric area of the 
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р+-п junction; difR  is the breakdown differential resistance of the diode 

structure that was estimated from the height of peaks in the I′(U) curve; 

brC  is the breakdown capacitance of the р+-п junction. 

For diodes from group I, the differential resistance did not exceed 

50 Ω. The breakdown area was ~ 80% the geometric area of the р+-п 

junction. This indicates a rather uniform avalanche breakdown over the 

whole junction area. 

For diodes from groups II and III, at voltages below that of diode 

breakdown, current localization occurred at point regions whose area did 

not exceed ~1% the geometric area of the р+-п junction. This is 

characteristic of nonuniform breakdown. The differential resistance 

reached several kΩ. 

Thus, application of the modulation differentiation technique for 

analysis of reverse branches of I−V curves in silicon IMPATT diodes 

with a р+-п junction enables one to evaluate breakdown voltage spread 

over the junction area and estimate quantitatively nonuniformity of 

avalanche breakdown. This makes it possible also to separate diodes 

with a high degree of accuracy and reveal potentially unreliable 

IMPATT diodes – those with considerable avalanche nonuniformity and 

low values of output microwave parameters. 
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Chapter 5. MECHANISMS OF FAILURE OF 

MICROWAVE DIODES 

Investigations of the physical origin of failures are necessary for 

efficient solution of the problem of reliability of various semiconductor 

devices, in particular, microwave ones. The optimal way for such a 

solution involves comprehensive analysis of various physical factors that 

determine device reliability rather than long-term tests (factually blind 

tests) of a big number of devices. 

Let us consider the main factors affecting reliability of silicon 

microwave diodes. 

5.1. THE FACTORS RELATED TO QUALITY OF THE 

INITIAL EPITAXIAL WAFER AND PERFECTION 

DEGREE OF р-п JUNCTION 

It is known that various defects are produced in device structures 

during growth of silicon epitaxial films and formation of р-п junctions in 

them, as well as in the course of further technological procedures. These 

defects affect the diode parameters and reliability. Among such defects 

are dislocations, stacking faults, inclusions of another phase [1-10], 
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aggregations of heavy metal ions [11, 12], associates of intrinsic point 

defects (interstitial atoms or vacancies) [13-15], etc. 

The dislocations and impurities may increase р-п junction 

capacitance [16]. Transverse nonuniformities near р-п junction increase 

its resistance and change the avalanche resonance frequency [17]. The 

effect of dopant concentration (boron in р+-layer and phosphorus in n+-

layer of diode structure) on the number of catastrophic failures was 

studied in [18]. It was found that decrease of boron concentration led to 

essential reduction of percentage of failures. This was because of 

decrease of concentration of structural defects. Such defects appeared 

due to distinction in covalent radii of boron (0.88 Å) and silicon (1.17 

Å) atoms (the above values are given according to Pauling) [19-22]. 

Increase of phosphorus concentration in the n+-layer improved stability 

of the dynamic characteristics of IMPATT diodes. This was due to 

reduction of parasitic series resistance and improvement of ohmic 

contact quality. In this case, however, the percentage of catastrophic 

failures increased because of growth of concentration of structural 

defects. The authors of [18] assumed that the reason for this lied in 

distinction between the covalent radii of phosphorus (1.10 Å) and silicon 

(1.17 Å) atoms, just as at heavy doping with boron. Such doping induces 

intrinsic stresses (in this case, compression) in the silicon lattice, and 

their relaxation produces dislocations. This has been supported many 

times by physical experiments as well as in practice [23-28]. 

Heavily doped silicon n+-layers with lower defect concentration 

can be obtained at doping with arsenic atoms whose covalent radius 
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(1.18 Å) differs from that of silicon but slightly. That is why no essential 

distortion of silicon lattice is observed in this case. 

The structural defects lead to nonuniform breakdown as a rule. 

Appearance of MPs was related primarily to statistical fluctuations of 

impurity concentration [29]. However, it turned out [10] that those 

fluctuations are small, and avalanche breakdown voltage in the areas 

with impurity fluctuations differs from the mean breakdown voltage for 

p-n junction but slightly. Besides, if the above reason were the only one, 

then the number of MPs would be essentially lower than the observed 

one. Now the predominant point of view is that the reason for MP 

appearance is semiconductor structural defects, in the first place, 

dislocations [30]. 

There are several possible mechanisms of dislocation influence on 

MP appearance. Dislocations may reduce the breakdown voltage in p-n 

junction because of variation of the bandgap gE∆  near dislocation. To 

illustrate, compression of silicon can decrease the bandgap by 

0.2÷0.4 eV [10]. Since the threshold ionization energy for lattice atoms 

is proportional to the bandgap, decrease of the latter increases the charge 

carrier concentration. This, in its turn, reduces the breakdown voltage 

near dislocation, thus leading to MP breakdown. Similar variation 

(decrease) of the bandgap is observed at stretching of GaAs sample1 

[31]. 

Nonuniform distribution of impurities resulting from their 

predominant precipitation near dislocations may lead to formation of 

regions with lower resistivity. The electric field in those regions is 
                                                 
1 In silicon, gE∆  decreases at both compression and expansion, while in GaAs gE∆  increases at compression [31]. 
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stronger than in other regions of p-n junction because of decrease of the 

width of space-charge region (SCR). This may lead to MP formation. 

Apparently, similar mechanism of MP production takes place at 

impurity segregation near macroscopic defects – the so-called 

“channels” [32] and “star” defects [33, 34]. 

One more reason for nU  decrease and MP appearance may be 

increase of silicon permittivity ε near dislocations that are perpendicular 

to electric field in the p-n junction. The authors of [35] believe that this 

leads to reorientation of the space charge of dislocation tube at 

application of external electric field. The estimated value of permittivity 

ε for the silicon regions with dislocation density of 108 cm-2 was 19. 

This has to increase the electric field strength at the antipodal points of 

dislocation cylinder by 30%. 

In addition, the higher coefficients of diffusion of some impurities 

along dislocations may lead to distortion of diffusion front and breaking 

of regular geometry of SCR. In this case, local increase of the electric 

field strength may occur near diffusion bulges (distortions of small radii 

of curvature) [36-38]. This decreases sharply the UB values in such 

regions. It should be noted that distortion of p-n junction and local 

variation of SCR width in it may occur also where it crops out at the 

crystal surface. Such nonuniformities of electric field result in 

appearance of MPs at the device surface [38, 39]. 

The precipitates of metal impurities with big diffusion coefficient 

that deposit on dislocations and stacking faults of silicon also lead to 

nonuniform current distribution over the p-n junction cross-section. At 

high concentrations (of, say, Au atoms) near the precipitates, the charge 
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carrier mobility may decrease. If the dopant concentration is not high, 

then trapping of the majority charge carriers at the capture levels 

becomes apparent. This results in decrease of conductivity of the 

semiconductor material [40]. At the same time, a stress area may be near 

the precipitates where the lifetime of minority charge carriers decreases. 

It was shown in [41] that presence of excess concentrations of Au, Cu, 

Fe or Mn precipitates in diffused silicon n+-p diodes change the 

character of breakdown. Being initially sharp, it became graded because 

of tunneling in the localized areas of strong electric field caused by 

precipitates. The prebreakdown current was proportional to mU , with m 

= 4÷7. 

The effect of ring-shaped and pyramidal defects, as well as 

stacking faults related to the epitaxial growth projection, on localization 

of MP breakdown in silicon structures was considered in [42]. Presence 

of the above defects reduces essentially both quality and reliability of 

the epitaxial p-n junctions. 

Numerous works [41, 43-45] show that that appearance of MPs is 

related to another phase inclusions (conducting or dielectric particles) in 

SCR. For instance, the SiO2 particles whose size is much less that the 

SCR width lead to considerable elastic stresses and strong softening  of 

the reverse branch of I−V curve in the breakdown region. If the particle 

sizes become comparable to the SCR width, then considerable reduction 

of UB is observed [8]. 

The electric field distribution near another phase inclusions 

strongly depends on their geometric sizes and shapes. The latter may be 

very diverse: spherical, cylindrical, needle- or disk-shaped [36]. If the 
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conducting needle-shaped inclusions are oriented along the electric field, 

then the field near their points may increase by a factor of several tens 

[37]. That is why metal inclusions are most undesirable. It was shown in 

[44] that Na, K, Ag, and Cu inclusions and low-voltage MPs resulting 

from them led to reverse leakage currents and soft I−V curve, as well as 

reduced considerably UB for the p-n junction. To illustrate, in p-n 

junctions with Na and K inclusions, the UB value was reduced by a 

factor of two (ten) if the p-n junctions were made on the base of a single 

crystal with resistivity ρ = 0.3 Ω⋅cm (80 Ω⋅cm). Presence of Cu or Ag 

inclusions near p-n junction reduced UB by 25% on the average (for a 

single crystal with ρ = 0.3 Ω⋅cm). Softening of I−V curve in the 

breakdown region, starting from low voltages, was found also for Cu, 

Fe, Mn and Au inclusions [41]. It was related to the tunnel mechanism 

of current flow. 

One can see from the aforesaid that there may be various reasons 

that promote MP appearance. According to the observations made by 

many authors (see, e.g., the monographs [37, 43, 46-49]), the diameters 

of MPs in various diodes (power, microwave, etc.) also may be 

different: from 0.5÷2 µm in microwave diodes up to several tens of 

microns in high-voltage power rectifiers (see, e.g., [37, 48]). 

Considerable heating occurs in the MP region. However, rectification 

does not stop in the avalanching region [29]. This is because of a small 

characteristic time for thermal processes in silicon. The thermal time 

constant τТ for MP in silicon mm-wave diodes, with MP diameter dM ~ 

104 cm and MP length LM ≈ 0.7×10-4 cm, was estimated using the 

expression [37]: 
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( )[ ]2MM
1 ,min LdaT
−=τ . 

Here а = 0.75 cm2/s is the silicon thermal diffusivity, min (dM, LM) 

is the smaller of the quantities dM and LM. The result of estimation was 

≈Tτ 6.5×10-9 s. However, an analysis of catastrophic failures of IMPATT 

diodes showed that, as a rule, a current pinch appears in the MP 

localization region that leads to diode burning [50-54]. The burning 

areas may be observed directly with an optical microscope after etching-

off the contact and semiconductor materials [54]. 

The diodes studied had very low (less than 10-10 A) prebreakdown 

current and very well pronounced current instability at the beginning of 

the avalanche breakdown. The diode voltage fluctuations (0.1÷0.3 V at a 

current of 10 µA) indicate at autosoliton nature of the avalanche 

formation. This is supported by the fact of instability disappearance 

when a diode is illuminated (i.e., the charge carriers are introduced 

uniformly). Theoretical estimations give for the avalanche current 

density at the center of current pinch (MP) the values that are 106−109 

times over the current density value outside the soliton [55]. Excitation 

of MPs results from the increasing dependence of the impact ionization 

on the concentrations of nonequilibrium electrons and holes. MPs can 

appear even in those structures whose p-n junctions or Schottky barrier 

areas are ideally uniform [56-58]. It is quite natural to suppose that local 

increase of temperature and stresses in the MP region can substantially 

enhance degradation processes in this region and, therefore, reduce the 

device reliability. To estimate temperature and stresses in a current 

pinch, we have considered a simplified model. In this model, a diode (a 

cylinder of radius R) was a metal−semiconductor Schottky barrier 
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contact (Fig. 5.1). A thickness of a thin metal layer 3 was l3. A 

semiconductor was doped nonuniformly: there was a heavily doped base 

(layer 1) behind a depletion layer 2. An active area of the device was in 

contact with a bulk heat sink 4. When a breakdown occurs, a MP 

appears in the Schottky layer 2. The MP radius is Rm; its height, lm, 

equals the SCR width. 

 

Fig. 5.1. A model for current 
pinch in IMPATT diode 
[51]: 1 - base; 2- SCR; 3 - 
barrier metal; 4 - heat 
sink. 

The temperature distribution over the device, T(r, z), obeys the 

heat conduction equation: 

( ) 0,1
=+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛ zrp

dz
dT

dz
d

dR
dTr

dr
d

r
χχ .              (5.1) 

Here χ is heat conductivity, ( )zrp ,  is heat emitted by the source in a 

unit time per a unit volume. Most of the drop of voltage applied to the 

structure (and, hence, most of heat release) occurs in the Schottky layer 

2, so one can neglect the Joule heating in both the metal layer and 

semiconductor base. Taking for simplicity that heat release in the layer 2 

is uniform in the coordinate z, one can take function )(rp  in this layer in 

the following form: 

( ) ( ) ( )[ ]MRrrpprp −Θ−Θ+= 21         (5.2) 
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Here ( )rΘ  is the Heaviside unit function whose value is 0 if r is 

negative and is 1 otherwise; the constant ( ) 11 /VJJUp m−=  describes a 

uniform heat release over the whole layer; ( )12 pVUJp mm −=  describes an 

additional heat release in a MP; U is the applied voltage; J is the total 

current; Jm is the current flowing through a MP. 

Heat is removed from the device through the heat sink 4; the 

corresponding boundary conditions are as follows: 

( ) 03 TlzT =−= ,        (5.3) 

( ) 0== Rr
dr
dT         (5.4) 

( ) 0== lz
dz
dT .        (5.5) 

The first of the above expressions suggests the ideal contact with 

the heat sink in the plane 3lz −= , so the temperature here is equal to that 

of the heat sink, T0. Two other expressions, (5.4) and (5.5), describe 

absence of heat flow through the device surfaces Rr =  and lz = . 

One has to find the solutions to the Eq. (5.1), with the source given 

by Eq. (5.2) and boundary conditions (5.3)−(5.5) for each of the layers i 

= 1, 2, 3, and then to sew together the values of the function ( )zrTi ,  and 

heat flows at the surfaces z = 0, lm. Heat conductivity of the metal 

surface is constant and equal to 3χ . Heat conductivity of the 

semiconductor is temperature dependent. In this case, the heat 

conduction Eq. (5.1) becomes nonlinear. However, in the 300 to 500 K 

temperature range, heat conductivities for low-doped silicon and gallium 

arsenide are rather well described with the inverse temperature 

dependence: 

[ ]KmW105.1 4
GaAs T×≈χ ,   [ ]KmW1041.4 4

Si T×≈χ , 
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and this simplifies solution to the problem. 

We have introduced two values for the semiconductor heat 

conductivity, namely, those in the Schottky layer and in the base, 

supposing them to be independent of coordinates. So the complete 

nonlinear problem is not considered. Taking into account different heat 

conductivity values in the base region, mχ , and in the SCR, 1χ , one can 

introduce a parameter 

( )[ ]11 −
−

= mn
m

m lShα
χ
χχ

χ . 

Using the above model, one can obtain the following solutions for 

the device temperature ( ) ( )( ) :,, 0TzrTzrT ii −=∆  
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Here ( )zJn  is the Bessel function of the first kind of the n-th order; 

Rnn πβα = , nβ  are the roots of the equation ( ) 01 =nJ πβ ; ,01 =πβ  7.32 ≈πβ ; 
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Each of the solutions obtained, Eqs. (5.6)–(5.8), involves 

expansion in a series whose convergence is rather slow. Therefore, when 

studying temperature distribution, it is more convenient to plot 

numerically the required diagrams at different parameter values. 

MP appears at a voltage UM if the multiplication factor М in the 

Schottky layer over the whole device area is small. A numerical 

simulation showed that MP may appear at М ≈ 102÷103. In this case, the 

multiplication factor within MP itself reaches 107÷109. This means that 

practically the whole current flows through a MP. At further increase of 

the voltage applied to the device, the multiplication factor over the 

whole device area (including MP) grows rapidly. In MP, М increases but 

slowly; however, the MP radius grows slowly too. So one may consider 

that practically the whole current flows through a MP in the MP 

breakdown region, i.e., in a range of voltages applied to the device. 

When plotting the curves, the values J = 5 mA, JJ M = 0.9 and U = 25 V 

were chosen. We also set the following values: the radius R = 30 µm 

(the diode area ~ 2.8×10-5 cm2), the semiconductor thickness 1 = 10 µm 

and the SCR width lM = 3 µm. For semiconductor thermal conductivity, 

we used the values 1χ = 0.3 W/cm⋅K (that equals approximately that of 

GaAs at a temperature of 400 K) and 1χ  = 1.1 W/cm⋅K (that equals 

approximately that of Si at Т = 350 K). 

The following parameters were varied: MP radius RM, thickness l3 

and thermal conductivity 3χ  of the metal layer that formed a Schottky 

barrier at the boundary with the semiconductor. We used the 
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3χ [W/cm⋅K] values at Т = 300 K for the following materials: NbN (0.1), 

TiB2 (0.24), TiN (0.29), TaN (0.23), Pd (0.72), Ni (0.91), Мо (1.38), W 

(1.74), Ti (0.22), Zrb2 (0.23), Cu (4), Ag (4.29) and Rh (1.5) [59]. 

  
Fig. 5.2. Temperature distribution 

in semiconductor (the 
parameter values are RM = 1 
µm, χ3 = 0.2, l3 = 0.01 µm). 

Fig. 5.3. As in Fig. 5.2 but for RM 
= 1 µm, χ = 1.5 W/cm⋅K, l 
= 0.01 µm. 

  
Fig. 5.4. As in Fig. 5.2 but for RM 

= 1 µm, χ3 = 1.5 W/cm⋅K, 
L3 = 0.01 µm. 

Fig. 5.5. As in Fig. 5.2 but for RM 
= 1 µm, χ = 0.6 W/cm⋅K, L3 
= 0.1 µm. 

It should be noted that the real IMPATT devices may demonstrate 

bigger values of R and l. The calculations showed, however, that 
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increase of the above parameters affects the general picture to a little 

degree only. When going from a MP, the bigger part of temperature 

variation occurs at distances of several microns, and the values R, l ≅ 10 

µm are sufficient to obtain adequately the general regularities. 

  
Fig. 5.6. As in Fig. 5.2 but for RM 

= 1 µm, χ = 0.6 W/cm⋅K. 
Fig. 5.7. As in Fig. 5.2 but for RM 

= 3 µm, χ = 0.6 W/cm⋅K, L 
= 0.93 µm. 

  
Fig. 5.8. As in Fig. 5.2 but for RM 

= 3 µm, χ3 = 1.5 W/cm⋅K, L 
= 0.01 µm. 

Fig. 5.9. As in Fig. 5.2 but for RM 
= 0.5 µm, χ2 = χ3 = 0.2, 
a(L3) = 0.01 µm. 
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Fig. 5.10. As in Fig. 5.2 but for RM 

= 1 µm, χ = 1.1, χ2 = χ3 = 
1.1, a (L3) = 0.01. 

Fig. 5.11. As in Fig. 5.2 but for RM 
= 1 µm, χ2 = χ3 = 1.1, a (L3) 
= 0.01 µm. 

 

Fig. 5.12. As in Fig. 5.2 but for RM 
= 1 µm, χ = 1.1, χ2 = χ3 = 
0.6, a (L3) = 0.1 µm. 

Shown in Figs. 5.2−5.12 are the ( )zrT ,  distributions in the 

semiconductor at different values of the parameters. The following 

regularities should be noted: 

1. The function ( )zrT ,  changes monotonically with coordinate r and 

non-monotonically (at mRr ≤ ) with coordinate z. The temperature peak 

always lies at the MP axis. Its position at 31 χχ =  corresponds 

approximately to half the MP height, 2max mlz ≅ . At 31 )( χχ >< , the peak 

position is shifted towards bigger (smaller) z values. 
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2. The minimum semiconductor temperature value is at 

semiconductor boundary with the metal layer, at the point whose 

coordinates are ,Rr =  0=z . This fact indicates that, starting from some 

mRr > , heat flows along the z-axis towards the heat sink. In this 

connection, a distribution of heat flows in the device is of interest. At 

mRr < , heat flows from the MP every which way, including greater z 

values, and then, at mRr >  (starting from some r value), it flows from the 

region that corresponds to bigger z values to the heat sink. 

3. The temperature distribution in the semiconductor changes 

substantially with the MP radius. Shown in Fig. 5.13 are the 

dependences of the maximal ( maxT∆ ) and minimal ( minT∆ ) temperature 

values on the parameter indicated. The bigger the MP radius, the more 

uniformly heat is released in the device, and the temperature peak goes 

down. At the same time, the minimal temperature value is determined by 

the total amount of heat that is released in the device, so it depends on 

the MP radius but slightly. Thus increasing the MP radius makes the 

temperature distribution over the semiconductor smoother in both 

coordinates (r and z). 

 

Fig. 5.13. (∆T)max (curves 1−4) and (∆T)min 

(curve 1′) as function of MP radius [51]: 1, 

1′ - χ3 = 0.2 W/cm⋅K, l3 = 0.01 µm; 2 - χ3 = 

4.5 W/cm⋅K, l3 = 0.1 µm; 3 - χ3 = 1.5 

W/cm⋅K, l3 = 0.01 µm; 4 - χ3 = 0.8 

W/cm⋅K, l3 = 0.1 µm. 

 

4. The temperature distribution is very sensitive to the parameters 

of the metal layer that forms the Schottky barrier. The dependences of 
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maxT∆  and minT∆  on thermal conductivity and thickness of the metal layer 

are shown in Fig. 5.14a, b. One can see that both quantities ( maxT∆  and 

minT∆ ) behave similarly. It can be shown that temperature difference in 

the semiconductor, maxT∆ − minT∆ , is determined primarily by the properties 

of both the semiconductor and MP. At the same time, the absolute value 

of temperature depends on the metal layer characteristics. 

From an analysis of Eq. (7) it follows for a narrow ( )Rl <<3  metal 

layer that its temperature is an approximately linear function of the 

coordinate z. It may be presented as ( ) ( )( )33 , lzrfzrT +≅∆ . Here ( )rf  is a 

function independent of z. For this reason the temperature at the 

metal−semiconductor interface (plane z = 0) is proportional to the metal 

layer thickness, l3. The same reason determines the linear dependence of 

the semiconductor temperature on l3. The bigger l3, the farther is the 

semiconductor from the heat sink and the higher is its temperature. At 

low heat conductivity of the metal layer, the temperature in 

semiconductor, in our model, may be very high in the MP region. To 

illustrate, for the case 1χ = 0.3 W/cm⋅K, 3χ = 0.6 W/cm⋅K, mR = 1 µm and 

the metal layer thickness l3 = 0.01 µm, the difference between the peak 

temperature value and the heat sink temperature is 357 K, while for l3 = 

0.1 µm the above difference is 1020 K. The value 0.3 W/cm⋅K for 1χ  

approximately corresponds to heat conductivity of low-doped GaAs at a 

temperature of 400 K. Of course, such high temperature values are not 

necessarily realized in a real device, even in local areas, because the 

properties of the semiconductor per se change at heating. It should be 

noted also that thermal conductivity of Si is much higher than that of 
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GaAs. Therefore, at MP breakdown, the temperature in Si is lower than 

that in GaAs, all other things being equal (see, e.g., the temperature 

distribution in MP in Figs. 5.2 and 5.11, Figs. 5.5 and 5.12). 

 

Fig. 5.14a. (∆T)max (curves 1, 2) 
and (∆T)min (curves 1′, 2′) 
as function of the metal 
layer thickness [51]: 1, 1′ - 
Rm = 1 µm; χ3 = 0.6 
W/cm⋅K; 2, 2′ - Rm = 1 
µm; χ3 = 4.5 W/cm⋅K. 

 

Fig. 5.14b. (∆T)max (curve 1) and 
(∆T)min (curve 1′) as 
function of the metal layer 
thermal conductivity (Rm = 
1 µm, l3 = 0.01 µm. 

Our investigations have shown that under MP breakdown, the 

temperature distribution in IMPATT devices is strongly nonuniform. At 

some parameter values, the temperature in the MP region may be as high 

as over 1000 K. The parameters of metal layer forming the Schottky 

barrier and the MP radius value strongly affect the temperature 

distribution in semiconductor. To reduce device heating, one has to form 

metal layers of high heat conductivity and small thickness. 

Nonuniform heat generation in a crystal reduces substantially 

reliability of the devices operating in the regime that is close to the 

ultimate permissible one. The 3D distribution of temperature in a 

Schottky barrier IMPATT diode at MP breakdown was considered 

above in concordance with [51]. In that model, however, the temperature 
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dependence of thermal conductivities of the metal and semiconductor 

layers was not accounted for. Such an approximation is good for the 

metals used in electronics. At the same time, thermal conductivity of 

semiconductors decreases with temperature. For Ge, Si and GaAs, the 

temperature dependence of thermal conductivity, ( )Tχ , can be presented 

approximately in a wide temperature range as ( ) TaT ≈χ , with а ≈ 

4.4×104 W/m for Si and а ≈ (1.5÷1.7)×104 W/m for Ge and GaAs. Such 

a temperature dependence of thermal conductivity leads to increase of 

nonuniformity in temperature distribution because of appearance of 

regenerative feedback between heat release and removal. This effect was 

studied in [52]. 

The authors of [52] considered simple mesa geometry similar to 

that shown in Fig. 5.1 (the notation being the same). The temperature 

distribution in such a mesa, T(r, z), is described with the thermal 

conductivity equation 

( ) ( ) ( ) 0,1
=+⎥⎦

⎤
⎢⎣
⎡

∂
∂

∂
∂

+⎥⎦
⎤

⎢⎣
⎡

∂
∂

∂
∂ zrp

z
T

zr
Tr

rr
ψχψχ ,   (5.12) 

where ( )zrp ,  is the amount of heat released by the source in a unit 

time in a unit volume. In this case, as in [51], heat is released in the 

Schottky layer only; heat is removed from the device through a bulky 

heat sink whose temperature is Т0. 

Generally, the thermal conductivity equation is nonlinear. Its 

solutions were determined in [51] for the case of constant thermal 

conductivities of all the three layers, and with 21 χχ = . In [52], the 

solutions of Eq. (5.12) for two other models were considered, namely: 
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• 12 χχ < , i.e., thermal conductivity of the depletion layer is below that of 

the heavily doped substrate; 

• 321 χχχ == , i.e., all the three layers have the same thermal conductivity 

( ) TaT =χ . 

The solution for the thermal conductivity equation with 12 χχ <  is 

illustrated by Fig. 5.15 that shows the distribution of superheat 

temperature along the MP radius calculated without (curve 1) and with 

allowance for temperature dependence of the semiconductor thermal 

conductivity (curves 2 and 3). One can see from Fig. 5.15 that the bigger 

distinction between 1χ  and 2χ  the sharper the temperature distribution 

(see curves 2а and 2b). This model gives an understated temperature 

value as compared with the real one – see [52]. 

 

Fig. 5.15. Theoretical temperature 
distribution along the current 
pinch radius in IMPATT 
diode without (1) and with 
(2, 3) allowance made for 
temperature dependence of 
semiconductor thermal 
conductivity [52]. 

If the three layers have the same thermal conductivity, then one 

can introduce a new function ( )zr,ψ  such that 

( ) ( )[ ] 00 /,exp, TzrTzrT ψ⋅= .               (5.13) 

This function is determined from the equation 

( ) ( ) ( ) 0,1
00 =+⎥⎦

⎤
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ψχψχ .             (5.14) 

One can see that Eq. (5.14) is thermal conductivity equation with 

( ) TaT =0χ . Its solutions for temperature excess over that of thermostat, 
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( ) ( ) 0,, TzrTzrT ii −=∆  (considered above) were obtained in [51]. Let us denote 

them by ( )zrTi ,~∆ . Then the temperature in MP, within the model used, is 

( ) ( )( )[ ]1,~exp, 00 −∆=∆ TzrTTzrT ii .    (5.15) 

The solution obtained shows that the function ( )zrTi ,∆  varies 

exponentially, i.e., more steeply as compared with ( )zrTi ,~∆ . In this case, 

the temperature distribution is presented by curve 3 in Fig. 5.15. As 

expected, the maximal temperature and temperature gradient grew 

considerably. This model gives somewhat overstated value of 

temperature in MP, since only thermal conductivity of semiconductor 

layers depends on temperature in a real device. 

To perform an analysis of the model proposed in [53], we studied 

the 38 GHz IMPATT diodes subjected to forced operation. The diodes 

were separated into groups according to their breakdown voltages and 

heat resistances. We measured the diode operating parameters, both 

before and in the course of forced operation, as well as nonuniformity of 

current flow at avalanche breakdown. The forced reliability tests were 

performed at temperatures of 335, 346 and 375 °С using the standard 

procedure [53]. 

Our accelerated tests of IMPATT diodes subjected to forced 

operation showed that the activation energy Еa of degradation process 

for the diodes studied was ≈ 2.03 eV. The time between median failures 

was 5.6×105, 3.4×106 and 2.4×107 h at temperatures of 250, 220 and 200 

°С, respectively. 

Processing of the results of accelerated tests at elevated 

temperatures showed that failure distribution was logarithmically 

normal. The only mechanism of failure was observed, namely, mesa 
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penetration. The reason for this turned out to be bulk nonuniformity of 

the semiconductor that manifested itself as current pinching. In this case, 

a small break of I−V curve is observed in the breakdown region. It is 

practically not detected with standard curve tracers, but is clearly seen in 

the first and second derivatives of the I−V curve [54]. 

 
Fig. 5.16. IMPATT diode I−V curves (a) and their first derivatives in the 

developed avalanche breakdown region (b); typical MP manifestation 
in the first derivative (c); the first derivative for the sample 7 after 
forced testing (d) [53]. 

Using an automated diagnostic complex and developed methods, 

we established correlation between the features of the first and second 

derivatives of diode I−V curve and time between failures. It was found 

that some diodes have a MP with voltage of 40−80 mV below that of 

avalanche breakdown of the diode. Just such a MP is practically 

undetectable in static I−V curve; it can be detected by differentiation 

only. The MP resistance varies insignificantly from sample to sample 
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and is ∼3 kΩ. This indicates the same diameter of current pinches; 

according to the theoretical estimates, its value is 1−3 µm [54]. The 

typical I−V curves in the breakdown region and their derivatives are 

presented in Figs. 5.16a and 16b, respectively. The typical MP features 

in the first derivative are shown in Fig. 5.16c, while its modification 

after forced tests is shown in Fig. 5.16d (from which one can see 

increase of the diode differential resistance). 

An analysis of catastrophic failures (with mesas penetration) 

showed that the diameter of penetration region corresponds to that of the 

MP current pinch and equals 1−2 µm (Fig. 5.17). Such a type of failure 

was typical for 80% diodes subjected to forced tests. Similar penetration 

region appears also in the diodes that failed in the course of facility 

operation (operational failure). This indicates identity of the mechanisms 

of catastrophic failures during forced tests and under ordinary operating 

conditions.  

For other (20%) devices, we observed free-form penetration 

regions several times bigger than MP. They were probably due to 

introduction of a mesoplasma. Indeed, it is known that current is 

localized in a mesoplasma when operating at high reverse currents. The 

density of that current exceeds that in a MP by a factor of about 103 [60]. 

As is shown in [61, 62], a mesoplasma begins to glow when its 

temperature ensures intrinsic conductivity in the silicon region with 

higher resistance. To illustrate, such a temperature is ~ 400 °С for 

silicon with impurity concentration of ~ 3×1016 cm-3 [63]. The 

temperature distribution in the mesoplasma breakdown region obtained 

in [64] for silicon р-п structures (resistivity ρр = 0.3 Ω⋅cm, diameter ∅ = 
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50 µm, р-п junction depth of ~ 0.5 µm) at a current of 300 mA gives 

temperature of 400 °С (∼ 600 °С) at the MP edge (center). In the 

mesoplasma region, the temperature may exceed 1420 °С (i.e., the 

silicon melting temperature) [64]. Since the mesoplasma sizes [61, 65] 

are much smaller than the р-п junction diameter, they do not necessarily 

lead to immediate and considerable change of р-п junction configuration 

and appearance of defects that cause anomalously high currents. Heat is 

released mainly in the high-resistance region; therefore, the mesoplasma 

molten zone will move towards the high-resistance base [66]. An 

increase of current density may result in diffusion and alloying in those 

local areas. Such processes serve as a reason for diode failures. 

 

Fig. 5.17. Microphotograph of the 
Si IMPATT diode structures 
after catastrophic failure 
[53]. 

It was found also that one of the mechanisms of development of 

degradation leading to a catastrophic failure may be relaxation of 

intrinsic stresses (Fig. 5.18). It is even accompanied with formation of 

cracks in the diode chip. 

 

Fig. 5.18. Microphotograph of the 
Si IMPATT diode structures 
after catastrophic failure. 
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Both the calculations [51] and numerous experimental data showed 

that temperature distribution in IMPATT devices at MP breakdown is 

very nonuniform. Let us consider now, in accordance with [51], 

additional strains that appear in a semiconductor owing to variation of 

its temperature [24, 67]. The distribution of these strains (resulting from 

thermal expansion) also has to be nonuniform. 

If a nonuniformly heated body is in its equilibrium state, then the 

strains in it can be determined from the following equation [68]: 
( ) ( )

( ) TUU ∇=
+
−

−
+
− rrr

α
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ν
ν rotrot 

12
213 div grad

1
13 .   (5.16) 

Here U  is the displacement vector, ν  is the Poisson ratio, and α  is 

the coefficient of thermal expansion of the body. 

For device geometry showed in Fig. 5.1, temperature distribution is 

axisymmetric. Therefore, the displacement vector component ϕU  is zero, 

while two other components, rU  and zU , depend on the coordinates r and 

z only. The strain tensor components zUϕ  and rUϕ , as well as the stress 

tensor components zϕσ  and rϕσ , are zero. The nonzero strain tensor 

components ikU  are expressed in terms of the vector U  derivatives as 
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This problem is rather complicated because (i) Eq. (5.16) remains a 

partial differential equation and (ii) its boundary conditions are 

complicated owing to presence of interfaces between layers in the 

device. 

To make the problem simpler, let us consider Fig. 5.2. One can see 

that the temperature in the semiconductor varies in a similar way with 

the coordinates r and z. It decreases gradually down from the value Tmax 
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in both sides with each coordinate, and the rates of change (i.e., the 

derivatives 
r
T
∂
∂  and 

z
T
∂
∂ ) are in close agreement. Judging from Eq. (5.16), 

one can assume that the additional strains must have the above property 

(unless some specific features that may appear at the layers boundaries 

are considered). Then it is sufficient to solve a simpler 1D problem to 

study just the character of behavior of the additional strains and estimate 

their value. 

Let us determine strain in a nonuniformly heated infinite cylinder 

with axisymmetric temperature distribution. If heating is uniform along 

the cylinder, then the strain vector is directed along the radius 

everywhere and has only one component, )(rUr . In this case, Eq. (5.16) 

takes the following form: 
( ) ( )
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Since no external forces were applied to the cylinder surface, the 

following condition has to be fulfilled at the surface r = R: 

0==Rrrrσ .      (5.19) 

The temperature T(r) will be measured from the value Tmin 

assuming that no additional strains exist in the cylinder if it is heated 

uniformly up to that temperature. Let us introduce a new quantity, 

( ) ( ) minTrTr −=Θ , and consider that ( ) 0=Θ R . Then the solution for Eq. (5.18) 

that is finite at r = 0 and satisfies the boundary condition (5.19) is of 

rather simple form: 
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One can determine easily the nonzero components of the strain 

tensor 

r
UU r

rr ∂
∂

= ,       
r

UU r=ϕϕ .             (5.21) 

From an analysis of the expressions obtained, one can conclude 

that, as was assumed above, the character of the behavior of the strain 

tensor ( )(rUrr  and )(rUϕϕ ) is the same as that of the temperature 

distribution. Indeed, if const)( =Θ r , then const)()( == rUrU rr ϕϕ ; if )(rΘ  is a 

power function (i.e., nrr ~)(Θ ), then 
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with coefficients dependent on the exponent as well as on 

parameters. As the temperature decreases exponentially down from its 

maximal value, 

( )LRLr eer −− −Θ=Θ )0()( ,          (5.23) 

with a characteristic length L, then )(rUrr  and )(rUϕϕ  also decrease 

under practically the same law. The pre-exponential factors that appear 

in the expressions for )(rUrr  and )(rUϕϕ  depend on r but slightly. 

Therefore, we take for numerical estimation a linear variation of 

temperature: 

( ) RrRr /)0()( −Θ=Θ .       (5.24) 
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Here Е (= 8.5×1011 dyne/cm2) is the Young’s modulus and ν (= 

.0.312) is the Poisson’s ratio for GaAs [25, 69]. 

Let us estimate the maximal strains in GaAs taking into account 

that ν = 0.312 and α ≅ 6×10-6 K-1 [21]. It turns out that 

)0(1014.2)0()0( 6Θ×≈≈ −
ϕϕUU rr , i.e., if the temperature excess in the MP 

region is about 250 K, then the additional strains in that region are as 

high as 41035.5)0()0( −×≈≈ ϕϕUU rr  and ( ) ( ) 810900 ×≈= ϕϕσσ rr  dyne/cm2. Such 

considerable strains can cause generation of dislocations and point 

defects as well as defect motion in the MP region. This is in agreement 

with the data [69] on the real ultimate strength of a semiconductor that is 

close to 0.01Е (for GaAs, it is ~ 8.5×108 dyne/cm2). 

Thus, nonuniform heating of a semiconductor leads to appearance 

of considerable additional stresses in it. The character of distribution of 

those stresses is close to that of temperature. 

In the context of the above, the strict requirements imposed on the 

epitaxial wafers when making diodes seem reasonable. For instance, the 

dislocation density in silicon n+-n structures used for making mm-wave 

IMPATT diodes must not be over 5×103 cm-2 [2]. An excess of that 

value leads to reduction of breakdown voltage and increase of reverse 

current. 

To reduce the density of precipitates that are produced near the 

dislocations, it is necessary to clean thoroughly silicon surface of 

quickly diffused impurities at each stage of p-n structure fabrication. In 

this respect, the pulsed chemical treatment of silicon wafers [70] should 
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be mentioned. The silicon IMPATT diodes made with use of that 

treatment turned out to be more reliable than those fabricated on the 

silicon wafers subjected to the standard chemical treatment. Figure 5.19 

presents the failure histograms for such IMPATT diodes as function of 

the time of electrical training. One can see that the number of failures of 

the IMPATT diodes made on the wafers subjected to the pulsed 

chemical treatment is much less than that of the IMPATT diodes made 

on the wafers subjected to the standard chemical treatment. 

5.2. THE FACTORS RELATED TO PROCESSES 

OCCURRING IN THE CONTACTS 

The failure mechanisms related to metallization are due mainly to 

electromigration and interdiffusion as well as mismatch of the 

coefficients of thermal expansion in the sputtered metallization layers 

and at the interface with semiconductor material (see Tables 5.1 and 

5.2). An efficient reduction of the above factors became possible owing 

to application of multilayer metallization [71-73]. 

  

Fig. 5.19. A histogram of silicon IMPATT diode failures as function of 
electrical training duration: a - conventional chemical treatment of 
wafers, b - pulse chemical treatment of wafers. 
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Let us consider the role of each layer in, say, the Si−Ti−Pd−Au 

system. Being chemically active, titanium promotes removal of a thin 

oxide layer (that is formed in the course of chemical treatment and 

during interoperation time) from silicon surface, thus ensuring high 

adhesion to Si surface. The palladium interlayer is necessary to make 

possible gold deposition onto the contact pads; it serves as a barrier that 

prevents from Au coming to the silicon surface. Apart from Pd, some 

other metals (such W, Mo and Pt) may serve as a barrier (“buffer layer”) 

to gold diffusion. Further Au deposition is required to ensure high-

quality thermal-compression connection. The following metallization 

systems were used in silicon microwave diodes: Si−Cr−Au [74]; 

Si−NiCr−Au [71]; Si−Ti−Au and Si−Ti−Mo−Au [75]; Si−Ti−Pd−Au 

[76]; Si−Cr−Pt and Si−Cr−Pt−Ag [77]; Si−Cr−Pt−Au [73, 78] and 

Si−Pt−Au [79]. 

An analysis of thermal stability of contact systems showed that 

they may become unstable if they do not have a metal barrier layer that 

deoxidizes silicon surface. The investigation of degradation of silicon 

IMPATT diodes with Si−Cr (0.05 µm)−Au (0.3 µm) metallization, an 

electrodeposited 30 µm gold layer and diamond heat sink showed that 

failures of the IMPATT diodes were because of current pinching and 

diffusion of metal atoms from the contact to the р-п junction [74]. 

The multilayer contact systems that were studied in earlier works 

on silicon IMPATT diodes operating life did not make it possible to deal 

with failure-free times over (2−5)×103 h [71, 80]. To illustrate, the 

investigation of long-term operation at Тp-n = 200 °С of IMPATT diodes 

with the Si−NiCr (0.05 µm)−Au (15 µm) (type I) and Si−NiCr (0.05 
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µm)−Cu (10 µm)−Au (5 µm) (type II) metallizations on the р-п junction 

side showed that nonfailure operating time for diodes-I was 2×103 h, 

while the power output of diodes-II dropped by (70−90)% after 

operation for 103 h [71]. 

The IMPATT diodes based on the p+-n-n+ and n+-p-p+ structures 

with small р-п junction depth were studied in [75]. The contacts were 

Si−Ti (0.05 µm)−Au (0.5 µm) and Si−Ti (0.05 µm)−Mo (0.2 µm)−Au 

(0.5 µm), with further galvanic gilding up to 100 µm for diodes of both 

types. The service life when operating at 300 °С in the ТРАРАТТ mode 

was 103 h (5.5×103 h) when the Ti−Au (Ti−Mo−Au) metallization was 

used and pulse duration equaled 0.5 µs (1 µs). The authors of [75] 

believed that both of the metallization systems mentioned are not fully 

reliable because Ti was sputtered at a temperature of 300 °С. Owing to 

interdiffusion, the Ti−Si interface was not abrupt in both Тi−Au and 

Ti−Mo−Au contacts. 

The features of the Ti−Pd−Au metallization were considered in 

[76]. It was shown that it is also characterized with short life. 

Application of Pt barrier layer in multilayer contact system made it 

possible to improve considerably reliability of the IMPATT diodes. 

Platinum has better antidiffusion properties because it reduces 

substantially interaction between most of the metals used for formation 

of the contact and conducting layers. 

Degradation of the Si−Cr (0.1 µm)−Pt (0.3 µm) and Si−Cr (0.1 

µm)−Pt (0.3 µm)−Ag (0.25 µm) metallizations in silicon IMPATT 

diodes on the n+-layer side caused by interdiffusion was considered in 
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[77]. It was shown that the Cr−Pt interface remained stable up to 400 °С. 

As temperature increased up to 500 °С, interdiffusion of Si, Cr and Pt 

occurred. Diffusion of Ag through the Cr and Pt layers into the diode 

active area led to the “thorn”-type failures caused by penetration 

(starting from the Ag layer) that caused short circuit. 

The silicon IMPATT diodes intended for the 36−40 GHz 

frequency range, with a single p+-n-n+ drift region and Cr (0.05 µm)−Pt 

(0.05 µm)−Au (1 µm) contacts to silicon on a copper heat sink, were 

studied in [73]. They were subjected to high-temperature accelerated 

tests at a р-п junction temperature Тр-п = 280, 325 and 350 °С. The high 

Тр-п values were obtained owing to power dissipation. The diodes 

operating at Тр-n = 350 °С had diameter of 55÷60 µm, operating voltage 

of 24÷28 V, operating current of 350÷400 mA and thermal resistance of 

30÷35 °С/W. 

The temperature dependence of the median resource t50% for these 

diodes was described with the Arrhenius equation t50% = t0exp(εa/kT); 

here k is the Boltzmann constant and εa ~ 1.6 eV. The mean-time-

between-failures (MTBF) extrapolated to Тр-п = 200 °С was ~ 106 h. The 

predominant (70%) failure mechanism in the 230−350 °С temperature 

range was penetration of gold to the p-n junction region through the Pt 

barrier layer, thus leading to catastrophic failures. 

The silicon IMPATT diodes having thicker Cr (0.06 µm)−Pt (0.2 

µm)−Au (0.3 µm) metallization layers, with further galvanic deposition 

of a gold layer 1−3 µm thick, on a diamond heat sink were considered in 

[78]. It was shown for the IMPATT diodes intended for operation in the 
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30−300 GHz frequency range that the dominant failure mechanism is 

silicon melting in the current pinch region caused by local heating. The 

average temperature of the p-n junction operating at a frequency of 40.1 

GHz is 250 °С as is evident from [78]. The junction temperature near the 

burning-out region is 440 °С; at the “hot” points, however, it may be as 

high as 700 °С. In this case, the melting and diffusion processes are 

quite possible. They lead to irreversible changes in the p-n junction. 

In spite of this, the accelerated tests of the diodes showed that 

MTBF for mm-wave (f = 100 GHz) silicon IMPATT diodes at Tp-n = 

200 °С was 2×106 h. The same value extrapolated to Tp-n = 250 °С was 

obtained also in the course of the accelerated tests of silicon IMPATT 

diodes with the Si−Pt (0.5−1 µm)−Au metallization [79]. In that case, 

the failures were related also to p-n junction shorting owing to gold 

diffusion through Pt. 

The detailed analysis of the literature on the features of formation 

of contact systems for silicon IMPATT diodes and mechanisms of their 

degradation (see [70]) showed that, despite the advances in 

manufacturing technology for contacts to microwave devices, this issue 

still is not exhausted. The experimental data on the activation energy for 

silicon IMPATT diodes made according to the manufacturing 

technology at the Production Association “Elkor” (Nalchik, Russia) [70] 

indicate big spreads of both MTBF and failure activation energy values 

for silicon IMPATT diodes. The corresponding results are given in 

Table 5.3. 

The most reliable IMPATT diodes whose manufacturing 

technology and parameters are realized at the Production Association 
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“Elkor” have MTBF of ~ 105 h, with confidence probability γ ≈ 95%. 

Such IMPATT diodes are made with the ohmic contacts that involve a 

contact-forming chromium layer (thickness of ~ 0.1 µm). The failure 

activation energies Еа for such IMPATT diodes are presented in 

Table 5.4. A comparison of those data with the results obtained in [78, 

79] shows that the failure mechanism for IMPATT diodes is related, in 

both cases, to gold diffusion through the buffer and contact-forming 

layers. The distinctions in the MTBF and Еа values are owing to the 

different thicknesses of metallization.  

Table 5.3. Criteria for quality and reliability of silicon IMPATT diodes [70]. 

Diodes and their features 
(contacts) 

Failure 
activation 

energy Еа, eV

(MTBF)max/(MTBF)min

Single-drift diodes (Cr−Au) 0.91 5×104 

Single-drift diodes (Cr−Pt−Au) 1.37 104 

Double-drift diodes 
(Cr−Pt−Au):   

- with mesoplasmas 1.3 6×103 

- without mesoplasmas 1.47 5×102 

- with uniform avalanche  

development after thermal aging 
and electrical training for 48 h 

1.49 102 

 

To obtain high-quality metallization of silicon IMPATT diodes, 

one should choose materials whose thermal expansion coefficients are 

close to that of silicon (see Tables 5.1 and 5.2). The distinction between 
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those coefficients may lead to appearance of microcracks because of 

considerable stresses. In some cases, a mesa may be bridged with a 

hanging-up upper metallization. The catastrophic failures caused by 

cracking of the crystal and metallization occur mostly in the early life of 

diodes. 

Table 5.4. Failure activation energy Еа [70]. 

Metallization system  

(thickness, nm) 

Failure 
activation 
energy, eV 

Cr(100)−Au(1000) 0.91 

Cr(100)−W(200)−Cr(50)−Au(1000) 1.28 

Cr(100)−Pt(100)−Au(1000) 1.34 

Cr(100)−Pt(250)−Au(1000) 1.37 

 

Thus, the main type of failures owing to contacts is р-n junction 

shorting caused by contact material diffusion and alloying with silicon. 

To ensure high quality of contacts, one should apply electrodiffusion-

stable metallization with high melting temperature. 

5.2.1. TiNx-based contacts 

In recent years, increasingly stringent requirements on the stability 

of metal−semiconductor contacts in devices of solid-state electronics 

have stimulated the search for novel metallization materials that would 

ensure stability of contact parameters under severe environmental 

conditions. Among the promising contact materials are nitrides, 
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carbides, and borides of transition metals (from Croups III, IV and VI). 

These compounds offer metallic properties and are chemically inert and 

heat resistant [80]. Titanium nitride ranks first in this list, as indicated by 

the number of publications. 

Titanium nitride films are already used as ohmic and barrier 

contacts in electronics [81]. It seems, however, that their usage as 

barriers preventing diffusion in multilayer thin-film metallization 

systems of semiconductor devices would be even more promising. Data 

for contacts using boride-based interstitial alloys are scarce, although 

available information shows that interdiffusion (including reactive 

diffusion) at interfaces is suppressed when such contacts are employed 

in metallization systems [82, 83]. 

The application of interstitial alloys is limited because of lack of 

detailed knowledge of the mechanisms behind the degradation and 

failure of contacts using these alloys. In this respect, of great importance 

is to understand the nature and properties of the transition layer 

(especially its diffusion-preventing capability). 

We studied the temperature stability of Ti-based interstitial alloy 

layers applied on Si alone and in combination with other metal layers 

[84]. The samples used were standard silicon n-n+ structure prepared by 

vapor-phase epitaxy (VPE). The thickness of the n-layer and the donor 

concentration in it were, respectively, 1−2 µm and (8−9)×1016 cm-3. For 

the n+-substrate, these values were, respectively, 300 µm and (2−3) 

×1016 cm-3. TiBx layers were deposited onto the chemically cleaned 

surface of the epitaxial layer by the magnetron sputtering of titanium 

boride. TiNx layers were deposited by the magnetron sputtering of 
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compact stoichiometric TiN targets as well as by thermoreactive ion 

synthesis. The contact layers of titanium, molybdenum, and gold were 

deposited by electron-beam evaporation at a pressure of ≈ 6.6×10-4 Pa. 

The thicknesses of these layers did not exceed 100 nm. RTA of the 

contacts was carried out at 400, 600, and 800 °C in the hydrogen 

atmosphere for 60 s. 

The mechanisms of contact formation and the temperature stability 

of the contacts were studied by SEM, AES, XPS, and microprobe 

analysis, as well as by taking static I−V curves. The structure and 

morphology of the contacts, as well as the component distributions in 

them, were investigated using the 10×10 mm metallized test systems 

formed on the n-Si-n+-Si substrates. The I−V curves were taken from the 

Schottky-barrier diodes with a diameter of 100 µm that were made by 

photolithography in the form of mesas. 

Consider first a simple TiNx/Si system. The factors influencing the 

barrier properties of such contacts were revealed by studying the 

structure, chemical composition, and morphology of the TiNx films 

before and after thermal actions. 

Figure 5.20 shows the electron diffraction patterns from the TiNx 

films obtained by thermoreactive ion synthesis. The diffuse diffraction 

lines indicate their quasi-amorphous state. This result was supported by 

x-ray diffraction studies. From the x-ray diffraction data for the TiNx 

films, we calculated the fractions of the amorphous and polycrystalline 

phases in the films, grain size L, lattice spacing a, and macroscopic 

stresses σ - see Table 5.5. 
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Fig. 5.20. Electron diffraction patterns 
of TiNx films (obtained with 
reactive ion cladding) on Si 
substrate: a - initial, b (c) - after 
RTA at 600 (800) °C [84]. 

It follows from Table 5.5 that, as the RTA temperature increases, 

the quasi-amorphous TiNx layer recrystallizes into polycrystalline, with 

a grain size of ≈ 40 nm. Concurrently, the residual compression stresses 

in the TiNx film are reduced, the reduction being the stronger, the thinner 

the film. 

Along with this change of stresses in the heterosystem, the 

recrystallization of the TiNx films should also have an effect on the 

parameters of the transition layer, i.e., on the barrier properties of the 

TiNx film. This supposition was supported by the AES depth profiles in 

the film (Fig. 5.21). These results show that the extent of the interface 

(transition layer) changes noticeably at 600 °C (i.e., under RTA 

conditions), when intense transformations of the structure and 

morphology of the TiNx film are observed. The intriguing fact is that the 

expansion of the transition layer does not follow the simple exchange 

mechanism of interface formation. Since titanium nitrides are 

chemically inert [87] and the oxygen present in the film seems to be in 

the bound state, producing titanium oxides and titanium oxynitride, the 

properties of the TiNx/Si interface should be governed by competitive 
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Ti−Si and N−Si reactions and depend on the number of free or 

dissociated Si, Ti, and N atoms and permeability of the TiNx film. Note 

that the latter reaction is a high-temperature process because of the high 

energy of N diffusion activation in Si (≈ 3.7 eV) [88]. 

 
Fig. 5.21. Auger concentration depth profiles of TiNx−Si contact components 

(–▼– - Ti, –◊– - N, −∗− - Si) and uncontrollable contaminants (–■– - C, 
–○– - O): a - initial sample, b–d - after RTA for 60 s at 400, 600 and 
800 °C in the hydrogen atmosphere [84]. 

Thus, the interface of the contact is nonuniform. As the RTA 

temperature grows, the structural-phase nonuniformity of the transition 

layer may increase because of both the recrystallization and diffusion 

that causes mixing in the TiNx/Si system and chemical reactions between 

the components of the contact pair. However, in view of the low 

permeability of the TiNx film and insufficient amount of free Si atoms, 
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one may expect that the interface in the heteropair will remain sharp up 

to high annealing temperatures, just as follows from Fig. 5.21. 

It should be noted that the above scenario of chemical and 

structural transformations of the interface ignores the formation of a thin 

oxide layer on the semiconductor surface. Presence of SiO2 may 

appreciably suppress chemical processes in the transition layer and, 

thereby, improve temperature stability of the contact. 

Actually, contacts comprise several films of different metals in 

order to satisfy many requirements for a contact structure. When 

combining with one another and also with TiNx through mutual 

boundaries, these metals may significantly affect the TiNx barrier 

properties and, accordingly, the electrophysical parameters of the 

contacts. 

The basic multilayer structures used in this work were Au/TiNx/Si, 

Au/Ti/TiNx/Si, and Au/Mo/TiNx/Si. It turned out that the degradation 

mechanism for all the three structures is the same. The only difference is 

that the Mo layer serves as additional diffusion barrier, because the 

mutual solubility of Mo and Au is low [89]. 

Let us consider thermal degradation of multilayer contact 

structures in detail, with the Au/Ti/TiNx/Si structure serving as example. 

Figure 5.22 shows the morphology of the layered contact subjected to 

RTA. Table 5.6 demonstrates the variation of the atomic structure at 

different metallization sites (sites 1-4) according to the microprobe 

analysis data. 
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Table 5.5. Lattice spacing, macrostresses, and size of coherently scattering 
blocks in 1 µm-thick TiN layer. 

TiN layer Parameter 

as-prepared 600 °C 800 °C 

Percentage of polycrystalline 
phase, % 

Si lattice spacing a, Å 

TiN lattice spacing a, Å 

Macrostresses in TiN layers σ, 
GPa 

TiN block size L, nm 

30 

5.4276(0) 

4.2524(7) 

3.4 

15.0 

80 

5.4293(0) 

4.2420(4) 

1.3 

20.0 

95 

5.4292(2) 

4.2362(2) 

0.1 

40.0 

 

Note: The macrostresses in TiN films were calculated from the 

formula [85] ( )
0

01

d
ddE −

−=
µ

σ , where E = 256 GPa is the Young’s modulus 

of TiN [86], µ = 0.3 is the Poisson’s ratio, d1 is the interplanar spacing 

for a set of planes that make the greatest contribution to reflection under 

the normal incidence of an x-ray beam on the sample, and d0 is the 

interplanar spacing for the same set of planes without stresses. The value 

of L was estimated using the formula [85] Θ= cos94.0 0 ρλL , where λ0 is 

the x-ray wavelength, Θ  is the Bragg angle, 22 bB −=ρ , B is the total 

half-width of the line from the sample, and b is the instrumental half-

width of the reference. 
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Fig. 5.22. Surface morphology of the Au/Ti/TiNx/Si contact: a - before RTA, 

b–d - after RTA for 60 s at 400, 600 and 800 °C in hydrogen [84]. 

As follows from the results obtained, structural and chemical 

transformations in the contact metallization do not occur at RTA 

temperatures below 400 °C. The structural-phase reconstruction of the 

system is observed at temperatures between 400 and 600 °C. It is 

accompanied by changes in the metal atoms distribution and appearance 

of pores and cracks in the TiNx layer. The layered structure of the 

contact turns into a crab structure that decorates defects in the TiNx 

underlayer. The pores and cracks are filled with the products of the 

Ti−Au reaction. It was shown [90, 91] that this reaction, that starts even 

at 350 °C, may produce intermetallic compounds that are then converted 

to the stable phase AuTi3. 
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At the early stage, the failure of the antidiffusion layer appears to 

be associated with the micropores present in the TiNx film that give rise 

to microcracking. The presence of micropores in films based on 

interstitial alloys was noted in [92, 93]. The high brittleness (small 

ductility margin) of metallic nitrides and their extremely low capability 

to plastically deform upon annealing are also factors favoring cracking. 

As a result, elastic stresses have no time to occupy the entire volume of 

the material and are localized at sites where the concentration of 

structure defects is increased. It is at these sites that the layer starts to 

fail, with subsequent formation and interaction of microcracks. 

Thus, the pores and microcracks originating in the initial TiNx film 

are responsible for degradation of the contact structure under study. The 

number of these defects depends on the TiNx fabrication conditions, 

TiNx film thickness, and stresses [94]. Microcracks serve as additional 

path for transfer through the interface and, hence, alter the electrical 

properties of the contact. The further change in the electrophysical 

properties of the structure is due to the complete failure of the TiNx 

barrier film. When diffusing towards the substrate along cracks in the 

antidiffusion layer, gold creates sharp protrusions of eutectic Si-based 

alloys that change the electrophysical properties of the contact. 

Such a scenario of thermal degradation of the contacts was 

completely supported by depth profiling data for the Au/Ti/TiNx/Si 

system (Fig. 5.23). Although Ti reacts with Au at an RTA temperature 

of 400 °C, the barrier properties of the TiNx layer are retained. 

As follows from the data presented in Figs. 5.22 and 5.24, RTA at 

T = 600 (800) °C breaks the layered structure of the contact and 
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considerably smears the interface. The latter effect is most pronounced 

at an RTA temperature of 800 °C. In this case, AuTi alloy, TiNx-based 

alloy, Au, and Si/SiAuTi eutectic/Si composition become the dominant 

components of the contact. As a result, the “electrical boundary” of the 

contact shifts deeper into the semiconductor and its structural-chemical 

homogeneity breaks [95]. 

A qualitatively similar situation takes place also in the 

Au−Mo−TiNx−n-n+-Si multilayer structure [96]. The concentration 

depth profiles of the heterostructure components presented in Fig. 5.24 

reflect the features of interactions between phases after thermal 

annealing at different temperatures. Low solubility of Au in Мо prevents 

from Au atoms penetration in the antidiffusion layer, much less to the 

metal−semiconductor interface. 

At the same time, the Mo layer thickness decreases as annealing 

temperature grows. This occurs owing to Mo atoms diffusion in the Au 

layer as well as reactive diffusion in the TiNx layer. At annealing 

temperature of 600 °С, the layer structure of the contact deteriorates, and 

the antidiffusion layer cannot prevent from diffusion flows of both metal 

and semiconductor atoms. As a result, the “electrical” boundary of the 

contact shifts deep into the semiconductor. This is accompanied with 

increase of the planar structural-chemical inhomogeneity. The process of 

atomic mixing is completed at 800 °С. 

Replacement of the antidiffusion TiNx layer with the TiBx layer 

increases tolerance of the layer structure formed to thermal actions. 
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Fig. 5.23. As in Fig. 5.21 but for the Au/Ti/TiNx/Si contact [84]. 

5.2.2. TiBx-based contacts 

Figure 5.25 shows the concentration depth profiles for the 

components of the Si/TiB2/Mo/Au contact structure taken before and 

after RTA, as well as the binding energies for core electrons of the 

contact components. These data allow one to judge the annealing-

induced modifications of the structure and phase composition, as well as 

interfacial interactions, at different annealing temperatures. At T ≤ 600 

°C, the layered structure of the contact remains unchanged and the 

contact components are redistributed insignificantly, although the phase 

composition somewhat changes. 
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Fig. 5.24. As in Fig. 5.21 but for the Au–Mo–TiNx–n-n+-Si contact [96]. 

Since the position of the core level peak in basic atoms depends on 

their interaction with atoms of other elements in the matrix, one can 

assume that the antidiffusion barrier includes elements for which the 

binding energy of Ti 2p-electrons is 454.8 eV and that of B 1s-electrons, 

192.8 and 181.1 eV (in different compounds). Therefore, the phase 

composition of the film can be identified as a mixture of TiBx 

compounds with a small amount of oxyborides and/or subborides [97]. 

This conclusion agrees with the results obtained in [98]. One can also 

argue that the antidiffusion layer−Si interface is free of titanium silicides 

with consideration for the binding energies of 2p-electrons of Ti (454.8 

eV) and 2p-electrons of Si (99.6 eV).  
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Fig. 5.25. Core electron binding energies and Auger concentration depth 

profiles of the Si/TiB2/Mo/Au contact components (♦ - Si, ▲ - Ti, ▼ - 
B, ● - Mo, ■ - Au) and uncontrollable contaminations (* - C, + - O): a - 
initial sample, b–d - after RTA for 60 s at 400, 600 and 800 °C in the 
hydrogen atmosphere [84].  

The binding energies of 3d-electrons of Mo and 4f-electrons of Au 

imply that the Mo−Au interface is chemically inactive [97]. 
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Annealing at moderate temperature removes boron anhydride. This 

possibly causes formation of micropores and stimulates minor reactions 

in the Ti−Si system. Thus, prerequisites for the local chemical 

restructuring of the contact are provided. 

Table 5.6. Effect of RTA on the planar redistribution of atoms in the 
Au/Ti/TiNx/Si contacts [84]. 

Element percentage, % 

Au Ti Si 

Site number 

Annealing 
temperature, 
°C 

1 2 3 4 1 2 3 4 1 2 3 4 

Without 
annealing 

70.6 5.0 24.4 

400 71.0  23.9 

600 9.0 16.8 80.5 11.0 53.3 4.3 8.3 37.2 85.7 78.9 11.2 43.8

800 10.8 81.0 26.9 - 4.6 4.7 33.1 - 84.6 14.3 40.7 - 

Annealing at 800 °C completely breaks the layered structure of the 

contact. In this case, irregularities on the contact surface cannot be 

described by the normal distribution [99, 100]. This fact points to the 

essential role of activation processes at the interface. Under these 

conditions, the microrelief of the interface is defined by chemical 

reactions between the contact components and semiconductor. The 

presence of different phases and the associated roughness of the 

interface result in the degradation of the electrophysical properties of 

contacts. 
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Table 5.7. Parameters of TiN- and TiB-based Schottky barriers on the n-
Si−n+-Si structure before and after RTA in a hydrogen atmosphere for 
60 s [84]. 

Annealing conditions 

before 
annealing 

400 °C 600 °C Contact structures 

ϕb, V n ϕb, V n ϕb, V n 

TiNx/n-Si/n+-Si T 0.59 1.36 0.58 1.11 0.55 1.26 

Au/TiNx/n-Si/n+-Si M 0.59 1.30 0.59 1.20 0.55 1.38 

Au/Ti/TiNx/n-Si/n+-Si T 0.59 1.3 0.59 1.18 0.50 1.65 

TiBx/n-Si/n+-Si M 0.55 1.11 0.57 1.13 0.59 1.24 

Au/TiBx/n-Si/n+-Si M 0.55 1.2 0.56 1.2 0.56 1.28 

Au/Mo/TiBx/n-Si/n+-Si M 0.55 1.3 0.60 1.32 0.56 1.44 

Note: the T-(M-) layers were obtained with thermoreactive ion synthesis 
(magnetron sputtering of targets). 

Thus, the thermal threshold of degradation of the contact depends 

on the temperature stability of the TiBx layer. This conclusion was 

supported by studies of the TiBx/Si, Au/TiBx/Si, and Au/Mo/TiBx/Ti/Si 

systems. 

In fact, TiBx layers have structural elements that deform and 

strengthen the basic metallic lattice [92, 93]. These deformations cannot 

be released by diffusion. They can be removed by high-temperature 

processing, which loosens the metal−metalloid bonds. With this in mind, 

we can put forward several reasons for local breakdown of the TiBx film. 



 210

The first one is intrinsic stresses in TiBx films. It is known that 

TiBx layers obtained by magnetron sputtering possess high compression 

stresses [101]. The layers under study are quasi-amorphous; hence, one 

might expect that both the elastic properties of these materials and the 

mechanisms of their structural relaxation differ considerably from those 

typical of crystalline layers. To date, a correlation between the 

microstructure and stressed state of the film has been confirmed only on 

a qualitative basis [92]. One can argue, however, that in quasi-

amorphous layers, the temperature threshold of microcracking due to 

structure relaxation upon annealing will be different from that in 

crystalline layers. In addition, the temperature threshold in our case is 

affected by the contact layers with different thermal expansion 

coefficients. 

The second reason is that the reactions proceeding at local sites of 

the barrier layers favor the formation of pores in TiBx. Porosity leads to 

an increase in the thermal expansion coefficient with temperature. In this 

case, the strain distribution in the structure becomes even more 

nonuniform. This may cause microcracking, especially in view of the 

low ductility margin of TiBx. 

Third, under certain conditions (an oxygen atmosphere and 

sufficiently high temperature), the TiBx layer may decompose according 

to the reaction 

4TiBx + (2m + 3x)O2 → 4TiOm + 2xB2O3. 

In this case, the oxidation rate and oxide structure are controlled by 

two factors: boron anhydride evaporation and borate formation. The 

former factor is dominant at relatively low temperatures used in this 
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work. The latter factor becomes essential at higher temperatures; hence, 

it can be disregarded. 

The results reported above were confirmed by investigation of the 

electrophysical characteristics of TiNx(TiBx)/n-Si/n+-Si surface-barrier 

structures subjected to RTA. RTA-induced changes in the parameters of 

the Schottky barriers (the barrier height ϕb and the ideality factor n) are 

listed in Table 5.7. One can see that the values of ϕb and n for the diode 

structures before and after RTA at 400 °C differ insignificantly. 

Conversely, at T = 600 °C, the barrier properties of the contact degrade. 

Thus, by varying the conditions for titanium nitride and titanium 

boride formation, as well as the metallization composition, one can 

prepare contact structures that are stable against RTA at temperatures no 

higher than 600 °C. 

5.2.3. ZrBx-based contact structures 

The ZrBx films were deposited onto the chemically cleansed 

surfaces of n-n+-Si structures using magnetron sputtering of ZrB targets. 

The substrate temperature was maintained at about 200 °C. From the 

electron diffraction patterns, it followed that the obtained ZrBx films 

were polycrystalline. The film (substrate) thickness was 1 (about 300) 

µm; the dopant concentration was (8÷9)×1016 (about 3×1019) cm-3. 

The electrophysical parameters of the contact structures obtained 

were found from the static I–V curves. Both chemical and phase 

compositions were analyzed using x-ray photoelectron and Auger 

electron spectroscopies combined with layer-by-layer ion etching of the 

samples [102]. 
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Thermal stability of the structures was studied using isothermic 

annealing in a hydrogen atmosphere for 60 s (RTA) at temperatures T = 

400, 600, 800 and 950 oC. The I–V curves were taken, both before and 

after RTA, for specially formed (using photolithography) surface-barrier 

structures. From the forward branches of I–V curves, we calculated the 

Schottky barrier parameters: barrier height ϕB and ideality factor n. 

To determine the main factors involved in the processes of contact 

formation, we performed the layer-by-layer chemical analysis of the 

contacts, both before and after RTA. The corresponding Auger 

concentration depth profiles for the ZrBx−Si test structures are presented 

in Fig. 5.26. (The appearance of oxygen and carbon profiles is due to 

presence of these most abundant contaminations in the technological 

sets that were used to obtain boride films.) From the profiles one can 

conclude that a phase enriched with metal (the ratio between Zr and В 

concentrations is about 2) and containing big amount of oxygen is 

formed under the chosen conditions of film deposition. The process of 

film condensate formation is accompanied by motion of the film–

substrate interface. The slopes of Zr and В profiles at the boundary 

between phases are different. This may serve as evidence that the film 

components interacted with silicon at early stages of film growth. The 

above fact may result from competing chemical interactions of 

zirconium and boron atoms with silicon. They lead to disruption of the 

semiconductor near-surface region accompanied by formation of an 

amorphous alloy at the boundary between phases. The thickness of the 

above disrupted layer lies between 10 and 20 nm; it serves as one of the 

factors that determine structure and characteristics of the films obtained. 
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Fig. 5.26. Auger concentration 
depth profiles of the ZrBx–
Si contact components and 
uncontrollable 
contaminations О, С: a - 
initial sample; b (c, d, e) - 
after RTA at 400 (600, 800, 
950) oC in hydrogen 
atmosphere for 60 s. 

Chemical inhomogeneity of the deposited layers was analyzed 

using the results of XPS. A comparison of the obtained values of 

binding energies Eb for Zr 3d5/2- and В ls-electrons with those given in 

handbooks (see, e.g., [97]) enabled us to draw some conclusions 

concerning the phase composition of the layers studied. 

The chemical state of Zr atoms in the layer is characterized by two 

Eb values for 3d5/2-electrons. They lie at 180.0–180.5 and 182.0–183.0 
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eV. The former value corresponds to zirconium borides, while the latter 

one is characteristic of oxyborides [88]. This conclusion is supported 

also by changes in the Eb value for boron ls-electron. Thus, the deposited 

film is a mixture of two phases; the ratio between their contents varies in 

depth from 1.5 to 1. 

RTA at 400 oC is accompanied by a structural-phase transition in 

the film due to formation of zirconium monoboride. However, the two-

phase state of the film still holds (Fig. 5.26). RTA-enhanced structural 

relaxation in the sputtered layer increases chemical inhomogeneity and 

thickness of the contact transition layer. 

High-temperature (600–950 oC) RTA lead to a further increase of 

structural-phase nonuniformity in both the film and contact transition 

layer. One may suppose that processes of silicide (ZrSi2) and silicate 

formation are enhanced in this case. Thеу may serve as physico-

chemical basis for high-temperature stability of the contact structures 

studied. Heat tolerance of ZrBx−Si contacts is supported also by the 

values of Schottky barrier parameters ϕB and n calculated from the 

forward branches of the I–V curves for ZrBx–Si surface-barrier 

structures, bоth initial and annealed under the same conditions as test 

structures (Table 5.8). One can see from the data presented in Table 5.8 

that the barrier properties of ZrBx–Si contact are retained after RTA at 

temperatures up to 950 oC [103]. 

Studies of structures with a TiBx contact layer have shown 

(Fig. 5.27) that stable layer structure of the contact held up to T= 600 oC 

at minimal oxygen and carbon contents in TiBx film. RTA at T = 800 oC 

essentially enhanced interactions between phases in the contact. In this 
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case, silicon atoms penetrated to the outer boundary of TiBx film; not 

only silicon but also its oxide phase SiO2 could be observed in the near-

surface layer (Fig. 5.27e). It seems that RTA resulted in formation of a 

metal silicide phase at the TiBx–Si interface (similarly to the case of 

ZrBx–Si contact). Such a phase hindered the contact disruption. 

Table 5.8. Schottky barrier parameters (barrier height ϕB and ideality factor 
n) before (initial) and after RTA in a hydrogen atmosphere for 60 s 
[103]. 

Parameters ZrBx−n-n+-Si contacts TiBx−n-n+-Si contacts 

 initial 400 oC 600 oC 800 oC 950 oC initial 400 oC 600 oC 800 oC

ϕB, eV 0.52 0.55 0.55 0.55 0.57 0.55 0.57 0.59 0.58 

n 1.08 1.08 1.10 1.20 1.30 1.10 1.13 1.24 1.47 

 

Thе results concerning physico-chemical processes at the TiBx–Si 

interface were supported by our studies of electrophysical parameters of 

the TiBx–Si surface-barrier structures (Table 5.8). One can see from 

Table 5.8 that, as would be expected, the Schottky barrier parameters ϕB 

and n change but slightly with annealing temperature. Their values are 

evidently determined by the metal silicide phase (TiSi2), similarly to the 

case of ZrBx–Si contact. Indeed, for both contacts the ϕB values are close 

to those for the corresponding silicide phases: ~0.55 eV (ZrSi2) and 0.6 

eV (TiSi2) [88]. Some differences in the ϕB values for both contacts may 

be attributed to variations in phase composition of the transition layers 

formed in the course of RTA. 
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Fig. 5.27. Auger concentration depth 
profiles of the TiBx–Si contact 
components and uncontrollable 
contaminations О, С: a – initial 
sample; b (c, d) - after RTA at 
400 (600, 800) oC in hydrogen 
atmosphere for 60 s; e – the 
same (plus SiO2 profile) after 
RTA at 800 oC in the TiBx near-
surface layer. 

5.2.4. The features of formation of nonrectifying Pd2Si−Si 

contacts 

It is known that metals with unfilled d- and f-shells react readily 

with silicon when being in immediate contact with it. The reaction 

products are compounds of different stoichiometric compositions [104]. 

Some features of the above reactions are as follows. The reactions occur 
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between two solid phases (that drastically differ in their physico-

chemical properties) at temperatures substantially below the melting 

temperatures of the reagents. The reaction products (silicides) may form 

amorphous, as well as epitaxial, layers on silicon substrates. 

One of the most intensively studied heterostructures is Pd−Si. The 

reason for this is that it enables one to (i) form silicides (among them 

heat-resistant) of various compositions; (ii) change the layer resistivity 

over a wide range and (iii) perform epitaxial deposition [91, 105]. The 

above features of interaction between Pd layers and silicon give grounds 

to expect that the Pd-based metallization might be used when preparing 

barrier and ohmic contacts in structures of improved heat resistance. 

Here we consider physico-chemical processes occurring in the 

course of Pd−Si contact formation and subsequent heat annealing. These 

processes determine the contact electrophysical properties. 

The Pd−Si contacts were prepared using electron-beam 

evaporation of metal (Pd) onto the semiconductor (Si) substrate heated 

up to a temperature of 300 oC. The substrate surface was previously 

chemically cleaned. Time of Pd film sputtering was 20 s; the deposited 

film thickness was from 40 to 50 nm. The heterostructures obtained 

were annealed for a short (10−30 min.) time at a temperature of film 

deposition. 

To perform the layer-by-layer analysis of the heterojunction 

chemical composition, as well as study the reactions occurring at the 

interface between the contact components, we used XPS combined with 

ion etching (Ar+, energy 3 keV). The ion current density was 5 µA/cm2. 

To excite the electron spectra, we used the Al Kα-line. The energy 
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resolution was 1.2 eV; the electron binding energies Eb were determined 

with an accuracy of 0.1 eV. We took the Pd 3d5/2, Si 2p, О ls and C ls 

core electron spectra. Concentrations of the heteropair components were 

calculated from the measured spectral line intensities using elemental 

sensitivity coefficients, according to [88]. A Pd2Si single crystal served 

as a standard. All the studies were carried out in a vacuum at a pressure 

of (1÷3)×10-7 Pa. 

The contact surface morphology was studied with AFM using a 

Nanoscope D300 (Digital Instruments). The measurements were 

performed in the contact mode using the “soft” (compliance constant of 

0.06 N/m) standard silicon nitride probes Nanoprobe DNP. 

For Pd2Si–n+-Si contacts (concentration of donors in the n+-Si 

substrate was up to 1019 cm-2), the forward and reverse branches of I–V 

curves were taken, both before and after rapid thermal annealing (RTA) 

for 60 s at T = 400 and 600 oC. 

Shown in Fig. 5.28 are the concentration depth profiles of the 

Pd−Si contact pair components. They are related to the features of the 

solid-phase interactions between Pd and Si when metal has been 

deposited onto a silicon substrate heated up to 300 oC. In this case, a 

silicide (Pd2Si) enriched with metal is formed, in accordance with both a 

rule of thumb concerning formation of silicide phases [106, 107] and 

results of numerous investigations [88, 91, 106-108]. 
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Fig. 5.28. Auger concentration depth profiles of the Pd–Si contact 

components and uncontrollable contaminations О, C: a - initial 
sample; b (c, d) - after thermal annealing at 300 °С for 10 (20, 30) min. 

That Pd silicides were formed was suggested by the position of 

peaks in the energy spectra of Pd 3d-electrons (see Fig. 5.29). The 

observed shift of the corresponding spectral lines towards higher Eb 

values as compared with “рurе” metal (Eb = 335.1 eV [104]), as well as 

the fact that these lines are identical to the standard ones, indicate 

formation of silicide bonds in the sputtered film. Since the film 

deposition was made at an elevated temperature, one may suggest that 

the silicide grows due to thermal diffusion of the contact pair 

components. This means that silicide nuclei appear. The process is 

maintained by the diffusion of Pd and Si atoms through the growing 

layer (with their further chemical binding), so the silicide layer thickness 

is progressively increasing [91, 108]. 
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Fig. 5.29. Binding energies of Pd 3d-electrons (left) and Si 2p-electrons 

(right); upper - initial samples, lower -after thermal annealing at 300 
oC for 30 min.; times of ion etching are indicated. 

It seems likely that presence of a thin oxide film on the Si surface 

does not have a pronounced effect on the silicide phase formation. In 

[88, 91] it was noted that Pd atoms readily penetrate through a thin oxide 

layer and form silicide structures on the oxide–silicon interface. If, 

however, the oxide thickness is varied over a rather wide range, one 

should expect the formed silicide to be laterally nonunifom, because in 

this case “thick” oxide film regions would serve as antidiffusion barriers 

that hinder silicide formation. 

Therefore, to use all the Pd atoms for silicide film formation, one 

should provide supply of Si atoms to the area where the reaction оссurs. 

The binding energy of Si atoms in the single-crystalline substrate is 
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rather high (about 2 eV), and substrate heating up to 300 oC is not 

enough to break bonds in the Si lattice. So one should not exclude that 

thеre exist some non-thermal mechanisms that promote the release of Si 

atoms at the above temperature. Among such mechanisms, loosening of 

bonds in the semiconductor crystal lattice (resulting from penetration of 

metal atoms to it) should be noted [109]. 

Therefore, the silicide film growth begins with formation of 

silicide-like bonds at the metal−silicon interface. Taking into account 

that Pd film is deposited onto a heated substrate, one may assume that a 

silicide film formed under such conditions is most likely polycrystalline. 

In this case, the diffusion of Si atoms via grain boundaries to the silicide 

near-surface layer would оссur much more easily (see Fig. 5.28). 

Further heat annealing does not lead to any qualitative changes in 

both the component concentration depth profiles (Fig. 5.28) and binding 

energies of core electrons of the heteropair component atoms (Fig. 5.29). 

Therefore, one should conclude that no further structural-phase changes 

оссur in the silicide film, i.e., no more stable silicides of other phase 

composition appear. This is because supply of Si atoms to the area 

whеre reaction occurs does not grow under the chosen heat annealing 

since at those temperatures no additional Si atoms are released from the 

crystal lattice. Therefore, all the changes that take place bоth in the film 

and at the interface between phases are due to completion of the reaction 

between the sputtered metal and silicon at this stage of the contact 

formation. Such a conclusion is supported by the results of AFM studies 

of surface morphology of the film coating. They were performed for the 
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initial sample and that after thermal annealing at T = 300 oC for 30 min. 

The corresponding results are given in Fig. 5.30. 

  
Fig. 5.30. Surface morphology of the Pd–Si interface obtained with AFM: a – 

initial sample; b – after thermal annealing at 300 oC for 30 min. 

 

The first growing phase, Pd2Si silicide, is not the most stable one 

in the Pd−Si system. However, the Pd2Si–Si contacts prepared according 

to the proposed technique may be rather tolerant to thermal actions. This 

results from the following three facts. First, some contaminants 

(primarily oxygen) arе present in the grown silicide layers. Since silicon 

is readily oxidized, oxide layers may be formed on the silicide surface in 

the presence of oxygen. This is confirmed by the results given in 

Fig. 5.29. An analysis of the binding energies of Si 2p-electrons and 

their correlation with the data given in [104] enable one to conclude that 

oxide (or even silicate) layers are being formed at the film surface. 

Presence of the above interlayers at the grain boundaries results in 

reduction of Si atoms supply to the reaction area. This, on the one hand, 

hinders the silicide film growth; on the other hand, this increases its 

thermal stability. 
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Second, all the polycrystalline silicide films formed under the 

above-mentioned technological conditions demonstrate rather low 

intrinsic stresses (due to their partial relaxation) [88]. And at last, the 

Pd2Si–Si interface is characterized by lower free energy value in 

comparison with Si mono- and disilicides. The reason is that the Pd2Si 

crystal lattice coherently matches the Si lattice [91]. 

We have performed computer simulation of the charge carrier 

transport in Pd–n+-Si contacts. The total current through the contact was 

calculated as a sum of two components: thermionic one 
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Here ϕВ is the SB height with allowance made for its decrease due 

to image force of an adjacent (metal or insulator) region; A* is the 

effective Richardson constant for electrons leaving silicon in the [111] 

direction; ε is the tunneling electron energy; ξ is the excess of the 

emitted electron energy over the potential barrier in the semiconductor 

SCR; VB is band bending in the near-contact SCR; fs (fm) is the electron 

distribution fraction in the silicon (metal) conduction band; k is 

Boltzmann constant; Dd and Db are the quantum penetration probabilities 

for the potential barriers of an insulating layer (IL) and SB, respectively. 

Thеу were calculated numerically using the following expression: 
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In Eq. (5.30) we took into account the changes in the height and 

form of bоth (Schottky and IL) barriers due to the image force of the 

adjacent regions. A and B are the tunneling electron turning points for 

every value of its energy ε; q (m*) is the electron charge (effective mass) 

for the [111] direction in silicon (the electron mass in IL was taken equal 

to m*); ħ is the reduced Planck's constant; qϕ(x) is the potential bаrrіеr 

height at point x. The SB and electric field in SCR were calculated by 

solving numerically a set of two differential equations. The first of them 

was derived analytically after single integration of the 1D Poisson's 

equation for Fermi distribution of electrons in the heavily doped 

semiconductor substrate: 
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The second one is the equation for the electric field F in SCR: 

dx
dF ϕ

−= .                                             (5.32) 

Here ϕ is the electrostatic potential; ni and n0 are the intrinsic 

charge carrier concentration and conduction electron concentration in 

silicon outside SCR; µ is the Fermi energy for conduction electrons in 

silicon; εg is the silicon band gap value; β = q/kT; Nc (Nн) is the effective 

density of states in the conduction (valence) band; Ld is Debye length for 

intrinsic charge carriers in silicon. 

The calculated and measured I–V curves of ohmic Pd2Si–n+-Si 

contacts are shown in Fig. 5.31 [110]. Curve 1 was calculated for silicon 

doping level of 1020 cm-3; the experimental I–V curve was taken for the 
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sample with silicon doped up to the level of 1019 cm-3. One can see that 

bоth curves are in good agreement. This may оссur only in the case of a 

thin Pd2Si layer (with silicon content of about 1020 cm-3) in the near-

surface region. For comparison purposes we give also the I–V curve 

calculated for a contact with a thin (0.5 nm) SiO2 lауеr in the case of 

silicon doping level of 1020 cm-3 (curve 3). One can see that presence of 

even such a thin (0.5 nm) interlayer in the contact substantially impairs 

its ohmic properties. RTA of Pd2Si−Si contacts in a hydrogen 

atmosphere for 60 s at T = 400 and 600 oC did not lead to considerable 

variations of the eхperimental I–V curves from the calculated ones. This 

evidences high heat tolerance of the Pd2Si-based contacts. 

The formed silicide layers may be used as heat-tolerant barrier or 

ohmic contacts. One can use silicide as an ohmic contact to heavily 

doped Si, whatever its type. Such a feature of silicides seems to be 

related to changes in their electronic structure when varying 

composition. 

5.3. THERMAL RESISTANCE AND FACTORS THAT 

DETERMINE IT 

Reduction of thermal resistance RT of IMPATT diodes is one of the 

crucial design and technological problems when developing efficient 

and reliable devices because RT value determines the operating 

temperature of p-n junction. And the operating temperature is the main 

factor that determines reliability of IMPATT diodes. 
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Fig. 5.31. Calculated (curve 1) and 
experimental (curve 2) I–V 
curves for the ohmic Pd2Si–
n+-Si contacts; curve 3 - 
same as curve 1 but for the 
case of a thin Pd2Si layer. 

The maximum permissible temperature of a p-n junction is [43, 

111] 

packinmax TRPT Tnp +=− ,                                          (5.33) 

where inP  is the diode power input and Тpack is the diode package 

temperature. One can increase the maximum permissible overheat 

packmax TTT np −=∆ −  of the p-n junction (and consequently the value of 

dissipated input power) by cooling the diode package and decreasing RT. 

To illustrate, by cooling the diode package down to the liquid nitrogen 

temperature (−196 °С), it is possible to almost twice the dissipated 

power for silicon diode [112]. The authors of [112] did manage to 

increase in this way the output power of silicon IMPATT diodes on a 

diamond heat sink in the 70−80 GHz frequency range up to 1014 mW, 

as compared to 726 mW at room temperature. 

The investigations showed that time between failures tTBF 

decreases exponentially with temperature of the p-n junction. To predict 

tTBF for silicon IMPATT diodes as function of the p-n junction 

temperature Tp-n, one may use the following expression [111, 113]: 

40
10lg npT

t −−= .                                     (5.34) 
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Thus, each 40 °С increase of the p-n junction temperature decrease 

the diode service life by an order of magnitude. 

There are various ways for reduction of diode thermal resistance, 

namely, use of back assembly and planar thermocompression, increase 

of diode active area, increase of coefficient of thermal conductivity of 

heat sink, optimization of mesa design. 

Such materials as copper, silver and gold are widely used for heat 

sinks in silicon IMPATT diodes [43, 70, 111, 114-117]. The drawback 

of the multilayer metal heat sinks is that metal atoms may diffuse 

through the contact metallization and form alloys of lower thermal 

conductivity. The devices with multilayer Cu or Ag-based heat sinks 

demonstrate increase of thermal resistance at thermal training [118]. For 

the devices with an Au heat sink subjected to thermal training (Т = 260 

°С) for 3000 h, the thermal resistance practically does not grow. An 

increase of thermal training temperature up to 300 °С results in 

considerable increase of RT [115]. The results ensured by the rhodium 

antidiffusion layers in the Cu-based heat sinks are approximately the 

same as those obtained for devices with the gold heat sinks [114]. 

The thermal characteristics of IMPATT diodes and their 

microwave power output can be improved essentially by using diamond 

heat sinks [112, 118-121]. Thermal conductivity of various diamond 

types (that differ in nitrogen content) is by two to five times bigger than 

that of copper at Т =300 К (by 2.5÷3.3 times bigger at Т = 600 К) - see 

Table 5.9 and Fig. 5.32. One should note that, as can be seen from 

Fig. 5.32, even high-quality synthetic diamonds have considerably lower 

thermal conductivity λ in the 300−500 К temperature range than the 
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natural diamonds of IIа-type. At rather high temperatures (550−650 К), 

the λ values for diamonds of two types are close [122-124]. Therefore, 

the specialists prefer natural diamonds whose thermal conductivity at the 

IMPATT diode operating temperature of ~ 525 К is by more than 2.5 

times over that of copper. A comparison of thermal impedances in 

structures with different heat sinks is presented in Fig. 5.33. 

Wider possibilities for reduction of thermal resistance are opened 

up with changing the p-n junction design [70, 72, 125-127]. It is aimed 

at formation of p-n junctions with developed periphery, for instance, 

ring-like, rectangular, prolonged and multiplanar arrays, several 

connected in series ring-like p-n junctions of small size whose total area 

is equal to that of a single-mesa diode. 

The authors of [126] reduced RT value of TRAPATT diodes owing 

to a cross-shaped strip upper electrode with high perimeter-to-area ratio. 

Thermal resistance of such a diode is 

⎟
⎠
⎞

⎜
⎝
⎛ +=

L
WLsh

W
LWsh

WL
RT πλ

1 .                                  (5.35) 

Here λ is thermal conductivity of the heat sink and W (L) is the 

diode width (length). For WL  = 3.2×10-3 cm2 and shape factor L/W = 16, 

W
deg43.2=TR . 

Fig. 5.32. High-temperature thermal 
conductivity of single crystals 
of IIa-type natural diamonds 
(●) and synthetic diamonds (○) 
[122]; − − − - the data for IIa-
type diamonds [123]. 
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Fig. 5.33. Thermal impedance of 
different semiconductor 
structures on a diamond or 
copper heat sink as function of 
pulse duration [  ]: 1 - Schottky 
barrier/diamond; 2 - reverse 
chip/diamond; 3, 4 - Schottky 
barrier/copper; 5, 6 - reverse 
chip/copper; 7 - forward 
planar/copper; 8 - forward 
mesa/copper.  

In [127], the thermal resistance of a strip-like structure of 

microwave diode on a semi-infinite heat sink was considered. It was 

determined as 

2ln
h
S

S
hRT λπ

= ,                                    (5.36) 

where h is the strip width and S is the diode area. Such designs of 

IMPATT diodes, as well as IMPATT diodes with a developed periphery, 

were considered in detail by Shukhostanov in his monograph [70]. 

When analyzing the technological possibilities for RT reduction in the 

planar IMPATT diodes (in particular, with allowance for the experience 

gained by the Production Association “Elkor” and other Russian plants 

of electronic manufacturing industry), the author of [70] notes that RT of 

planar IMPATT diodes is determined by the semiconductor thermal 

conductivity. To obtain in such IMPATT diodes the RT values 

comparable with those in diodes made on Cu, Au or Ag heat sinks of the 

same area, one should minimize the strip width. 

Table 5.9. The coefficients of thermal conductivity [W⋅cm-1⋅K-1] of Si and 
materials used for heat sinks in microwave diodes [59]. 
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Temperature, K Material 

80 200 300 400 600 

Si 13.4 2.6 1.5 0.99 0.62 

Rh 2.4 1.54 1.5 1.46 1.36 

Au 3.32 3.23 3.17 3.11 2.98 

Cu 5.6 4.13 4.01 3.93 3.79 

Ag 4.7 4.3 4.29 4.25 4.12 

Diamond І 35 14 9 6.5  

Diamond ІІ a 117 40 23 15 7.5 

Diamond ІІ b 66 23 13.5 9.3  

5.4. OTHER FACTORS THAT DETERMINE 

DEGRADATION EFFECTS IN MICROWAVE DIODES 

The following factors that determine degradation processes in 

microwave diodes are most often mentioned (along with those 

considered above) [128-130]: 

• semiconductor surface condition; 

• presence of cracks in the oxide layer; 

• low-frequency oscillations that appear in the microwave circuits with 

IMPATT diodes; 

• presence of metal at the diode side surface; 

• deviation of mesa form from the rated one; 
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• imperfections of assembling of microwave diode chips on the chip 

carriers and in the package. 

Big advances have been achieved in technology of silicon surface 

processing and preparation of high-quality SiO2 layers on Si. However, 

accumulation of electric charge at the Si surface adjacent to the Si−SiO2 

interface still remains the most commonly encountered failure 

mechanism related to surface [131-133]. It is owing to migration of 

uncontrolled impurity ions in the oxide at relatively high operating 

temperatures of IMPATT diodes and strong electric fields, as well as to 

surface structure defects. In this case, conductivity reverses its sign, the 

electric field in the p-n junction near the surface is distorted, and channel 

conduction appears. All these factors strongly affect the diode 

characteristics and may limit its permissible operating temperature. 

Therefore, to stabilize the Si surface, the p-n junctions are protected 

against environmental action by using (along with oxidized and nitride 

silicon layers) lacquer, enamels, and various compounds [133-136]. 

The low-frequency oscillations that occur in some cases at 

operation of IMPATT diodes in microwave circuits lead to catastrophic 

failures as a rule. The most studied are parametric and relaxation 

oscillations. Suppression of them is made in each specific case with 

allowance for the features of the active element and the circuit where it 

is used. 

The factors that are related to the assembling operations and lead 

degradation of the IMPATT diode parameters involve, in particular: 

• connections having voids and unstable metallurgical phases; 

• leakage in package. 
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Appendix 5.1. Thermal expansion coefficients α [10-6 deg-1] and work functions 

[eV] at T = 300 K of some silicides, borides, nitrides and carbides of 

refractory metals applied in microelectronics. 

Materials α ϕ Temperature 
range, °C 

Formation  
temperature, 

°C 

Referen
ces 

MoSi2 5.1 3.87–4.73 20−1450 525 [a] [b] 
MoSi2 8.25  20−1070  [с] 
Mo5Si3 4.3  20−270  [с] 
Mo5Si3 6.7  270−1070  [с] 
Mo3Si 6.5  170−1070  [с] 
Mo3Si 3.4  20−170  [с] 
MoSi 16.3  20−750  [b] 
WSi2 6.25 4.9–4.62 27−427 650 [a] [b] 
WSi2 7.90  420−1070  [d] 
Ti5Si3 11.0 3.73 170−1070  [с] 
TiSi 8.8 3.99 20−370  [с] 
TiSi 10.4  370−1070 500 [a] [d] 
TiSi2 12.5 3.95–4.1 200−1200 600 [a] [с] 
Zr2Si ~7  200−1000  [d] 
Zr5Si3 ~7.2  200−1000  [d] 
Zr3Si2 ~9  200−1000  [d] 
Zr5Si4 ~10  200−1000  [d] 
ZrSi ~8  200−1000  [d] 
ZrSi2 ~8.3 3.8–4.57 200−1000 700 [a] [d] 
Cr3Si 10.5 2.54 20−1070  [с] 
Cr5Si3 16 4.06 20−170  [с] 
Cr5Si3 10.6  170−720  [с] 
Cr5Si3 14.2  720−1070  [с] 
CrSi 11.3 3.47 20−770  [с] 
CrSi2  3.73  450 [a] 
Ni5Si2    400 [a] 
Ni3Si 9  20−370 450 [a] [d] 
Ni3Si 11.5  370−770  [d] 
Ni3Si 14.85 4.72–4.84 770−1070  [d] 
NiSi  4.7*  350-750 [a] 
Ni2Si 16.5  20−870 200-350 [a] [b] 
Ni2Si 19  870−1070  [d] 
NiSi2    750 [a] 
Pd2Si  5.1*  100-300 [a] 
PdSi    800 [a] 
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Pd4Si    400 [a] 
Pt2Si 200÷500 [a] 
Pt3Si 400 [a] 
PtSi 

 5.17 
 

5.12* 

 

300;  225 [a] 
TaSi2 8.85 3.9–4.71 27−1000 650 [a]; 

600 [a] 
 

[b] 
Ta5Si3 5.5  20−1000 along the a-

axis 
[c] 

Ta5Si3 8  20−1000 along the c-
axis 

[c] 

NbSi2 8.4 4.17–4.19 20−370 525;  650 [a] [d] 
LaSi2 7.8±0.15  20−475  [d] 
La2Si3 8.7  27−1100  [b] 
LaSi 8.3±0.16  20−520  [d] 
La5Si3 8.8±0.17  20−320  [d] 
La5Si3 11±0.22  320−900  [d] 
TiB2 5.5  17−400  [b] 
TiB2 4.6 3.8–3.95 −253−727  [b] 
TiB2 5.2  727−1727  [b] 
ZrB2 5.9 3.6–4.48 300−1073  [b] 
ZrB2 6.5  727−1727  [b] 
LaB6 6.4  27  [b] 
LaB6 6.4±0.5 2.66–2.9 20−800  [d] 
WB4 5.8  300  [b] 
W2B5 7.8 3.79 27−1027  [d] 
W2B 6.7  27  [b] 
TaB2 8.2 2.8–4.4 −253−727  [b] 
NbB2 8.5  −253−727  [b] 
NbB2 8 3.65–4.03 −253−727  [b] 
Mo2B5 8.6 3.7 27−1027  [d] 
Cr2B 14.2 2.46 27−1027  [d] 
Cr5B3 13.7 2.72 27−1027  [d] 
CrB 12.3 3.02 −253−727  [b] 
Cr3B4 11.8 3.12 27−1027  [d] 
CrB2 10.5 3.18–3.36 27−1027  [d] 
TaN 3.6 4.0–4.2 27−700  [b] 
Ta2N 5.2  27−1000  [b] 
TiN 4.7  27  [b] 
TiN 9.35 2.92–3.75 27−1100  [b] 
ZrN 7.24 2.92–3.9 27−1100  [b] 
NbN 10.1 3.92 20−1000  [d] 
Nb2N 3.26  20−1100  [d] 
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Mo2N 6.2  20−1100  [d] 
Cr2N 9.41  20−1100  [d] 
CrN 2.3  20−800  [d] 
Au−Si 
eutectic  
alloy (6% Si)

10.1    [c] 

TiC 6.2 
6.8 
7.3 

2.35–4.12 −173 
−73 
27 

 [b] 
[b] 
[b] 

ZrC 5.1 
5.8 
6.1 
6.8 

2.18 −173 
−73 
27 

27−600 

 [b] 
[b] 
[b] 
[b] 

NbC 6.25 2.23–4.1 27−500  [b] 
Cr7C3 9.4  20−1100  [d] 
Cr3C2 11.7  20−1000  [b] 
MoC 7.8 3.8 12−190  [b] 
MoC 6.15  27−800  [b] 
La2C3 14.6±0.3  100−900  [d] 
LaC2 8.4  20−1000  [d] 
NiCr 13  20  [e] 
WC 3.84 2.6–4.42 27−400  [b] 
WC 4.87 3.6 −253−727  [b] 

a - A.E. Gershinsky, A.V. Rzhanov, E.I. Cherepov. Thin-film 

silicides in microelectronics. Microelectronics 11(2), 83-94, 1982. 

b - Physical Quantities: A Handbook. Eds I.S. Grigor’ev, 

E.Z. Meilikhov. Energoatomizdat, Moscow, 1991. 

c - G.V. Samsonov, L.A. Dvorina, B.M. Rud’. Silicides. 

Metallurgiya, Moscow, 1979. 

d - G.V. Samsonov, I.M. Vinitsky. Refractory Compounds: A 

Handbook. Metallurgiya, Moscow, 1970. 

e - L.N. Larikov, Yu.F. Yurchenko. Thermal Properties of Metals 

and Alloys: A Handbook. Naukova Dumka, Kiev, 1985. 
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Appendix 5.2. Thermal expansion coefficients α [10-6deg-1] of Si, GaAs, InP, 

diamond and some metals applied in microelectronics [59]. 

Temperature, K Materials 
300 400 500 600 800 1000 

Si 2.54×10-6 3.05×1
0-6 

3.39 3.68 4.19 4.65 

GaAs (5.82−6) 6.23 6.98 7.4   
 ×10-6 6.86 (in the 211−473 К temperature range) [f] 
InP (4.3−4.74) 

×10-6 [f] 
4.5  4.9 5.9  

Ti  8.3 8.82 9.34 9.86 10.96 12.08 
Zr(α||) 7.36 8.2 9.07 9.97 11.84 14.87 
Pt 8.99 9.24 9.46 9.70 10.2  
Nb 7.1 7.3 7.5 7.7 8.09  
Cr 5 8.3 8.7 9.1 9.9 10.7 
Diamond 1.0 1.8 2.53 3.09 3.83 4.32 
Au 14 14.5 15 15.5 16.5 17.7 
Cu 16.7 17.3 17.9 18.6 20.1 21.8 
Pd 11.75 12.48 13.2 13.9 15.3  
La 5 5.7 6.8 - 10.3 12.1 
Ni 13 13.7 14.9 16.9 16.7 18.2 
Mo 5.27 5.45 5.63 5.82 6.2  
W 4.6 4.6 4.6 4.7 4.8 4.9 
Ag 18.9 19.5 20.2 21 23.1 25.6 
Ta 6.6 6.72 6.84 6.94 7.12 7.32 

 

f - S.S. Strel’chenko, V.V. Lebedev. III−V Compounds: A 

Handbook. Metallurgiya, Moscow, 1984. 
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Chapter 6. LOW-TEMPERATURE AND NON-

THERMAL PROCESSES OF GETTERING 

IN THE TECHNOLOGY OF 

SEMICONDUCTOR (IN PARTICULAR, 

Si MICROWAVE) ELECTRONICS 

Gettering is purification of bulk and near-surface layers of a 

semiconductor material or device structure. It is widely used in materials 

technology as well as technology of semiconductor devices and 

integrated circuits (ICs). A wealth of experience in application of 

gettering processes has been gained in the silicon technologies. We 

would like to note that those engaged in the technology of 

semiconductor materials and devices usually understand by gettering the 

process of trapping and retention of quickly diffusing impurities or 

structural defects, thus promoting limitation (or elimination) of their 

electrical activity. (Of course, the above definition is not exhaustive.) 

It has been believed a priori that gettering is a thermoactivated 

process. The travel (mass transfer) of defects in Si considerably depends 

on temperature. That is why practically all the initial experiments and 

technological procedures based on them involved (were related) various 
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thermal treatments. That experience is generalized in numerous patents 

on thermal gettering as well as in the reviews and monographs of the 

leading experts from practically all world-known manufacturers of 

silicon and Si discrete devices and integrated circuits (ICs) [1-66]. 

Availability of a great number of experimental data as well as 

results of gettering application in production processes made it possible 

to classify the techniques and mechanisms of gettering (see Tables 6.1 

and 6.2, respectively [5]).  

Most of the gettering techniques use the empirical approach. Such 

an approach made it possible to determine highly reproducible 

technological modes to control the properties of semiconductor materials 

and device structures. In recent years, a number of research and 

industrial laboratories were engaged in intense development of both 

theory and physical models of gettering processes based on the rich 

experience gained. The problems of gettering are discussed at the 

periodical specialized International Conferences “Gettering and Defect 

Engineering in Semiconductor Technology” (GADEST) [see, e.g., 67]. 

Some new developments that have attracted attention of experts are 

to be mentioned. These are the works on the features of gettering of 

impurities in oxygen-bearing silicon. They were generalized in [11, 12, 

65] (and used at the Research & Production Association “Integral”, 

Minsk, Belarus to reduce the density of stacking faults at the surface of 

silicon wafers) as well as proposed in [64] (and used at the SA “Plant 

Kristall”, Taganrog, Russia for preparation of single-crystalline silicon 

substrates). An original mathematical model for gettering process in 

polycrystalline silicon−porous silicon−metal film structure was proposed 



 238

in [63]. One may note (omitting the features of thermal gettering) that 

the techniques used so far involve 

Table 6.1. Classification of gettering techniques [5]. 
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Table 6.2. Mechanisms of gettering [5]. 

    MECHANISMS OF 
GETTERING 

    

              

              

Interaction 
of point 
defects 
with 
elastic 
stresses 
field 

 Electric 
interaction 
between 
point defects 

 Absorption of 
point 
impurities by 
a liquid or 
liquid-type 
phase 

 Release of 
intrinsic and 
impurity 
defects in a 
vacuum or gas 
phase 

 Adsorption 
of defects on 
a developed 
solid surface 

 

• thermal treatment in various gases (in particular with addition of 

chlorinated substances); 

• melts on the silicon wafer surfaces; 

• silicate glasses of different types; 

• heavily doped silicon diffusion layers of р+- and n+-types; 

• gettering with mechanical damages; 

• gettering with radiation damages of ion-implantation doped silicon 

layers; 

• gettering with usage of internal drains for defects. 

The above types of gettering involve necessarily high-temperature 

(~700÷1350 °С) thermal annealing of the samples (initial silicon wafers 

or device structures). The thermal gettering techniques serve to improve 

considerably the device structure quality. However, it is rather difficult 

to apply them in the technology of microwave devices (especially mm-

wave ones) whose working layers may be ~≤100 nm thick. In addition, 

those gettering techniques cannot be used after contact formation. That 

is why low-temperature and non-thermal ways of gettering of various 
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impurities and defects (e.g., by applying ionizing radiation, microwave 

radiation or ultrasound) are of big importance in practice. Let us 

consider some of such techniques. 

6.1. APPLICATION OF RADIATION GETTERING FOR 

IMPROVEMENT OF PARAMETERS OF 

SEMICONDUCTOR DEVICES 

The semiconductor materials of which a device structure is made 

are characterized by considerable structural imperfection. Some 

structural defects were present in the starting material, while other ones 

were introduced in the course of technological procedures. In this case, 

the point defects and their complexes, as well as dislocations and 

stacking faults, appear. In addition, uncontrolled impurities diffuse from 

the surface and out of the substrate. 

Presence of various defects modifies the electrical parameters of 

devices. The defects serve as trapping and scattering centers; they 

reduce the concentration and mobility of the charge carriers. They also 

serve as generation-recombination centers that decrease the lifetime of 

the minority charge carriers, thus increasing the reverse current through 

the p-n junctions. The defects also lead to the “soft” breakdown of p-n 

junctions due to nonuniform distribution of electric field in p-n junctions 

etc. 

To reduce the influence of the above factors, various methods of 

chemical and physical gettering are applied in the semiconductor 

technology for removal of impurities and defects from the active areas 
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of devices [1-7]. Many such methods are rather efficient. However, all 

of them have the following disadvantage: they generally use high-

temperature treatments. Therefore, such methods can be applied at the 

stage of p-n junction fabrication only, and the end products contain all 

the defects that are introduced in the course of the further procedures: 

contact deposition, thermal compression etc. 

That is why the gettering techniques are required which could be 

applied at different stages of device production, in particular, for the end 

product. Such are the methods of radiation gettering. They are based on 

the radiation-induced effects and use high mobility of the radiation 

defects. 

Different models were advanced in the works on radiation 

gettering for processes occurring in the course of gettering (as it has 

been done in the earlier works on thermal gettering). Each of those 

models seems to realize under certain conditions. For instance, a model 

based on assumption about reconstruction of the impurity and structural 

defects (i.e., “intrinsic” gettering) was developed in [68]. A model of 

radiation-induced structural-impurity ordering at the interfaces of the 

heterosystems based on the III−V materials was developed in [69-73]. 

One more model that assumed predominance of gettering through the 

outward drains (surface and interfaces) was advanced in [74]. Such 

processes are to be pronounced most efficiently in the devices with well-

developed surface. 

At least two main conditions have to be fulfilled for realization of 

gettering: (i) to make efficient drains for defects, and (ii) to make the 

defects mobile. The above conditions are well satisfied at radiation 
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gettering in the semiconductor structures with thin epitaxial layers. This 

is caused by the following reasons: 

• closely spaced interfaces in the n-n+, p-p+, p-n junctions and SBs 

serve as efficient drains for defects [75-77]; 

• the activation energy for defects motion in the near-surface layers is 

below that in the bulk [78]; 

• radiation produces high concentration of non-equilibrium vacancies 

that increase probability of motion of both impurity and structural 

defects; 

• intense ionization occurs at radiation action; as a result, the charge 

state of defects, as well as their mobility, may change; 

• reconstruction of the impurity and structural defects that existed 

before irradiation and served as traps generation-recombination 

centers may occur in the semiconductor material bulk because of their 

interaction with the movable radiation defects; as a result, the 

efficiency of charge carriers trapping or recombination on them may 

change. 

All the above factors make physical basis for application of the 

radiation gettering techniques to semiconductor structures. However, 

along with positive radiation effects that are caused by irradiation and 

are used for gettering, there is also a negative aspect. This is production 

of stable radiation defects in the irradiated semiconductor material that 

are not annealed in the course of irradiation. Being accumulated, such 

radiation defects impair the device parameters by removing charge 

carriers from the device active area and reducing the lifetime of minority 

charge carriers. 
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The optimal irradiation dose used for radiation gettering is 

determined by competition between the above two processes – gettering 

and accumulation of radiation defects. When going from an epitaxial 

structure to bulky material, the latter process (defect accumulation) 

becomes predominant because the efficient defect sinks (surfaces and 

interfaces) move away from the region to be cleaned. Thus, one can 

conclude that application of radiation gettering is most efficient for the 

devices with well-developed surface. In this case, the above-mentioned 

effects that favor gettering take place. 

It will be shown below that efficiency of radiation gettering can be 

enhanced considerably (concurrently with reduction of irradiation doses) 

by application of such methods that combine radiation action with other 

ones, e.g., further heat treatment or concurrent action of strong electric 

field [79-81]. 

6.1.1. Radiation gettering 

Let us consider increase of lifetime of minority charge carriers in 

silicon p+-n-n+-structures and SBs subjected to 60Со γ-irradiation 

(Fig. 6.1) [82] as an example of action of radiation gettering. The hole 

lifetime τр increases for diodes of both types: by more than an order of 

magnitude for the p-n junctions and by a factor of several times for 

SBDs. After irradiation with a dose of 106 Gy, the τр value decreases 

owing to accumulation of radiation defects. In the above cases, the 

devices with thin epitaxial layers were used. 
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Fig. 6.1. The minority charge carrier 
lifetime vs 60Co γ-irradiation dose 
curves for silicon p+-n-n+ diode (1) and 
Cr-n-n+-Si SB (2) [82]. 

 

Fig. 6.2. The reverse current vs 
temperature curves for silicon p+-n-n+ 
diodes (1, 2, 3) and Cr-n-n+-Si SB (1′, 
2′, 3′): 1, 1′ - initial curves; 2, 2′ (3, 3′) – 
after 60Co γ-irradiation with dose of 105 
(106) Gy [82]. 

Shown in Fig. 6.2 are the reverse current Іr vs temperature curves 

for the initial samples with a p-n junction (curve 1) and SBDs (curve 1′) 

as well as for those after γ-irradiation with doses of 105 and 106 Gy 

(curves 2, 3 for the p-n transition and 2′, 3′ for SBDs, respectively). One 

can see that after irradiation, along with Іr decrease, the breaks in the 

Іr(T) curves that were related to the uncontrolled generation-

recombination centers (existing before irradiation) disappear. In this 

case, the reverse current in the irradiated diodes decreases by 1.5–2 

orders of magnitude in the 100–180 °С temperature range. This factor 

makes for their temperature stability. 

It was shown for the small-area silicon microwave diodes that, 

after 60Со γ-irradiation, the generation-recombination current transport 

mechanism gives way to the diffusion one [83]. Let us consider this 

result in more detail. 
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It is known that the generation-recombination mechanism of 

current transport is typical for the silicon diffusion p-n junctions in a 

wide temperature range (involving room temperature). Such a 

mechanism was advanced by Sah−Noyce−Shockley [84]. Later it was 

reaffirmed by other authors, considered in a number of works (see, e.g., 

[85-88]) and practically nobody questioned it until 1980. In 1980−1984, 

Tuchkevich et al. did manage to show that, using (i) special heat 

treatments [89], (ii) p-n junction design that excludes effect of the 

surface [90], and (iii) p-n junctions of the type “polycrystalline 

silicon−single-crystalline silicon [91, 92], it is possible to realize the 

diffusion mechanism of current transport in silicon p-n junctions at room 

temperature. The authors applied nontrivial ways of formation and 

treatment of p-n junctions before the contacts to the device structure 

were formed. 

The silicon diffused p-n junctions made using boron diffusion from 

a vapor phase to the silicon n-n+ epitaxial structure at a temperature of 

1050 °С for 30−45 min. were studied in [83, 93]. The p-n junction depth 

was 0.6 µm. The dopant (boron) concentration in the р+-layer was 1020 

cm-3, while that of phosphorus in the n-layer (n+-substrate) was 3×1016 

cm-3 (1019 cm-3). The thickness of the n-region (n+-region) was 1.5 µm 

(300 µm). The diodes 30 µm in diameter were made with integrated heat 

sink and mounted in the IMPATT diode packages. The packaged diodes 

were exposed to 60Со γ-irradiation in the 103−5×105 Gy dose range. The 

irradiation intensity was 3 Gy/s; the temperature in the irradiation zone 

did not exceed +50 °С. 
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The forward and reverse branches of the diode I−V curves were 

measured in the 300−370 K temperature range, both before and after 
60Со γ-irradiation in the 103−5×105 Gy dose range. Irradiation of the 

samples in the 103−105 Gy dose range practically did not change their 

I−V curves. For the initial (before γ-irradiation) sample, the ideality 

factor in the forward branch of the I−V curve is 1.68; there exists an 

excess leakage current at the initial portion of the I−V curve. After 60Со 

γ-irradiation up to the dose of 105 Gy, the ideality factor goes down to 

1.5, while after irradiation with the dose of 5×105 Gy, it becomes 1.17. 

In this case, the leakage currents practically “disappear”, and the 

saturation current decreases by two orders of magnitude as compared 

with that in the initial sample. The decrease of ideality factor down to 

1.17 indicates practical absence of the recombination component of the 

forward current. 

The reverse branch of the I−V curve of the initial diode has two 

portions, namely, the thermal-generation and avalanche ones. As the 

irradiation dose increases from 105 up to 5×105 Gy, the reverse current 

decreases, and the length of the I−V curve portion where the reverse 

current does not depend on voltage increases. The current vs 

temperature curve at this portion has a slope with activation energy of 

~1.1 eV. This indicates predominance of the diffusion current over the 

thermal-generation one. It should be noted that the temperature 

dependence of the reverse current for the initial sample has two sections, 

namely, a diffusion one at high temperatures and generation-

recombination sections in the 300−370 K temperature range. The length 

of the latter section decreases at irradiation up to 105 Gy. At further 
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increase of irradiation dose up to 5×105 Gy, the temperature dependence 

of the reverse current is determined predominantly by diffusion 

mechanism of current transport. 

The radiation gettering makes it possible to increase considerably 

the thermal breakdown temperature for silicon pin diodes that are widely 

used for switching high levels of microwave power. In the course of 

operation, the diodes are heated; as a result, thermal breakdown of a pin 

diode may occur. In the commercial silicon pin diodes, the thermal 

breakdown temperature is reduced owing to nonuniformity of the 

resistivity distribution over the junction plane. This leads to formation of 

MP current filaments and, as a result, nonuniform heating of the device. 
60Со γ-irradiation of silicon pin diodes with doses of 5×106−107 Gy 

made it possible to increase the thermal breakdown temperature by more 

than 100 °С [94]. It was shown in [95, 96] that irradiation of silicon and 

gallium arsenide epitaxial structures with 60Со γ-photons or electrons 

whose energy is up to 4 MeV enables one to exert purposeful control 

over relaxation of intrinsic stresses in those structures. 

The radiation gettering technique has been profitably employed 

also for reduction of excess noises in the gallium arsenide microwave 

SBDs. The reason for excess noises in such diodes lies, as a rule, in the 

structural and other imperfections at the metal−semiconductor interface 

that make the ideality factor n to depart from unity. 60Со γ-irradiation of 

such devices makes it possible to reduce both the equivalent noise 

temperature and the ideality factor n [97]. 
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6.1.2. Radiation gettering followed with thermal annealing 

It is possible to increase the efficiency of radiation gettering by 

further application of a low-temperature treatment. The traditional 

thermal gettering techniques are insufficiently efficient owing to high 

activation energy of intrinsic defects motion. When applying radiation 

gettering followed with thermal annealing, an additional factor appears 

(along with the positive action of radiation gettering in the course of 

irradiation). During low-temperature thermal treatment (after irradiation 

has ended), the residual radiation defects become mobile. The activation 

energy of their motion is much lower than the activation energy of 

motion of thermal vacancies. Because of this, thermal gettering occurs 

that is stimulated by the previous irradiation. In addition, some radiation 

defects are annealed (at purely radiation gettering, such defects are 

accumulated in semiconductor material and exert an adverse effect). 

Let us consider a typical example of application of radiation 

gettering followed with thermal annealing to improve the IMPATT 

diode parameters [98]. The important parameter of IMPATT diode that 

determines its properties at high frequencies is differential resistance Rq 

in the avalanche breakdown portion of the I−V curve. The Rq value 

characterizes I−V curve “rigidity” and avalanche breakdown uniformity. 

Another important parameter that determines permissible dissipated 

power is thermal resistance RT. Both parameters should be small, and 

their spread for a batch of devices should be small too. For actual 

diodes, as a rule, these parameters differ from the calculated ones; this is 

the reason for low yield of devices with preset parameters. 
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Fig. 6.3. The dependence of differential resistance in the breakdown region on time 
of thermal gettering at T = 700 °C for Si p+-n-n+ diodes (1, 2) and at T = 500 °C for 
GaAs p+-n-n+ diodes (3, 4): 1, 3 – initial curves; 2, 4 – after 60Co γ-irradiation (dose 
of 3 Gy) followed with thermal annealing at T = 150 °C [98]. 

Shown in Fig. 6.3 are the results of application of radiation 

gettering followed with thermal annealing to the silicon and gallium 

arsenide p+-n-n+-structures (curves 2 and 4, respectively) as compared 

with action of thermal gettering only (curves 1 and 3, respectively). The 

silicon devices were annealed in the air at a temperature of 150 °С after 
60Со γ-irradiation (dose of 104 Gy), while the gallium arsenide structures 

were annealed in the vacuum (pressure of 10-3 Pa) at 150 °С after 60Со γ-

irradiation (dose of 3×103 Gy). One can see that radiation gettering with 

further thermal annealing is more efficient than thermal annealing only 

(One should also take into account that application of thermal annealing 

to SBDs is problematic.) Such a combined technique makes it possible 

to reduce the irradiation doses by about an order of magnitude as 

compared with application of radiation gettering only (the effects 

obtained being the same). 
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Table 6.3 presents the results of comparison of the effect of 

different gettering techniques on the relative variation of thermal 

resistance for microwave diodes with p-n junction and SBDs. 

Table 6.3. Effect of different gettering techniques on thermal resistance RT of 
microwave diodes [98]. 

0TT RR  Diode type 

Thermal treatment Radiation-thermal 
treatment 

Radiation 
treatment 

p+-n-n+-Si 0.70 0.45 0.55 

p+-n-n+-GaAs 0.75 0.50 0.65 

Cr-n-n+-Si - 0.45 0.70 

Cr-n-n+-GaAs - 0.40 0.65 

Here 
0TR  is thermal resistance of the initial diode, TR  is diode 

thermal resistance after application of the corresponding gettering 

technique. 

One can see from Table 6.3 that the radiation-thermal gettering 

technique is most efficient. In practice, a combination of techniques may 

be applied: thermal treatment at the stage of obtaining р-п junction and 

radiation gettering (with or without further thermal annealing) at the 

stage of assembling or for finished products. 

6.1.3. Radiation-field gettering 

It was noted earlier that, to make gettering efficient, it is necessary 

to produce sinks and make the impurities and defects mobile. The solid-

state microwave devices meet the first requirement: the interfaces 
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between phases in the multilayer device structures serve as sinks for 

defects. 

The second requirement can be met by combining radiation action 

with the effect of the strong electric field that appears when a reverse 

voltage is applied to the p-n junction or SB. For mm-wave IMPATT 

diodes, the space-charge region (SCR) thicknesses may be of the order 

of 10-5 cm. Therefore, the electric field may be 105 V/cm at application 

of reverse voltage of several volts. In this case, appreciable impact 

ionization may occur. The energy of “hot” charge carriers produced in 

silicon (bandgap Eg = 1.1 eV) is 1.5−2 Eg [99]. This is sufficient for 

making the defects in silicon mobile at inelastic scattering and 

recombination of electrons on them. The probability of recombination 

on the deep-level impurities is higher; therefore, SCR is cleared of just 

such impurities. 

Figure 6.4 demonstrates a comparison between the effects of the 

radiation-field and radiation gettering techniques on the differential 

resistance in the breakdown region for silicon IMPATT diodes [100]. 

One can see that the combined effect of 60Со γ-irradiation and electric 

field is more efficient than that of γ-irradiation only (without electric 

field). Similar results were obtained at irradiation of silicon IMPATT 

diodes with 0.1−4.5 MeV electrons (doses of 1012÷1015 cm-2), with 

concurrent application to the diode of reverse voltage that creates 

electric field with strength of ~1÷2×105 V/cm [100]. In this case (as at 
60Со γ-irradiation in the electric field with strength of ~105 V/cm), the 

reverse currents decrease substantially, and concurrently the avalanche 

breakdown uniformity is improved. 
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Fig. 6.4. The dependence of 
differential resistance of 
silicon IMPATT diodes in 
the breakdown region on 
60Co γ-irradiation dose with 
(1) and without electric field 
(2) [100]. 

6.2. SOME OTHER GETTERING TECHNIQUES 

6.2.1. Field gettering 

As it was shown above, the purely field gettering technique could 

be applied to those devices in which it is possible to produce a strong 

electric field and internal “irradiation” with the intrinsic “hot” charge 

carriers. These are the devices operating in the reverse branch of I−V 

curve, such as IMPATT diodes, avalanche photodiodes, avalanche-

injection diodes etc. 

 

Fig. 6.5. The reverse branches of 
I−V curves for silicon 
IMPATT diode: 1 – initial 
curve; 2, 3, 4 – after action 
of avalanche current of 20, 
40 and 80 mA, respectively, 
for 10 min. [102]. 

Shown in Fig. 6.5 are the reverse branches of a silicon IMPATT 

diode. Curve 1 is the initial I−V curve, while curves 2, 3 and 4 are those 

after action of the avalanche current 20, 40 and 80 mA, respectively, for 

10 min. The excess currents in the initial IMPATT diodes were of 
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thermal-generation and field nature. One can see that, owing to the 

treatment of IMPATT diode at impact ionization, the reverse currents 

decreased considerably over the whole range of voltages measured 

[102]. 

 

Fig. 6.6. The ( )
2

2

U
UI

∂
∂  curves for 

silicon IMPATT diode 
measured at the same 
treatment modes as in 
Fig. 6.5. [102]. 

Figure 6.6 presents the ( ) 22 / UUI ∂∂  curves (for the diode whose I−V 

curve is shown in Fig. 6.5) measured with the method described in 

[101]. These curves characterize decrease of the number of MPs in the 

IMPATT diode and transition to uniform avalanche breakdown. 

Electrotraining of the GaAs-based IMPATT diodes leads to similar 

results. 

A similar method of treatment of reverse-biased silicon avalanche 

photodiodes at avalanche currents of 2÷10 mA for 30÷35 min. was 

proposed in [103]. In this case, not only the dark current of avalanche 

photodiode decreases but the device stability increases and slow 

variation of reverse current disappears. 

One of the field gettering mechanisms was considered in [104], 

with GaAs microwave diodes serving as example. Improvement of their 

parameters was because of treatment of diodes (in particular, the 

packaged ones) at reverse bias for 10÷30 min. at room temperature. The 

diode area was ~10-4 cm2, and the avalanche currents were 40÷100 mA. 
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It was noted earlier that such a treatment leads to inelastic scattering and 

recombination of the electrons in the avalanche. In the case of GaAs, the 

energy of the “hot” electrons (that is about 1.5 Еg in a direct-gap 

semiconductor) is ~2.5 eV. This value exceeds the critical energy of 

dislocation double kink that is ~1.4 eV in GaAs. Therefore, the 

dislocations jump over the barriers and become capable of moving in the 

field of uncompensated intrinsic stresses. 

The x-ray studies showed that, because of such “irradiation” with 

the intrinsic “hot” electrons, the dislocations that are inclined to the 

boundaries between phases and penetrate the diode active area are taken 

to the side surfaces of the device. Such a process is made easier because 

of large specific surface area of microwave diodes. The regions with 

misfit dislocations that appear at the interfaces compensate for intrinsic 

stresses. 

Thus, to minimize the leakage currents and improve the avalanche 

breakdown uniformity in an initial GaAs-based microwave diode with 

excess reverse current, one should perform the diode treatment for some 

time in the impact ionization mode, with “hot” electron energies 

exceeding that at which double kinks on dislocations appear. 

The treatment modes (time and avalanche current values) given in 

[104] are determined by the following factors: 

1. The energy of electrons accelerated in the avalanche 

multiplication region should exceed the energy of dislocation double 

kink. For diodes with active area of ~10-4 cm2, the current of 40÷100 

mA corresponds to developed avalanche breakdown. In this case, a 

considerable number of electrons are accelerated up to the energy of 
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1.5 Еg that is sufficient for nucleation of dislocation double kinks. At 

lower currents, the avalanche multiplication mode ceases, the electron 

distribution function shifts towards lower energies, and the treatment 

becomes inefficient. Usage of high currents (at the active area of ~10-4 

cm2 considered here) is impossible because of diode overheating with 

current. 

2. The time value that was found experimentally is determined by 

the fact that, at the currents of 80÷100 mA, the electric charge that 

traverses the device (diode) section per second is 0.08−0.1 C. This 

corresponds to the electron flow N = 6.24×1018 × 0.08 = 5×1017 

electron/s. The diodes studied in [104] were made of the initial single-

crystalline GaAs with dislocation density ND ≈ 105 cm-2. In this case, the 

relative total cross section of dislocations traversing a device of unit area 

is S ≈ ND⋅a2 ≈ 105×3×10-15 ≈ 3×10-10 cm2 (here а =  5.65×10-8 cm is the 

GaAs lattice constant). Therefore, only N′ ≈ NS ≈ 5×1017×3×10-10 ≈ 

1.5×108 electrons are scattered on dislocations per second. In the course 

of treatment, the electric fields in the multiplication region are of 

100÷200 kV/cm. In this case, the mean electron energy is 0.5 eV, so 

only electrons from the highest-energy tail of the distribution function 

can take part in excitation of dislocations. The number of such electrons 

is small, about ~10-5 of their total number. Therefore, the number of 

electrons capable of throwing dislocation over the barrier per second is 

N′′ ≈ 10-5N′ ≈ 10-5×1.5×108 ≈ 1.5×103. 

Let the distance l that a dislocation has to go to leave the device 

(with the active area of ~10-4 cm2) be about 3×10-3 cm. This corresponds 
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(with allowance made for stress relaxation at dislocation motion) give 

for time t an order of magnitude bigger value, i.e., ~103 s. This is in 

agreement with the experimental value. 

6.2.2. Thermal-field gettering 

The thermal-field technique was advanced in [105] for defect 

gettering in the packaged silicon double-drift IMPATT diodes. In this 

case, the IMPATT diodes with power output of <60 mW were treated at 

Т = 80 °С for 10−15 h at the avalanche current of (6−7)×103 A/cm2. The 

hot electrons and holes produce ionizing effect on the structural defects 

in the device active area. These defects become mobile through the 

mechanisms of ionization or recombination acceleration of their motion. 

The defect density is reduced owing to either defect absorption with 

dislocations or annihilation at the interfaces between phases. As the 

density of mobile defects decreases, the operating diode area increases, 

the diode thermal resistance goes down and, as a result, the power output 

grows. 

The energy of “hot” electrons and holes in avalanches exceeds the 

critical energy of dislocation double kink in silicon (~1 eV) and makes 

dislocations mobile. Although such an energy of electrons and holes is 

below the threshold energy of defect production in silicon; it is sufficient 

for defect displacement in the narrow active area of the device (e.g., in 
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the multiplication region). An increase of the ambient temperature up to 

80 °С promotes defect motion in a strong electric field. Excess of the 

temperature is undesirable because of appearance of interactions 

between phases in the contacts. Reduction of the temperature down to 

the room temperature slows down considerably the processes of defect 

motion activation. 

 

Fig. 6.7. The IMPATT diode 
power output vs avalanche 
current curves at electrical 
training for 5 h (curve 1) 
and 10 h (curve2) [105]. 

Shown in Fig. 6.7 are the power output vs avalanche current curves 

taken at electrotraining for 5 h (curve 1) and 10 h (curve 2); the ambient 

temperature was 80 °С. One can see that the highest power output value 

is achieved at treatment for 10 h, with avalanche current density of 

6×103 A/cm2. 

Thus, it is possible to increase considerably the power output of 

silicon double-drift IMPATT diodes by applying electrotraining at 

ambient temperature of 80±5 °С for 10−15 h, the avalanche current 

density being (6−7)×103 A/cm2 [105]. 

6.2.3. Gettering at ultrasound treatment 

The gettering effects induced by ultrasound treatment (UST) of 

semiconductor materials and structures were investigated by a number 

of researchers (see, e.g., [106-114]). Let us consider as an example such 
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effects in silicon IMPATT diodes [115]. The essence of the method 

advanced in [115] is as follows. As was stated above, some structural 

defects of technological origin appear in thin base layers in the course of 

fabrication of silicon p-n junctions and SBs. Such defects lead not only 

to increase of leakage currents in the forward and reverse branches of 

I−V curve but also to essentially nonuniform breakdown owing to 

electric field localization at defect clusters (i.e., to development of MP 

breakdown). If elastic vibrations are introduced into such an object (say, 

a wafer with a p-n junction or SB, a packaged IMPATT diode or other 

type of microwave device), then the energy of the acoustic wave is 

effectively absorbed. This leads to structural change of the defects in the 

active area of the device (p-n junction or SBD, 

metal−insulator−semiconductor (MIS) structures). As a result, the 

concentration of structural-impurity defects with deep levels (e.g., Au 

atoms at dislocations) decreases. Judging from the data given in [115], 

defect outcropping and appearance of other effective sinks are 

accompanied with their annihilation or transformation to electrically 

inactive state. This leads to reduction of the leakage currents and 

improves avalanche breakdown uniformity. 

In [115], the silicon IMPATT diodes on the wafer were treated 

with elastic vibrations using the LiNbO3 transducers of longitudinal bulk 

waves. The silicon IMPATT diode parameters were as follows: the 

abrupt diffusion p+-n-n+-structures with active area of 1.7×10-4 cm2, p-n 

junction depth of ~2.5 µm, base n-region thickness of 2 µm, and 

dislocation density in the n-region (before p-n junction formation in it) 

of ~103 cm-2. The sample under investigation was glued to the 
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transducer; the electric oscillations were supplied to the transducer (from 

a high-frequency oscillator) where they were transformed into elastic 

vibrations and were supplied to the sample. The frequency (intensity) of 

elastic vibrations was 14.2 MHz (~7 W/cm2); the time of treatment 

varied from 10 up to 80 min. It turned out that such a treatment reduced 

the leakage currents by two orders of magnitude and improved the 

avalanche breakdown uniformity. 

Similar results were obtained in [116]. The UST of silicon double-

drift IMPATT diodes was performed (at a temperature that did not 

exceed 50 °С) at a frequency of 14 MHz using piezoceramic 

transducers. The authors of [117, 118] observed improvement of the 

parameters of gallium-arsenide SBDs subjected to action of ultrasonic 

vibrations similar to those used in [115]. 

The UST-induced increase of the minority charge carrier lifetime 

in КЭФ silicon with resistivity ρ = 16 Ω⋅cm was noted by the authors of 

[107]. This effect is caused by variation of concentrations of potassium 

and sodium in the silicon near-surface region owing to their migration 

from the silicon bulk. 

The increase of the diffusion length for minority charge carriers in 

dislocation-free single-crystalline р-Si doped with boron (ρ = 0.5÷2 

Ω⋅cm) subjected to UST was found in [112]. The authors of [112] 

proposed a model for acousto-stimulated reconstruction of 

recombination centers in р-Si single-crystals suitable for production of 

solar cells. The role of intrinsic stresses in reduction of the surface 

recombination velocity and increase of the generation lifetime of 

minority charge carriers at UST of the Si−SiO2 structures was noted in 
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[108]. In that case, essential homogenization of the Si−SiO2 interface 

was observed. The gettering effects induced by ultrasound action near 

the interface that were observed in [108] were maximal as compared 

with similar processes in silicon adjacent to the Si−SiO2 interface. The 

authors of [108] believed that the above fact was related to the presence 

of intrinsic stresses near the Si−SiO2 interface. The stresses in silicon 

adjacent to the interface are smaller than those near the Si−SiO2 

interface. This fact affects considerably the reconstruction processes in 

the defect structure. 

6.2.4. Gettering of impurities and defects in silicon at 
microwave treatment 

There are a number of works dealing with investigation of the 

gettering processes in silicon single crystals at microwave treatment 

(see, e.g., [119-124]). The authors of [119] called attention to the 

possibility of defect gettering in single-crystalline silicon КЭФ-0.005 

and БКДБ-2000 with short-term microwave treatment at a temperature 

≤0.5 Тm (Тm is the silicon melting temperature). In [119], microwave 

treatment of wafers of single-crystalline Si БКДБ-200 was made for 6 

min. in a work chamber of a gyrotron in a radiation field (frequency of 

80 GHz). The temperature of the heated samples did not exceed 870 K. 

The degree of structural perfection was estimated from the rocking 

curves obtained with an x-ray double-crystal spectrometer operating in 

the symmetric Bragg diffraction mode. 

Table 6.4 gives the half-widths of the diffraction peaks (333) of 

reflection both before and after microwave treatment. One can see that 
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structural perfection of silicon single crystals improved after microwave 

irradiation. The authors of [119] believe that this effect is related to 

reconstruction of the dislocation structure of silicon in the gettering layer 

that has been formed in the near-surface region owing to the abrasive 

sawing. It was found also that the gettering effect depends on the defect 

concentration in the initial samples, namely, the more perfect the silicon 

single crystals, the lower gettering ability. 

Table 6.4. Effect of microwave irradiation on half-width of diffraction curves 
(333) for Si (111) wafers [119]. 

Half-width of diffraction curves, seconds 
of arc Sample 

condition Mean value Dispersion 
Before 

microwave 
irradiation 

83.0 8.8 

After 
microwave 
irradiation 

67.1 5.4 

 

The effect of microwave annealing of wafers of Si КЭФ-0.05 

(surface [111]) on the residual strain and impurity composition of the 

near-surface silicon layers was considered in [120]. The wafers were 

treated in the work chamber of the gyrotron (radiation frequency of 37 

GHz). As well as in [119], the authors of [120] studied the samples 

whose surface was disrupted after diamond cutting. Before the 

microwave treatment, the samples were subjected to double-sided 

chemico-dynamical polishing that removed the ~30 µm disrupted layer. 

Because of the microwave treatment, the samples were heated up to 

temperatures ~670−1010 K. The check samples were subjected to the 

traditional thermal annealing in the vacuum and air; with the same time 
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and temperature as in the case of microwave annealing. It was found that 

both types of annealing lead to relaxation of the residual strain. At 

microwave annealing, however, strain relaxation occurs practically in a 

non-activated way, while at thermal annealing it is characterized by the 

activation energy of ~0.11±0.02 eV. It was found also that gettering with 

the near-surface layer disrupted after microwave treatment is more 

efficient than in the case of thermal annealing. The latter, according to 

[120], practically does not affect the impurity concentration depth 

profiles in the disrupted layer. 

The authors of [121-123] investigated the gettering effects induced 

by microwave treatments under the conditions when the microwave field 

did not heat the silicon wafers. In [121] they observed increase of the 

minority charge carrier lifetime in the Si wafers doped with phosphorus 

(ρ = ~4.5 Ω⋅cm) after irradiation in the relativistic gyrotron chamber. 

The radiation wavelength was 8 mm, the pulse duration was 15 ns, and 

emittance was ~7×105 W/cm2. The electric field strength was ~2.4×104 

V/cm. In [122-123], the effect of similar microwave treatment on the 

parameters of impurity aggregations in Si and Ge single crystals was 

studied and non-thermal reconstruction of the impurity aggregations was 

found. It was explained under the assumption of microwave breakdown 

induced by the microwave treatment. 

6.2.5. Gettering in weak pulsed magnetic fields 

Many authors [125-142] reported about the effect of low pulsed 

magnetic fields (PMF) on the structural transformations in solids, in 

particular, semiconductor materials (Si, Ge, GaAs, InP, InAs etc.). The 
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unique properties of the transformation processes whose activation 

energy is ~1 eV are as follows: (i) such processes are lasting, (ii) they 

appear in such magnetic fields for which Zeeman energy is 10-5 eV, i.e., 

much lower than the thermal energy (kT ≈ 0.025 eV at Т = 300 K); (iii) 

they are observed in nonmagnetic crystals after PMF is off. In [129], a 

phenomenological theory was proposed for description of those 

processes. The theory is based on the concept of lattice magnetism and 

development of the magnon mechanism of defect reactions in solids. 

The samples were treated at room temperature in a low-induction 

solenoid with PMF amplitude of 0.3÷0.41 T, repetition rate of 50 Hz and 

pulse duration of (1−4)×10-5 s, or in a Bitter solenoid connected to a 

“МОСТ” plant [127, 143]. 

The following PMF-induced effects are to be noted: 

• nonmonotonic variation of surface chemical activity of semiconductor 

single crystals [125-127]; 

• nonmonotonic variation of the Si, Ge, GaAs, InAs, and InSb lattice 

parameters [131-133]; 

• nonmonotonic relaxation of Si surface conductivity at the Si−SiO2 

interface [130]; 

• crystallization of an amorphized layer on the Si surface [133]; 

• long-term low-temperature decomposition of an oversaturated solid 

solution of oxygen in Si; 

• defect gettering in the Si−SiO2 and MIS structures [133]; 

• homogenization of InAs crystals and reduction of their degree of 

imperfection [128, 139]. 
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The processes of PMF-induced gettering and diffusional transport 

of non-equilibrium defects that were observed in [140-142] lead to long-

term variation of charge state of the Si−SiO2 interface and MIS structure 

electrophysical parameters related to it. 

The authors of [128] reported about a possibility of quality 

improvement for semiconductor single crystals by action of low PMF 

during several seconds. Using InAs single crystals as an example, it was 

shown that, after their treatment with PMF, the phase uniformity and 

structural perfection improve owing to the long-term (thousands of 

hours) process of phase transformations in the near-surface layer with 

thickness of ~1 µm. This result is illustrated with Figs. 6.8 and 6.9 that 

present the data of x-ray spectrum microanalysis and x-ray diffraction 

(XRD) obtained both before and after the lasting process of phase 

transformations. A comparison of the planar distributions of phases over 

the InAs single crystal surface in the initial sample (Fig. 6.8a) and those 

5 and 50 days after a short-term action of low PMF (Figs. 6.8b and с, 

respectively) clearly indicates considerable quality improvement for the 

InAs near-surface layer. These results are supported with the XRD 

patterns of the InAs samples, initial and those taken ten days after PMF 

treatment (Figs. 6.9а and b, respectively). One can see that the XRD 

pattern of the initial sample has three clearly pronounced peaks that 

correspond to the (111), (220) and (311) planes of the InAs single 

crystal, while that taken ten days after treatment in PMF has a peak that 

corresponds to the (220) plane. It is much higher than those of the (111), 

(311) peaks and the background intensity. In this case, the peak half-



 265

width becomes narrower. This indicates improvement of structural 

perfection of the InAs single crystal. 

 
Fig. 6.8. Planar distribution of 

phases in the near-surface 
(∼1 µm thick) layer of InAs 
crystal: a - before and b (c) – 
5 (50) days after PMF action. 
500× magnification. Inset: the 
sample from satellite that was 
not subjected to PMF action 
[128]. 

  
Fig. 6.9. XRD patterns for InAs crystal: a - before and b – 10 days after PMF 

action. I/I0 – relative diffraction intensity, 2θ - diffraction angle [128]. 
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The above results are supplemented in [139] with the data given by 

the differential thermal analysis. They indicate reduction of melting 

temperature for the InAs samples that were subjected to PMF action and 

relaxed for 5, 10, and 50 days. For the check sample, no variation of 

melting temperature occurred during a period of up to 100 days. The 

data on melting temperature variation for the InAs check samples and 

those subjected to the PMF treatment are presented in Table 6.5. 

Table 6.5. Melting temperature Tm (K) of an InAs sample after action of PMF 
[139]. 

Tm after action of PMF, days Sample Tm before 
action of 

PMF 5 10 50 100 

Treated 1210±3 1173±3 1198±3 1203±3 1210±3 

Reference 1210±3 1210±3 1210±3 1210±3 1210±3 

Table 6.6. Relative component contents (%) in the near-surface layer of the 
InAs crystal [139]. 

After action of PMF, days Substance Before 
action of 

PMF 5 10 50 100 

As 0.4 3.3 1.3 0.7 0.6 

In 4.2 21.4 11.8 7.4 1.6 

InAs 95.4 75.3 86.9 91.9 97.8 

InAs 
(unprocessed) 

95.4 95.4 95.4 95.4 95.4 



 267

The data on In and As content in the individual phases and InAs 

compound, both before and 5, 10, 50, and 100 days after PMF action, 

are given in Table 6.6. 

A comparison between the data from Tables 6.5 and 6.6 shows that 

the decrease of melting temperature for the samples subjected to the 

PMF treatment correlates with the data on variation of the number of In 

clusters in the near-surface layer. This variation is maximal five days 

after the PMF treatment. The melting temperature is recovering with 

homogenization of the near-surface layer and comes back to its initial 

value 100 days after the PMF treatment. Based on the above data, the 

authors of [128, 139] believe that the mechanism that is responsible for 

the processes occurring after PMF treatment is related to weakening of 

the chemical bonds in the vacation-defect complexes and eventually 

decomposition of the latter, with formation of InAs. This promotes 

homogenization of the near-surface layer and improvement of its 

perfection (reduction of the number of defects in it). 
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CONCLUSION 

It seems that silicon, being the main material for semiconductor 

electronic devices at present, will hold its leading position in the 

foreseeable future. Such is the opinion of most of developers of silicon 

devices, both here and abroad (see, e.g., [1, 2]). The above prediction is 

true also for microwave diodes. It turned out that only silicon (rather 

than any other material) is suitable for commercial production of mm-

wave high-power pulse IMPATT diodes. That is why the studies of 

degradation mechanisms in silicon microwave diodes considered in this 

book as well as the lines of removal of those mechanisms and increase 

of diode reliability still remain topical. The feature of the studies 

mentioned is that they enable one to simulate the parametric and 

catastrophic failures of those Si microwave diodes whose operating 

conditions are close to the extreme ones. This made it possible to expand 

our knowledge of control over the properties of such non-equilibrium 

systems as semiconductor devices as well as to develop highly reliable 

mm-wave IMPATT diodes. 

The results presented in this monograph indicate that, when 

developing novel technological processes for highly efficient and 

reliable silicon microwave diodes, one should apply the approaches 
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based on self-organization of defect systems. We mean, in particular, the 

radiation-induced self-organization. It may appear as structural-impurity 

ordering at interfaces between phases and relaxation of intrinsic stresses. 

However, theoretical description of such processes in respect to specific 

engineering developments still has not found adequate consideration in 

the literature. It should be noted also that application of silicon in 

nanoelectronics seems very promising. 

The authors hope that the physico-technological problems of 

manufacturing of silicon microwave devices that were considered in this 

monograph will be of use for those dealing with development of novel, 

as well as improvement of the existing, manufacturing technologies. 
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