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У монографії систематизовані та узагальнені результати дослідження 

модифікації властивостей широкого класу технічно важливих напівпро-
відників (GaAs, GaP, InP, InSb, CdxHg1-xTe, SiC) і контактних структур на 
їх основі при дії на них потужних НВЧ випромінювань і наносекундних 
лазерних імпульсів. Розглянуті фізичні моделі виникнення, анігіляції та 
відпалу точкових дефектів і домішково-дефектних комплексів в опромі-
нених матеріалах. Проаналізовані особливості стимульованих опромі-
ненням процесів масопереносу, хімічних реакцій, утворення нових фаз у 
контактних структурах різної природи та встановлений їхній зв�язок із 
параметрами поверхнево-бар�єрних структур. Значне місце приділене 
релаксації пружних напружень, зумовленій впливом НВЧ опромінюван-
ня, залежно від вихідного домішково-дефектного стану матеріалів, мор-
фології їхньої поверхні та умов опромінювання. Автори суттєво спира-
ються на власний досвід у цій галузі та акцентують увагу на викорис-
танні НВЧ і лазерних обробок для поліпшення структурної досконалості 
напівпровідникових матеріалів і створення на їх основі омічних і 
бар�єрних контактів із поліпшеними параметрами. 

Монографія призначена для науковців і фахівців у галузі напівпрові-
дникової електроніки. Вона може стати в пригоді також викладачам, 
аспірантам і студентам старших курсів, яким доводиться мати справу з 
вищевказаними проблемами. 

 
For a wide range of semiconductors (GaAs, GaP, InP, InSb, CdxHg1-xTe, 

SiC), as well as contact structures based on them, that are of importance in 
engineering, the monograph gives, in a systematized and generalized form, 
the results of investigation of their properties modification under action of 
high-power microwave radiations and nanosecond laser pulses. The physical 
models for production, annihilation and annealing of point defects and impu-
rity-defect complexes in irradiated materials are considered. An analysis is 
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made of the features of radiation-stimulated mass transport, chemical reac-
tions, formation of new phases in various contact structures, and they are 
related to the parameters of surface-barrier structures. Much space is given 
to the elastic stress relaxation due to microwave radiation, depending on the 
initial impurity-defect condition of materials, their surface morphology and 
irradiation mode. The authors substantially lean on their own experience in 
this area. They pay special attention to the use of microwave and laser proc-
essing of semiconductor materials for improvement of their structural perfec-
tion and development, on their basis, of ohmic and barrier contacts having 
improved parameters. 

The monograph is intended for researchers and specialists engaged in 
semiconductor electronics. It may be of use also to lecturers, post-graduates 
and undergraduates dealing with the above problems. 

 
В монографии систематизированы и обобщены результаты исследо-

вания модификации свойств широкого класса технически важных полу-
проводников (GaAs, GaP, InP, InSb, CdxHg1-xTe, SiC) и контактных струк-
тур на их основе при воздействии на них мощных СВЧ излучений и 
наносекундных лазерных импульсов. Рассмотрены физические модели 
возникновения, аннигиляции и отжига точечных дефектов и примесно-
дефектных комплексов в облученных материалах. Проанализированы 
особенности стимулированных облучением процессов массопереноса, 
химических реакций, образования новых фаз в контактных структурах 
разной природы и установлена их связь с параметрами поверхностно-
барьерных структур. Значительное место уделено релаксации упругих 
напряжений, обусловленной действием СВЧ облучения, в зависимости 
от исходного примесно-дефектного состояния материалов, морфологии 
их поверхности и условий облучения. Авторы существенно опираются 
на собственный опыт в этой области и акцентируют внимание на ис-
пользовании СВЧ и лазерных обработок для повышения структурного 
совершенства полупроводниковых материалов и создания на их основе 
омических и барьерных контактов с улучшенными параметрами. 

Монография предназначена для научных работников и специалистов 
в области полупроводниковой электроники. Она может пригодиться 
также преподавателям, аспирантам и студентам старших курсов, кото-
рым приходится иметь дело с указанными вопросами. 
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PRINCIPAL ACRONYMS AND SYMBOLS 
 
A - acceptor 
AES - Auger electron spectroscopy 
D - donor 
G-(ir)radiation - gyrotron (ir)radiation 
IC - integrated circuit 
LI - laser irradiation 
LM - laser modification 
MBE - molecular-beam epitaxy 
MCE - magnetoconcentration effect 
MESFET - metallized semiconductor field-effect transistor 
M-(ir)radiation - magnetron (ir)radiation 
NCC - non-equilibrium charge carriers 
PC - photoconductivity 
PL - photoluminescence 
PR - plasma resonance 
QFR - quasi-forbidden reflection 
RTD - resonant tunneling diode 
SB - Schottky barrier 
SCR - space-charge region 
TBRTD - two-barrier resonant tunneling diode 
TIQFR - total intensity of quasi-forbidden reflections
USP - ultrashort pulses 
XPS - x-ray photoelectron spectroscopy 
XRD - x-ray diffraction 
  
А* - Richardson constant 
B - magnetic induction 
C - capacitance 
c - concentration in atomic % 
D - diffusion coefficient 
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d - thickness 
d0 - crystal lattice constant 
df - film thickness 

dδ  spacing between two δ-layers 

d′ - depth measured from the sample surface 
E - energy; electric field 
Ea - activation energy 
Eb - electron binding energy 
EF - Fermi energy 
Eg - semiconductor energy gap 
Ej - electric field in the p-n junction 
Ep - pulse energy 
Еt - energy position of recombination center; 

  impurity energy level 
Eth - electric degradation threshold 
F - force 
f - magnetron (gyrotron) frequency 
H - magnetic field 
H1/2 - PL band half-width 
h (= 2πћ)  - Planck�s constant 
I - radiation intensity; current 
Ic - cutoff current 
Ich - channel current 
Id - drain current 
Iex - excess current 
Ii - flow of diffusing ions of the i-th type 
IPL - intensity of photoluminescence 
IR - reverse current 
Ith - threshold value of radiation intensity  
K - light absorption coefficient 
k - Boltzmann constant 
L - NCC bipolar diffusion length 
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LD - Debye shielding length 
Lp - hole diffusion length 
l - mean free path 
lj - width of p-n junction 
NA - acceptor concentration 
ND - donor concentration 
Nd - dislocation density 
Ni - concentration of ions of i-th type 
Np - number of laser pulses 
Nt - concentration of recombination centers; 

  impurity concentration 
Nv - vacancy concentration 

Nδ - impurity concentration in the δ-layers 

n - electron concentration; ideality factor 
ni - intrinsic charge carrier concentration 
ns - surface electron concentration 
P - power 
p - hole concentration 
Q* - heat of vacancy migration 
q0 - elementary charge 
Rc - contact resistance 
RH - Hall constant 
r - bulk recombination rate 
r, θ, z - cylindrical coordinates 
rAD - distance between D and A 
S - transconductance 
Sb - laser beam cross section 
Sc - contact area 
Sr - surface recombination velocity 
Ss - sample surface area 
T - temperature 
t - time 
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tG(M) - duration of gyrotron (magnetron) irradiation 
tp - pulse duration 
V - voltage 
Vc - cutoff voltage 
VR - reverse voltage 
W - irradiance 
WB - potential barrier height 
Wth - thermal degradation threshold 
w - width of space-charge region 
∆ - depth of electromagnetic field penetration 
ε - electron energy 
ε0 - semiconductor permittivity 
η - quantum efficiency of photoionization 
λ -wavelength 
µ -charge carrier mobility 
µ0 -semiconductor permeability 
ν = E/ħ - frequency 
ρ - resistivity 
σ - conductance 
σhkl - specific surface energy 
τр - hole lifetime 
ϕ - potential 
ϕВ - Schottky barrier height 
ω - angular frequency 
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INTRODUCTION 

The scientific and technological progress in solid-state elec-
tronics and related areas derives, to a great extent, from use 
of high technologies. Among them are the so-called �beam� 
technologies, namely, laser and microwave ones [1-8]. Their 
feature is a wide range of applications involving both military 
and non-military ones. To illustrate, the above technologies 
have been used when developing the means for functional 
damage (the �Star Wars� and Strategic Defense Initiative pro-
grams) [9-11]. As to their non-military applications, they in-
volve, among others, controlled synthesis of new materials 
[12-16], novel gettering techniques [17,18] and formation of 
ohmic and barrier contacts [19-23]. Besides, the above tech-
nologies are used in fundamental investigations of interaction 
between focused beams and nonuniform media [24,25] (in par-
ticular, studies of diffusion and mass transport [26,27]). Simu-
lation of laser and microwave actions on discrete semiconduc-
tor devices and integrated circuits [28,29] is intensely used to 
predict reliability of the developed element base. 

Microwave and laser treatments are used for rapid an-
nealing of semiconductor layers after ion implantation [30-33]. 
Many authors have studied various effects of such treatments 
on the properties of GaAlAs/GaAs/GaAlAs/GaAl thin-film 
multilayer structures [34], electrical parameters of threadlike 
Si crystals, Ge−Si solid solutions, GaAs and GaAsP, strength of 
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GaAs [35] and Si [36] crystals, photoelectric properties of 
nonuniform CdS single crystals and nonequilibrium effects in 
CdS photodetectors [37,38], possibilities for control over the 
defect structure of Si and Ge single crystals [39]. 

Numerous practical aspects of using microwave and la-
ser radiations in technology of semiconductor materials and 
devices are protected by many patents issued in different 
countries. To illustrate, let us note only those dealing with 
processing of semiconductor materials and devices [40-44], 
silicon ingot slicing [46], doping of semiconductor materials 
and formation of low-resistance contacts [19]. One can see 
that they cover practically all stages of manufacturing of 
semiconductor materials, structures and devices. 

Application of microwave and laser processing becomes 
particularly efficient when producing devices of submicron 
sizes. These techniques make it possible to get rid of a num-
ber of technological flaws inherent in traditional thermal 
processing. In this case one can exert control over the micro-
device characteristics and correct them using electromagnetic 
radiation. In recent years such experiments have been per-
formed for tunnel diodes [47,48] and planar-epitaxial multiply-
ing diodes 2A604 [49-52]. These experiments demonstrated 
that negative differential resistance might appear in the above 
devices. This was concluded from the form of the forward 
branch of I−V curves of tunnel diodes (at voltages below the 
peak values) and multiplying diodes. The above effect is of 
importance for understanding of interaction between micro-
wave radiation and such complex semiconductor objects. 

The physical effects occurring in thin semiconductor 
films and at semiconductor surfaces exposed to laser radia-
tion have been discussed as early as 30−35 years ago by 
Vavilov and Galkin [53,54] and Fairfield, Schwuttke, Harper 
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and Cohen [55,56]. In that time many research centers all 
over the world have enjoyed the �laser� boom. As a result, 
the efforts of numerous investigators have been focused on 
laser physics and its applications in solid state physics. The 
pioneer works on laser pulse annealing of ion-implanted 
semiconductor layers have been made by Khaibullin (Phy-
sico-Technical Institute of the Kazan Division of the Acad-
emy of Sciences of the USSR) and Smirnov et al. (Institute of 
Semiconductor Physics of the Siberian Division of the Acad-
emy of Sciences of the USSR) [57-61]. Various practical as-
pects have been considered by Hess, Olson, Gibbons and 
other researchers who were at the outset of application of 
laser techniques in electronic industry [62-64]. Similar inves-
tigations have been also made at the Institute of Semicon-
ductors of the Academy of Sciences of the Ukrainian SSR 
(now Institute of Semiconductor Physics of the National 
Academy of Sciences of Ukraine) by Litovchenko, Glinchuk, 
Lysenko, Malyutenko et al. [65-67], Institute of Physics of 
the Academy of Sciences of the Ukrainian SSR by Brodin et 
al. [68,69] and Institute of Applied Problems of Mechanics 
and Mathematics by Tovstyuk, Kiyak et al. [70-72]. It is prac-
tically impossible to name all the research teams that have 
contributed to understanding of physical foundations of laser 
technologies and their application for manufacturing of 
semiconductor materials and devices. 

However, despite the fact that the technologies using 
electromagnetic radiation seem rather simple and our knowl-
edge of the corresponding processes is extensive, a number of 
problems, both fundamental and technological, still remain 
unsolved. They involve, in particular: 
! micrometallurgical processes at semiconductor surfaces and 

interfaces enhanced by electromagnetic radiation; 
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! defect production in semiconductor near-surface layers and 
at interfaces; 
! processes of stress generation and relaxation induced by 

microwave and laser radiations; 
! structural phase transitions occurring in the nano- and sub-

nanosecond ranges of irradiation duration. 
Some aspects of approaches to solution for these prob-

lems are given in this book. The authors made an attempt to 
generalize the existing material in the area leaning upon their 
own results, as well as those known from literature. They do 
not lay claim to an exhaustive presentation of all the problems 
touched upon in this book because new works dealing with 
interaction between microwave radiation and various semi-
conductor objects still continue to appear every day. 

 
 

* * * 
 

The authors are grateful to all those researchers from the 
Institute of Semiconductor Physics of the National Academy 
of Sciences of Ukraine (Kiev), Institute of Physics of the Na-
tional Academy of Sciences of Ukraine (Kiev), E.O. Paton In-
stitute of Electric Welding of the National Academy of Sci-
ences of Ukraine (Kiev), Physico-Technical Institute of the 
National Academy of Sciences of Ukraine (Kharkov) and Insti-
tute of Technical Physics of the Hungarian Academy of Sci-
ences (Budapest) who took part in experimental investigations 
and whose results are presented in this book. 
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Part 1. INVESTIGATION OF BOUNDARIES BETWEEN PHASES  

 IN HETEROGENEOUS STRUCTURES AND THEIR  

     MODIFICATION UNDER MICROWAVE RADIATION 

INTRODUCTION 

Requirements for the semiconductor element base involve its 
high tolerance to various beam actions, in particular, to high-
power microwave irradiation. So far most of theoretical and 
experimental studies have been aimed at elucidation of the 
role of static (or rather low-frequency) actions in degradation 
processes that occur in semiconductor materials and devices 
during their operation. The problem of interaction between 
high-power microwave electromagnetic fields and semicon-
ductor materials and devices that would combine approaches 
of both physics and materials science has not been studied up 
to the present. There are practically no data relating electro-
physical properties of the above objects to the features of 
their microstructure and chemical composition. 

At the same time it is known that exposure of device 
structures and finished products (both discrete and integrated) 
to microwave irradiation results, in a number of cases, to their 
degradation and even failure [1−4]. Of all the components of 
any circuit, semiconductor elements are most sensitive to 
high-power microwave radiation [2]. Depending on the ab-
sorbed power, frequency, temporal parameters of action and 
object tolerance, one can observe different stages of device 
degradation, namely, (i) short-duration failures - at low levels 
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of action; (ii) irreversible changes of parameters and character-
istics with relative retention of efficiency � at moderate levels 
of action; (iii) complete failures (accompanied by thermal ef-
fects and electric breakdown) leading to loss of efficiency � 
at high levels of action. The power (frequency) of radiation 
that leads to device degradation ranges between several µW 
and several hundreds W (50 MHz and ≥ 10 GHz). 

On the other hand, some authors have indicated at a 
possibility for microwave treatment application to modify de-
fect structure in semiconductors [5−8]. To illustrate, it was 
shown in [5] that microwave radiation of frequency f = 
2.5 GHz could be used for post-implantation annealing of sili-
con, and such treatment proved to be more efficient than 
thermal annealing. The authors of [6] stressed that high-power 
microwave radiation is promising for rapid contactless anneal-
ing of GaAs. They reasoned that no abrupt temperature gradi-
ents and diffusion stresses appeared in this case. 

A considerable modification of dislocation structure due 
to microwave annealing (f = 37 GHz, power P = 0.1 kW) has 
been found in [7] for silicon wafers. The kinetics of residual 
stress relaxation was found to substantially differ from that in 
the case of traditional thermal annealing in the air or vacuum. 
It was characterized by complicated oscillations with pro-
nounced non-thermal sections. In [8] microwave relaxometry 
has been applied to demonstrate that microwave irradiation of 
n-Si results in changing parameters of impurity aggregations 
and growth of charge carrier lifetime. 

The above results served as a reason for performing 
some experimental studies whose objective was to determine 
effect of microwave radiation beams on structural-chemical 
and electrophysical characteristics of both semiconductor ma-
terials and device structures. The results obtained are given in 
what follows. 
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1.1. EXPERIMENTAL TECHNIQUES 

The investigations were concerned with different subjects. First 
of all, we dealt with single-crystalline wafers of gallium ar-
senide, indium phosphide and gallium phosphide, with free 
electron concentration n from about 1016 up to 2×1017 cm-3. 
They were prepared for production of device structures using 
standard technological procedures. Besides, we studied n-
CdxHg1-xTe (x = 0.21−0.24) wafers that have been cut out of 
ingots and put through mechanical treatment and etching. 

The second class of subjects used by us involved 
metal−semiconductor structures of III−V type. They were pre-
pared in a vacuum (pressure of 10-4 Pa) using thermal or elec-
tron-beam evaporation of metals onto chemically cleansed sur-
faces of GaAs, GaP and InP. The metals used for contact for-
mation enabled us to obtain either chemically inert or chemi-
cally active metal−semiconductor interfaces [9]. In the latter 
case it was possible, by proper choice of heteropairs, provide 
domination of either diffusion processes at interfaces or 
chemical reactions between the contact pair components. 

Contact structures with antidiffusion barriers based on 
metal nitrides and borides belonged to the third class of sub-
jects that we investigated. They were fabricated using magne-
tron sputtering [10]. And still another group of subjects was 
made by AlxGa1-xAs−GaAs resonant tunneling homo- and het-
erostructures that were formed using molecular-beam epitaxy 
(MBE) [11]. 

The samples (wafers) studied were exposed to directional 
irradiation from cm and mm wavelength ranges under free-space 
conditions. The output signal power P for magnetron irradiation 
(M-irradiation) was 5 kW at a frequency f = 2.45 GHz. That for 
gyrotron irradiation (G-irradiation) was 50 kW at f = 84 GHz. To 
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perform comprehensive studies of the features of interaction be-
tween microwave radiation and subjects of investigation, we ap-
plied a complex of techniques that enabled us to obtain informa-
tion on electrophysical parameters of samples, their defect struc-
ture and chemical composition. 

The spectra of local states due to structural defects were 
found from analysis of photoluminescence (PL) curves taken 
at a temperature T = 77 K in the 0.6−2.0 eV spectral range. 
The samples were illuminated with light (hν > 2 eV) from a 
high-power incandescent lamp ПЖ-100. 

Measurements of Hall effect and dark conductivity gave 
us data on electron concentration n and mobility µ in the 
samples studied. The lifetime τp of minority charge carriers 
(holes), as well as concentration Nt and energy position Et of 
recombination centers, were determined from temperature de-
pendence of photoconductivity (PC) [12]. An analysis of 
steady-state I−V curves [13] enabled us to determine the fol-
lowing characteristics: from forward branches � the contact 

barrier height 
c

c
B I

STA
q
kT 2

0
ln

∗
=ϕ  (here Ic is the cutoff cur-

rent, A* is Richardson constant, k is Boltzmann constant, q0 is 
the elementary charge, Sc is the contact area) and ideality fac-

tor ( )I
V

kT
q

n
ln

0

∂
∂= ; from backward branches � effective life-

time of minority charge carriers 
R

ci
p I

wSnq
2

0=τ  (here IR is the 

reverse current, w is the space-charge region (SCR) width, ni 
is the intrinsic charge carrier concentration). 

The concentration depth profiles of the heterostructure 
components were determined using Auger electron spectros-
copy (AES) [14] combined with layer-by-layer etching by Ar+ 
ions (energy of 1 keV). The Auger spectra were taken in the 
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differential mode. The primary electron energy was 3 keV. 
The component concentrations in the transition layer were 
calculated using the elemental sensitivity coefficients [14]. 

The information concerning phase composition of the 
subjects studied was obtained using x-ray photoelectron spec-

troscopy (XPS) [14]. Mg Kα-emission (hν = 1253.6 eV) served 
as source of excitation. 

1.2. EFFECT OF HIGH-POWER ELECTROMAGNETIC  

RADIATION ON THE DEFECT STRUCTURE  

OF SEMICONDUCTOR MATERIALS 

1.2.1. III−−−−V semiconductor compounds 
Shown in Figs.1.1−1.5 are the PL spectra of some III−V semi-
conductor compounds, as well as band intensity IPL, half-width 
H1/2 and peak position hνm as function of time t of exposure 
to magnetron and gyrotron treatments. The treatment modes 
are given in figure captions [15]. 

One can see that there are two overlapping bands in the 
PL spectra of initial GaAs crystals. Their peak positions 1

mhν  

and 2
mhν , as well as ratio between intensities, depend on the 

dopant type and sample surface orientation. 

GaAs:Sn (111). In these crystals the spread of 2,1
mhν  values for 

the observed PL bands is bigger than those in other samples. 
It was possible to separate the samples studied into three 
groups, namely, those with 1

mhν = 1.150, 1.200 and 1.186 eV. 

The 2
mhν  values for the second band demonstrated smaller 

spread; they were 2
mhν = 0.993−1.010 eV. The intensity of 

band 1 was by a factor of 2−5 bigger than that of band 2. The 
half-width of band 2 was, as a rule, less than that of band 1 
(100−150 and 200−230 meV, respectively). 
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Fig.1.1. PL spectra taken at T = 77 K for GaAs:Sn (111) (a−c) and GaAs:Sn 

(100) (d−f) samples before (a, d) and after magnetron (exposure time 
tM = 10 s (b), 60 s (c)) and gyrotron (exposure time tG = 1 s (e1), 10 s 
(e2), 4 s (f1), 40 s (f2)) irradiation [15]. 
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The band 1 parameters are more affected by microwave 
irradiation. In the case of M-irradiation even at exposure time 
tM < 2 s the 2,1

mhν  values become the same for the samples 

from all groups: 1
mhν = 1.185 eV, 2

mhν = 1.010 eV. These are 

just the values that are observed for the initial samples from 
the third group. The 2,1

mhν  values change unevenly; for the 

samples belonging to the first group both band intensity and 
half-width change just in this way. 

For the crystals from the first and second groups the in-
tensity of band 1 grows slightly with tM, and this band be-
comes narrower, while the parameters of band 2 remain prac-
tically the same. For the crystals belonging to the second 

group at tM = 10 and 20 s 2
mhν = 1.280 eV, and the intensity 

of band 2 becomes higher than that of band 1. M-irradiation 
does not affect the parameters ob both bands in crystals from 
the third group. 

G-irradiation of the crystals belonging to the first 
group strongly decreases the intensity of band 1, while 
slightly affecting that of band 2. The case of the mode with 
time of exposure tG = 40 s is an exception: the intensity of 
band 1 drops even more abruptly, but that of band 2 in-
creases and becomes higher than the intensity of band 1. In 
crystals from the third group the PL peak positions do not 
shift (just as in the case of M-irradiation), but intensities of 
both bands grow (that of band 2 grows somewhat stronger). 
As a rule, M- and G-irradiations of the crystals from all 
groups lead to a decrease of the half-widths of both bands. 
When the hνm values change abruptly, then the half-widths 
of both PL bands also change abruptly at the same values 
of tM,G. 
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Fig.1.2. Band intensity IPL (curves 1, 2), half-width H1/2 (curve 3) and peak 
position hνm (curves 4, 5) as function of exposure time t for bands 1 
(curves 1, 3, 4) and 2 (curves 2, 5) taken at T = 77 K for GaAs:Sn 
(111) samples from groups 1 (a, b), 2 (c, d) and 3 (e, f). a, c, e � 
magnetron irradiation, b, d, f � gyrotron irradiation [15]. 
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GaAs:Sn (100). At this orientation of the GaAs:Sn crystal sur-
face two overlapping PL bands are also observed. In this case, 

however, the band 2 with 2
mhν = 0.996÷1.002 eV is more in-

tense. For the band 1 1
mhν = 1.220÷1.240 eV for different 

samples in the initial state (see Fig.1.3). At tM = 2 s the in-
tensity of band 2 drops abruptly, and the peak positions be-

come 1
mhν = 1.240 eV and 2

mhν = 1.010 eV. For times of ex-

posure tM lying in the 2−30 s range 2,1
mhν  retain their values; 

the intensity of band 1 decreases, while that of band 2 grows. 

At tM = 60 s the 1
mhν  value becomes equal to 1.280 eV, as 

that for the GaAs:Sn (111) samples. 
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Fig.1.3. Band intensity IPL (curves 1, 2), half-width H1/2 (curve 3) and 

peak position hνm (curves 4, 5) as function of exposure time t for 
bands 1 (curves 1, 3, 4) and 2 (curves 2, 5) taken at T = 77 K for 
GaAs:Sn (100) samples. a � magnetron irradiation, b � gyrotron ir-
radiation [15]. 
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At tG = 1 s the intensity of band 1 (2) grows (de-

creases); the 1
mhν  value does not change and is 1.240 eV, 

while 2
mhν  value becomes 1.010 eV. At tG = 10 s the 1

mhν  

value becomes 1.280 eV and remains the same for tG up to 
40 s. In this case the intensity of band 1 is higher than that of 
band 2, and such relationship between them retains up to the 
maximal value (40 s) of the time of exposure tG used � 
Fig.1.3b. 

 
 

GaAs:Te (111). The M-radiation practically does not affect 

both the half-width and mhν  value for the PL band 1.200 eV, 

while its intensity grows with time of exposure tM (Fig.1.4b). 
G-radiation does not influence the band form too, while its 
intensity changes non-monotonically: it grows at tG up to 10s 
and then decreases down to the initial value (at tG = 40 s) � 
Fig.1.4c. 
 
 
InP (100). Three PL bands are observed in the PL spectrum of 

the initial crystals: that with 1
mhν = 1.410 eV, a band at 

1.150 eV with structural features and a band at 0.820 eV. The 
most intense is the band at 1.410 eV - see Fig.1.5. Both M- 
and G-radiations do not change the peak positions for the ob-
served bands, but that at 1.150 eV becomes devoid of its 
structure. The intensity of band 1.410 eV slightly drops at 
small times of exposure tM and then becomes to grow. The 
intensities of the rest of bands grow too but much more 
slightly than that of the band 1.410 eV � see Fig.1.5b, c. 
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Fig.1.4. a - PL spectra taken at T = 77 K for GaAs:Te (111) samples before 

(full curve) and after (dots) gyrotron irradiation (exposure time tG = 
40 s); b (c) � band intensity IPL as function of exposure time for mag-
netron (gyrotron) irradiation [15]. 

 
The above results evidence that the initial impurity-

defect state of the GaAs near-surface layers is determined by 
the type of dopant and crystallographic orientation of the wa-
fer face, as well as by unintentional impurities that can �con-
taminate� the crystal surfaces during their treatment (for in-
stance, from the etchant). In addition, one should take into 
account that intrinsic stresses (that appear in the GaAs wafers 
during single crystal slicing and further chemical-mechanical 
treatment) can also affect the defect composition of the near-
surface layers through their enrichment or depletion with va-
cations. 
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Fig.1.5. a - PL spectra taken at T = 77 K for InP (100) samples before (1) 

and after gyrotron irradiation (exposure time tG = 10 s (2), 30 s (3), 
40 s (4)); b (c) � band intensity IPL as function of exposure time for 
bands 1.41 eV (curves 1) and 1.15 eV (curves 2). b � magnetron irra-
diation, c � gyrotron irradiation [15]. 
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It is known from literature that the centers responsible 

for the band 1 in GaAs:Sn with 1
mhν = 1.150−1.220 eV are the 

donor-acceptor (D−A) complexes (VGa + SnGa), while those 
responsible for the band 2 are the individual acceptors CuGa 
(see, e.g., [16]). Our experimental results, in particular the fact 
that the band 2 is rather narrow as compared to the band 1, 
are not in contradiction with the above suggestions. A spread 

of the 2,1
mhν  values that has been observed by many authors, 

as well as by us for different initial samples, could result from 
both different distances rAD between donor (D) and acceptor 
(A) in the above complexes and a possibility of nonequivalent 
D and/or A positions in the crystal lattice. The latter factor 
may stem from the presence of other defects, intrinsic 
stresses, dislocations, etc. in the nearest neighborhood of D 
and A. All this determines the so-called nonuniform broaden-
ing of the PL bands. 

The ratio between the intensities of bands 1 and 2 in the 
GaAs:Sn wafers that have been cut of the same single-
crystalline ingot and exposed to the same chemical-mecha-
nical treatment but have different orientation of crystallo-
graphic planes may vary from sample to sample. This may be 
related to high VGa concentration in the near-surface layers of 
the GaAs (111) face as compared to the case of the (100) face. 
It is known that the energy properties of III−V crystals are 
anisotropic. This means that the surface energy values for 
principal crystallographic planes are different [17]: σ100 > σ110  
> σ111, where σhkl is the specific surface energy. So one could 
assume that concentration of intrinsic defects (vacancies) is 
higher at the crystal face with smaller surface energy. 

Both abrupt change of the peak position for band 1 in 
GaAs:Sn (111) and change of the band half-width occur at 



 

 29

very short times of exposure tM. This fact indicates that even 
such short-term microwave actions lead to lattice ordering and 
make the rAD values in complexes equal for different samples. 

The centers responsible for 1
mhν  = 1.185 eV were found to 

be the most stable D−A complexes. It will be recalled that just 

the same value of 1
mhν  was observed in the PL spectra for the 

samples belonging to the third group. Their PL properties did 
not change during M-irradiation up to the highest exposures 
(tM = 60 s). It seems likely that the GaAs:Sn (111) crystals 
from the third group were the most perfect (uniform) among 
all the crystals we studied. 

The effect of M-irradiation on the band 1 in GaAs:Sn 
(111) crystals is characterized by some selectivity. This fact 
indicates that when lattice becomes more ordered during mi-
crowave irradiation in the modes used, then the channel of 
radiationless recombination is not affected. Otherwise the in-
tensities of both bands would change in similar ways 
( 1=∑

i
iR  under the same conditions of PL excitation before 

and after microwave action; here Ri is the fraction of the re-
combinating charge carriers flow through the i-th channel of 
radiation(less) recombination [18]). Just such similar behavior of 
both bands has been observed for the GaAs:Sn (111) crystals 
from the third group under G-irradiation. This fact indicates 
that G-irradiation reduces the contribution from the radia-
tionless recombination channel to the total recombination flow. 

Some small growth of the band 1 intensity with time of 
exposure tM for the GaAs:Sn (111) crystals from the first and 
second groups seems to result from the fact that M-radiation 
either enhances VGa concentration growth in the near-surface 
layers of the above crystals or favors more intense formation 
of complexes by VGa and SnGa that are present there. (The lat-
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ter process is realized through lattice ordering by removing 
other defects that could prevent the complex formation.) The 
first of the above ways should be favored because, if the sec-
ond way would realize, then one could observe transformation 
of a PL band related to VGA into the 1.185 eV band, and this 
has not been experimentally found. The experiments also evi-
dence that the band 2 is related to the unintentional individ-
ual CuGa impurities. In the case of GaAs:Sn (111) M-radiation 
practically does not affect this band. 

In the GaAs:Sn (100) crystals the PL band with 1
mhν  = 

1.240 eV was observed. The centers responsible for this band 
are acceptors SnAs [16]. At tM = 60 s and tG ≥ 10 s the VGa 
concentration increases, and the (CuGa + VGa) complexes re-
sponsible for the 1.280 eV band are formed [16]. That complex 
formation occurs at the above irradiation modes is confirmed 
by the fact that the intensity changes for both bands are pro-
portional (Fig.1.3). 

In the GaAs:Te (111) crystals the centers (VGa + TeGa) 
responsible for the only band with mhν  = 1.200 eV [18] are 

stable. Neither M- nor G-radiation changes the form of this 
band. And the band intensity change with tM,G seems to result 
from the effect of irradiation on the radiationless recombina-
tion centers. 

No unambiguous interpretation of the band 1.410 eV in 
InP exists in literature. Some authors relate it to the Si unin-
tentional impurity that is encountered most often, while the 
others relate it to the VP (vacancies of phosphorus) or band-
to-band recombination of the nonequilibrium charge carriers 
(NCC). The asymmetric band in the 1.060−1.150 eV range that 
often has a phonon structure is related to the (FeIn + VP) 
complexes [16]. The fact that the 1.410 eV band is relatively 
narrow (as compared to the 1.150 eV band) enables one to 
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prefer the model of individual acceptors (VP) for centers re-
sponsible for that band. An increase in the intensities of both 
bands after M- and G-irradiations indicates at a possible 
growth of the concentration of phosphorus vacancies VP (re-
sponsible for the 1.410 eV band) that are among the centers 
responsible for the second band. The individual acceptors VP 
have larger capture cross-section for nonequilibrium holes as 
compared to the case of D−A complexes [18]. Therefore 
growth of the VP concentration has to make a strong effect on 
the intensity of the 1.410 eV band. This is just what has been 
observed experimentally. 

Thus we have shown that microwave irradiation of GaAs 
and InP crystals affects their defect structure and modification 
of centers responsible for radiative recombination. The fea-
tures of this influence depend on the dopant type and wafer 
face orientation. We have demonstrated an important role of 
vacancies in transformation of local centers in the near-surface 
regions of differently oriented GaAs wafers. The origin of cen-
ters responsible for PL in GaAs has been made clear. The facts 
that PL bands become narrower and PL peak positions are the 
same under M- and G-irradiations seem to be due to local 
heating of the nonuniformity regions. 

The structure of GaP local centers practically did not 
change under microwave irradiations of cm and mm wave-
length ranges that have been used in the cases of GaAs and 
InP [19]. 
 

1.2.2. CdxxxxHg1111----xxxxTe semiconductor solid solutions 
Generally both the initial impurity-defect composition and 
morphology of semiconductor material influence the character 
of changes in its electrophysical parameters due to microwave 
irradiation. Indeed such influence has been confirmed by the 
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results of our studies of the narrow-gap semiconductors based 
on CdxHg1-xTe solid solutions [19]. 

To illustrate, presence in the initial sample (#1 - see 
Table 1) of nonuniformities capable of leading to anomalies 
on the Hall constant vs temperature curve RH(T ) (see Fig.1.6) 
manifests itself after microwave treatment through conduction 
type conversion and abrupt change in the minority charge 
carrier lifetime τp (Fig.1.7). For the rather uniform samples 
(#2, 3), however, the character of changes is qualitatively dif-
ferent. Microwave treatment of such samples leads to a sub-
stantial rise of τp. In this case the Hall constant RH grows 
slightly in the impurity conduction region, and mobility µ 
somewhat decreases. The results obtained from the tempera-
ture dependence of τp evidence that the concentration of the 
active recombination centers whose energies are in the upper 
half of the gap decreases. 
 

Table 1.1. Effect of microwave irradiation (f = 2.45 GHz, W = 5 kW/cm2, 
tM = 5 s) on the electrophysical parameters (free electron concen-
tration n and mobility µ, impurity ionization energy Et and 
concentration Nt) of CdxHg1-xTe at T = 77 K [19].  

Sam
ple 

# 

Composi-
tion (x) 

Type of 
treat-

ment 

n, cm-3 µ, 
cm2/V⋅s

τp, 

µs 

Et, 

eV

Nt, cm
-3 

1 0.24 I* 
MI 

6.9×1015 

2.54×1016 
2×104 

6×103 
0.61 
0.246 

  

2 0.21 I 
MI 

5.12×1014 

4.9×1014 
2×105 

1.5×105
1.4 
2.4 

0.1 
0.1 

1.1×1014 

3.6×1013 

3 0.22 I 
MI 

4.82×1014 

4.6×1014 
1.4×105 

9.6×104 
2.1 
3.0 

0.7 
0.7 

6.25×1013

2.5×1013 

* I � initial sample; MI � that after microwave irradiation. 
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Fig.1.6. Hall coefficient RH vs inverse temperature curves for sample 1 

(Cd0.24Hg0.76Te) before (1) and after microwave irradiation for 5 s (2) 
[19]. 
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Fig.1.7. Minority charge carrier lifetime τp vs inverse temperature curves 

for sample 2 (Cd0.21Hg0.79Te) before (1) and after microwave irradia-
tion for 5 s (2) [19]. 
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Investigations of the effect of plastic deformation on the 
properties of samples from this group were performed both 
before and after microwave treatment. They have revealed an 
effect of improved tolerance of the electrophysical parameters 
of the irradiated samples for plastic deformation. We realized 
plastic deformation of the samples by indentation with a 
Wickers prism. The indenter load was 10 g; the indentation 
density was Nind = 104 cm-2. One can conclude from Fig.1.8 
that after microwave treatment the temperature dependencies 
of τp taken for the samples exposed to indentation were the 
same as those before microwave treatment [20].  
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Fig.1.8. Minority charge carrier lifetime τp vs inverse temperature curves 
for Cd0.2Hg0.8Te samples before (1) and after microwave treatment 
(2); 3 � 18 h after microwave treatment and indentation. Dotted line 
corresponds to the case of indentation load of 10 g and indentation 
density of 104 cm-2 [20]. 
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No RH changes in the impurity conduction region have 
been observed, and the ionization energy of the active recom-
bination centers remained the same, contrary to the case of 
the samples that were not exposed to microwave treatment. 

If one assumes that the main energy dissipation 
mechanism in the irradiated samples is heating, then the ob-
served features of the changes in material parameters could 
result from the enhanced migration of the active recombina-
tion point defects and impurities to the energy-stable drains, 
such as low-angle boundaries, dislocations, etc. One should 
not also exclude decay of the metastable defects that are 
�frozen� at room temperature and diffusion of their compo-
nents to the thermally stable extended defects. Such en-
hanced gettering manifests itself through some τp growth. 
The dislocations that are introduced under indentation pene-
trate through the whole sample thickness rather quickly (the 
τp values measured for both indented and non-indented sam-
ple surfaces are the same). However, formation of their at-
mospheres occurs under conditions when the number of de-
fects that are forming the impurity dislocation atmospheres is 
substantially below that in the samples that were not ex-
posed to microwave treatment. As a result, the dislocations 
that are introduced under indentation cannot form the impu-
rity atmospheres that could qualitatively modify the recom-
bination characteristics of a sample. 

Thus microwave treatment of semiconductor materials 
essentially influences the structure-sensitive characteristics for 
not only wide-gap semiconductors but narrow-gap ones as 
well. A degree of this influence depends on the nature and 
past history of semiconductor material, as well as irradiation 
modes. Microwave treatment can result in improvement of the 
material parameters (homogenization, defect gettering) and 
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their degradation as well. To give the ultimate answer con-
cerning mechanisms for structural relaxation in semiconduc-
tors exposed to microwave treatments, further investigations 
are needed. 

1.3. INTERACTIONS BETWEEN PHASES  

IN Me−GaAs (InP) CONTACTS STIMULATED  

BY MICROWAVE IRRADIATION 

The structural-chemical processes that occur at boundaries 
between phases in contacts results in changes of the electro-
physical characteristics of contacts and affect their operating 
stability at abrupt changes of the operating modes [21,22]. 
Therefore the required structure of boundaries between 
phases, as well as possibility for its realization over large ar-
eas, should be provided during device manufacturing. 

In what follows the principal physico-chemical processes 
are considered that affect the characteristics of the transition 
layers in contact exposed to microwave treatment, as well as 
dependence of these processes on the nature of deposited ma-
terial and deposition modes. 
 

1.3.1. Effect of magnetron irradiation  
on the physico-chemical processes  
in Me−−−−GaAs (InP) contacts 

Shown in Figs.1.9, 1.10 are the Auger concentration depth 
profiles for the components of Al−n-n+-GaAs and Al−n-n+-InP 
contacts taken both before and after microwave treatments. 
These profiles represent the character of the structural-
chemical transformations that occur at boundaries between 
phases in the structures studied. 
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Fig.1.9. Auger concentration depth profiles for the components of Al−n-n+-

GaAs heteropair before (a) and after (b) magnetron irradiation (ir-
radiance of 100 W/cm2, exposure time tM = 1 min); t is duration of 
ion etching [20]. 
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The profiles taken for the Al−n-n+-GaAs contacts are 
monotone, contrary to those measured for the Al−n-n+-InP 
contacts. Taking into account the character of non-monotony 
for the concentration depth profiles of Al, Ga and As in the 
Al−n-n+-GaAs contacts, one can assume that at the Al−GaAs 
interface exposed to microwave treatment the following sub-
stitution reaction seems most likely to occur: 

yAl + GaAs → (y � x)Al + AlxGa1-xAs + xGa        (1.1) 

even though rather high (> 725 K) temperature is needed for 
its intense proceeding. Besides, microwave treatment results in 
formation of an oxide layer on the Al surface (see Fig.1.9) 
[20]. 

Contrary to the above, one can conclude from Fig.1.10 
that in the case of the Al−n-n+-InP contact no chemical reac-
tions stimulated by microwave irradiation occur, and the tran-
sition layer width somewhat decreases. Thus the effect of mi-
crowave irradiation on the studied heteropairs Al−n-n+-GaAs 
and Al−n-n+-InP is realized through different mechanisms for 
interactions between phases. In the Al−n-n+-GaAs contact ex-
change reactions seem to be predominant, while in the Al−n-
n+-InP heterostructure interdiffusion of the contact pair com-
ponents occurs. Such character of processes and correspond-
ing formation of the end products should lead to distinctions 
in the effect of microwave irradiation on the parameters of 
Al−n-n+-GaAs and Al−n-n+-InP Schottky barriers (SBs). 

Now let us consider what mechanism for interaction be-
tween phases is realized in the Au−Cr−GaAs contacts with 
chemically active boundaries between phases. In [23] thermo-
chemical calculations have been made for the Cr−n-n+-GaAs 
system, and it was shown that Cr−As compounds of different 
stoichiometric ratios could be formed.  



 

 39

20

20

40

40

0

0

i

0.02

0.02

0.04

0.04

0.06

0.06

0.4

0.4

0.8

0.8

1.2

1.2

1.6

1.6

60

60

80

80

100

100

P

P

In

In

Al(o)

Al(o)

O

O

C

C

Al (m)

Al (m)

(a)

(b)

d/d

c, at. %

 
 

Fig.1.10. Auger concentration depth profiles for the components of Al−n-
n+-InP contact before (a) and after (b) microwave irradiation (di is the 
initial metal layer thickness). 
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A possibility for formation of compounds by Cr and Ga 
has not been considered. The results of study of the Cr, Ga and 
As concentration depth profiles in the Au−Cr−GaAs contacts 
exposed to microwave treatment (see Fig.1.11) indicate at high 
probability of formation of compounds involving chromium, as 
well as release of metallic gallium, even though such exchange 
interaction is not very intense [24]. One should also note that 
concentration of chromium atoms in the semiconductor near-
surface layers is increased as a result of microwave irradiation. 
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Fig.1.11. Auger concentration depth profiles for the components of 

Au−Cr−n-n+-GaAs contact and unintentional O and C impurities be-
fore (a) and after (b) microwave treatment [24]. 
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Titanium is close to chromium in its chemical activity. 
The pronounced chemical reactions between Ti and GaAs are 
observed at thermal annealing at a temperature of about 
500 °C. Specificity of these interactions under microwave 
treatment is demonstrated by Fig.1.12. Along the concentra-
tion depth profiles of the Au−Ti−n-n+-GaAs contact compo-
nents, the changes in binding energies Eb of core electrons 
(Ga 3d, As 3d, O 2s and Ti 2p) are also presented there. These 
data enable one to judge how the phase composition changes 
across the transition region width [25]. 

From the above data it follows that chemical composi-
tions of the transition layers after microwave irradiation re-
main the same as those for the initial structures. The most 
pronounced features of the transition layer induced by micro-
wave irradiations are (i) Ga 3d-electron binding energy shift 
towards higher values (as compared with its value for GaAs) 
and (ii) more clear structure of the Ti concentration depth 
profile. In addition, the main distinction in the component dis-
tributions for irradiated and non-irradiated structures is pene-
tration of gold atoms to the Ti−n-n+-GaAs interface. These 
results enable us to assume that change of the chemical com-
position in the transition region occurs mainly through inten-
sification of the oxidation processes (as in [26]). Judging from 
the character of binding energy change for Ga 3d-electrons, 
their catalyst is AuGa alloy that takes part in oxygen atoms 
activation. 

Thus the chemical processes occurring between barrier-
forming metal and semiconductor can be substantially 
changed when atoms of another type are present in the metal-
lization composition. The role of microwave treatment in this 
case lies mainly in the enhancement of diffusion penetration 
of the above atoms to the boundaries between phases. 



 

 42

E   , eV E   , eV(à) (b)b b

19.2 19.2

24.2 24.2

458 458

455 455
454 454

23.8 23.8

19.4 19.4

19.0 19.0

41.3 41.3

41.2 41.2

41.1 41.1

Ga 3d Ga 3d

As 3d As 3d

O 2s O 2s

Ti 2p Ti 2p

Ti

23.4 23.4

+ + +++ ++ ++ ++ ++ ++ ++ ++ ++ ++ +

20 20

  0   0
  0   0  40  40

40 40

60 60

80 80

  80   80  120   120 160   160
t, min t, min

++

TiO2

GaAs

GaAs

Ga  O
(20.3 eV)

2 3

Ga  
(18.7 eV)

c, at. % c, at. %

+++

 
 
Fig.1.12. Auger concentration depth profiles (bottom) and electron binding 

energies Eb for the components of Au−Ti−n-n+-GaAs contact and un-
intentional O impurity before (a) and after (b) microwave treatment; t 
is duration of ion etching [25]. 

 
In conclusion let us dwell on some features of the proc-

esses enhanced by microwave radiation that occur in contacts 
formed by amorphous alloys and GaAs. Tungsten silicide can 
serve as example of such alloy. The metallization using WxSi1-x 



 

 43

attracts attention because it provides contact tolerance to high 
temperatures. 

Shown in Fig.1.13 are the results of layer-by-layer Auger 
analysis of the WxSi1-x−n-n+-GaAs contact made before and 
after microwave treatment.  
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Fig.1.13. Auger concentration depth profiles for the components of WxSi1-x�n-

n+-GaAs contact and unintentional O impurity before (a) and after (b) 
microwave treatment. 
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The results obtained enable one to conclude that mi-
crowave irradiation practically does not change distribution of 
the above contact pair components. It seems that no reactions 
occur between WxSi1-x and GaAs. In other words, the consid-
ered structure is stable in the metallurgical sense. Some small 
redistribution of the components due to microwave treatment 
should be related to structural changes in the metallization 
layer, as well as relaxation of intrinsic stresses (they can reach 
such values in a film that are enough for its cracking). 

 

1.3.2. Structural-chemical processes in Me−−−−GaAs contacts 
stimulated by gyrotron irradiation 

Let us discuss the structural-chemical modification of the 
Me−GaAs interfaces (Me stands for metal) at increased G-
irradiation power. Shown in Figs.1.14, 1.15 are the results of 
our investigations of the effect of microwave irradiation on the 
contacts of two types (one- and two-layer metallization) but 
involving the same barrier-forming metal [20,27]. One can see 
that microwave action leads to changes in chemical composi-
tions of the contact transition layers. These changes are dif-
ferent for contacts of different types. 

For contacts with one-component metallization micro-
wave treatment enhances diffusion intermixing of phases. As a 
result, the gallium content in metal layer grows abruptly (up 
to 20%) [27]. In the multilayer Au−Pt−Cr−Pt−n-n+-GaAs struc-
ture the metallurgical processes resulting from microwave ir-
radiation are more pronounced. They may be represented by 
the following equation: 

Pt + GaAs → PtAs2 + (PtGaAs),             (1.2) 

where (PtGaAs) is an alloy. 
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Fig.1.14. Auger concentration depth profiles for the components of Pt−n-n+-
GaAs contact before (a) and after (b) gyrotron treatment [27]. 

 
 
Many authors have comprehensively studied chemical 

processes and kinetics of reactions at the Pt−n-n+-GaAs inter-
face. (The appropriate works are reviewed in [28].) Different 
modes of thermal annealing have been used as active actions 
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on the Pt−n-n+-GaAs contact. It seems to be of interest to 
compare how two different external actions (thermal annealing 
and microwave irradiation) affect the contact characteristics. 
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Fig.1.15. Auger concentration depth profiles for the components of 
Au−Pt−Cr−Pt−n-n+-GaAs contact before (a) and after (b) gyrotron 
treatment [20]. 
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1. It follows from the studies of temperature depend-
ence of the reaction kinetics in the Pt−n-n+-GaAs structure 
that the activation energy of the reaction between platinum 
and gallium arsenide is rather high (∼  2.3 eV) [23]. This is 
about 1.5−2 times bigger than the values that are usually 
characteristic of atom diffusion along the grain boundaries. 
In other words, for chemical interaction between Pt and 
GaAs to occur, rather high temperatures are needed that ex-
ceed, by a factor of 1.5−2, those realized in the above ex-
periments (150−200 °C). 

2. As in the case of thermal annealing at rather moder-
ate (about 400 °C) temperatures and thick (≥ 200 nm) Pt films, 
the reaction does not reach its final stage. 

3. Contrary to the case of thermal annealing, no predo-
minant Ga migration from GaAs and its uniform distribution 
over the Pt film thickness occur. 

4. Microwave treatment does not lead to formation of a 
layered contact structure with clearly separated regions that 
involve products of Pt reaction with Ga and As (as it takes 
place at thermal annealing). 

All the above facts evidence that microwave �anneal-
ing� is not adequate to thermal one. This conclusion has 
been also confirmed by the results of studies performed for 
the W−n-n+-GaAs structure (see Fig.1.16). One should note 
that distribution of its components is qualitatively similar to 
that in the case of the Pt−n-n+-GaAs structure discussed 
above, although the thermal characteristics that describe 
chemical activity toward GaAs are essentially different for W 
and Pt. Nevertheless, non-monotonic behavior of the contact 
pair components distribution indicates that intense chemical 
processes occur at boundaries between phases in the irradi-
ated W−n-n+-GaAs contacts. It was shown in [29,30] that in-
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terface in this contact is tolerant to high-temperature actions. 
Chemical reactions between W and GaAs (leading to produc-
tion of the W2As3 phase) are observed only at annealing 
temperatures over 700 °C. 
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Fig.1.16. Auger concentration depth profiles for the components of W−n-
n+-GaAs contact and unintentional O and C impurities before (a) and 
after (b) microwave treatment. 
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Degradation processes in W−n-n+-GaAs contacts at lower 
temperatures were related to intensification of mass transport 
between phases. But the concentration depth profiles obtained 
by us for the W−n-n+-GaAs contacts after microwave irradia-
tion cannot be explained by the diffusion mechanism only, al-
though the temperatures realized during our experiments have 
been much below those required for chemical reactions to oc-
cur. So the results obtained for the W−n-n+-GaAs structure 
evidence that, when analyzing the behavior of contacts exposed 
to high-power G-irradiation, one has also to take into account 
some non-thermal factors that affect the structural-chemical 
modification of the boundaries between phases. 

Thus, depending on the irradiation mode, either kinetic 
mechanism for metal−semiconductor interface formation or 
chemical diffusion may occur. A discrete and localized (in 
time and space) character of heat release during irradiation 
determines the characteristics of atomic intermixing between 
phases. This process is determined by the balance between 
the thermal excitation energy for the local regions of the sub-
strate, rate of interdiffusion at the interface and rate of heat 
removal to the substrate. 

A radical difference between microwave �annealing� and 
thermal one is related to the peculiarities of temperature dis-
tribution in the heterocontacts. It seems that for microwave 
�annealing� an �internal� local overheating occurs at small 
deviations of the average temperature in the heterocontact 
from room one. Such overheating of local regions serves to 
intensify chemical reactions. Another factor that affects both 
structure and phase composition of the boundaries between 
phases is related to the action of the electric field of electro-
magnetic wave. This electric field may reach values over the 
breakdown one. 
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1.3.3. Effect of microwave treatment on the electrophysical 
parameters of surface-barrier structures 

Microwave irradiation leads to structural-chemical modification 
of the boundaries between phases in metal−semiconductor sys-
tems, as well as changes in the characteristics of local centers 
in such systems. These processes are to be accompanied by 
changes in the electrophysical parameters of SB. 

In [22] it was shown that ion diffusion in a crystal lattice 
could be enhanced by the crystal electron subsystem. Not 
only phonons take part in ion hopping from one position to 
another but electrons as well. A deficiency of energy required 
for a diffusing particle to execute hopping is supplied from 
the electron subsystem. In this case the diffusing particle 
changes its charge state. Thus, on the one hand, the height 
WB of the potential barrier that the diffusing particle has to 
overcome is changed; on the other hand, the charged particle 

gets an additional portion of energy εν from the electron sub-
system. This portion is equal to the energy of the local level 
resulting from the particle transfer from a lattice site to an-
other state of equilibrium. 

According to conservation of energy, it is electrons of 
high (ε > kT), and not medium, energies that actively influ-
ence hopping [31]. Therefore one can substantially intensify 
ion hopping (in other words, the diffusion coefficient) by in-
creasing the number of high-energy electrons through excita-
tion of the electron subsystem (in our case by using micro-
wave irradiation). 

Action of microwave radiation on a solid can lead to 
crystal lattice heating with Joule heat. This disturbs the ori-
ented ion motion. The characteristic time of lattice heating is 
much greater than that of electron gas heating. One can prac-
tically exclude the crystal lattice heating by applying micro-
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wave power in the pulse, and not continuous, mode. In this 
case the electron gas manages to heat up, and the crystal lat-
tice does not. The characteristic time of the electron gas heat-
ing in GaAs is about 10-9 s, while it takes several minutes for 
atom transfer through the near-contact layers due to Joule 
heating. 

From [31,32] it follows that the ion diffusion coefficient 
D is given by the following expression: 

( ) ( )[ ].2//1/exp 000 kTTThkTWDD B −+−−= νεν a    (1.3) 

Here D0 = νd0
2 (ν is the atomic vibration frequency and d0 is 

the crystal lattice constant); T is the temperature of electron 
gas (it differs from that of crystal lattice, T0); a is a parameter 
that characterizes interaction between the diffusing atom (ion) 
and crystal lattice. The typical values to be used in further 
calculations could be chosen as follows: D0 ∼  10-20 cm2/s; ν ∼  

(1013−1015) s-1; WB ∼  2 eV; εν ∼  0.5 eV; ahν ∼  5 kT0; T0 ∼  300 K. 
Strictly speaking, the concept of electron temperature 

can be introduced only for the optical phonons at low tem-
peratures or for the electron-electron interaction (the latter is 
of no significance at energy values that are of interest for 
us). To obtain D in other cases, one should average the tran-
sition probability not over the Maxwell distribution with a 
temperature T ≠ T0 but over the distribution obtained from 
the exact solution of the kinetic equation. However, taking 
into account that our further considerations are approximate, 
we shall use the effective electron temperature (as it has 
been done in [33]). 

If the electric vector E of the microwave field is normal 
to the static built-in electric field E1 of the bulk charge, then 
one can neglect heating action of that static field and write 
down the effective electron temperature as 
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( ) ( )[ ]2
0

2
00 3/1 kTElqTT δ+= .                (1.4) 

Here l is the electron mean free path; δ is the fraction of en-
ergy loss at an inelastic collision. At l = 10-6 cm, δ ∼  1/25−1/30 

and E = 104 V/cm the additional term ( ) ( )20
2

0 3/ kTElq δ  is 

equal to unity. This means that the effective temperature in-
creases two-fold and, as a result, the diffusion coefficient in-
creases by a factor of 1010. (Of course, this value is overesti-
mated because the energy that electron has got from the elec-
tric field is spent not only for particle hopping.) 

In [34] the change in the SCR width w under micro-
wave irradiation has been calculated. The calculation was 
based on solving a set of equations that involved equations for 
flows Ii of diffusing ions (whose type was labeled by i), conti-
nuity of these flows and the Poisson�s equation: 
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2ϕ
.                        (1.7) 

This set of equations is written down for dimensionless quantities. 
The units of measurement of the flows Ii are Dii LND /  where Ni 

is the concentration of ions of i-th type (measured in units ND, 

i.e., the donor concentration). ( ) 2/12
000 4/ DD NqkTL πε=  is the 

Debye shielding length (it also serves as unit of measurement 
of dimensionless distance x) and ε0 is the semiconductor per-
mittivity. The potential ϕ is measured in kT/q, while the unit 

for measurement of the electric field E is ( ) 0// =xD dxdLkT ϕ . 

The unit for time measurement is 2/ DLD  (it was noted above 
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that the diffusion coefficient D depends on the microwave 
electric field). 

Strict approach to solving the above set of equations is 
very complicated. So let us use a simplifying assumption that 
the diffusion front practically is not blurred. This enables us to 
determine a change L1,2 = L1 + L2 of the depletion layer 
width (here L1 (L2) is the change due to acceptor (donor) ion 
diffusion): 

( )[ ] ( ) 2/1
1

2/1
1

2/1
1

2/1
12,1 erf/erf22 tEtEEEL += π ,      (1.8) 

where erf (x) is the error function. (If the depletion layer 
width decreases due to ion diffusion, then one should take the 
right-hand side of expression (1.8) with the �minus� sign.) It 
should be stressed that the solution (1.8) is approximate. It 
was obtained using the assumption that change in concentra-
tion due to diffusion and corresponding penetration of atoms 
into the depletion layer does not exceed the impurity concen-
tration in that layer. 

The experimental results presented in [34] corresponded 
to the case of microwave irradiation with angular frequency 
ω = 1 GHz and irradiance of 100 W/cm2. The metallization 
layer thickness was less than skin depth, so one could assume 
that almost all the above power was absorbed in the contact 
structure and semiconductor. At the above irradiance value 
the microwave electric field is 104 V/cm. In this case the L1,2 
value is of the same order as the Debye shielding length LD 
(or even may exceed it) if all microwave power is spent on 
changing L1,2. At the above experimental conditions the transi-
tion region width changed substantially. 

At microwave irradiation of higher (about 102 GHz) fre-
quency the time needed to heat up the electron gas becomes 
comparable to the period of the microwave electromagnetic 
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field. In addition, the skin depth goes down with electromag-
netic field frequency. This results in decreasing the irradiation 
power received by the contact. 

After the microwave field is switched off, the diffusion 
coefficient abruptly drops. Therefore the spatial distribution of 
diffusing particles that has resulted from the action of both 
microwave irradiation and applied static electric field remains 
�frozen� for a long period. 

Thus the microwave irradiation enhances diffusion of 
point defects and impurities in the near-contact layers through 
excitation of the electron subsystem in a semiconductor. This 
effect is to be more pronounced at application of pulsed mi-
crowave irradiation, since in this case some side effects (say, 
Joule heating of the crystal lattice) are excluded. The fre-
quency of microwave radiation has to be of the order of in-
verse time of the electron gas heating, i.e., about 109 s-1. So 
one should expect some distinctions between changes in the 
electrophysical parameters for contacts exposed to M- and G-
irradiations. 

Shown in Fig.1.17a are typical I−V curves of a surface-
barrier diode [19]. One can see that after microwave irradia-
tion for 2 s the range of exponential portion of the forward 
branch of I−V curve increased by an order of magnitude, the 
barrier height ϕB remained the same and the ideality factor n 
dropped. As to the backward branch of I−V curve, the reverse 
current IR significantly decreased. This seems to result from 
the structural defect annihilation that increases the charge 
carrier effective lifetime. This conclusion is supported by the 
fact that the dopant concentration did not change under mi-
crowave irradiation � this follows from the reverse capaci-
tance squared vs voltage curves (1/C 2 (V )) presented in 
Fig.1.17b. 
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Fig.1.17. I−V curves (a) and function 1/C2 = f(VR) (b) for Schottky TiN−n-
n+-GaAs contact before (1) and after (2) microwave treatment [19]. 
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The results of our studies of the effect of microwave ir-

radiation on SBs formed by different metals with some III−V 

compounds are summarized in Tables 1.2 and 1.3. An analy-

sis of these results enables one to draw the following conclu-

sions: 

a) Whatever the metallization type (the only exception being 
Pt−n-n+-GaAs structures), short-term M-irradiations im-

prove the electrophysical parameters of the contacts involv-

ing GaAs; 

b) Microwave irradiation affects the barrier height ϕB slightly 

and the ideality factor n somewhat stronger; the correspond-

ing changes are bigger for those structures where the initial 
n value is higher. The reverse current IR changes most con-

siderably under microwave irradiation. The semiconductors 

used by us had low donor concentrations that did not 

change under irradiation. So one can assume that in this 

case the reverse current decrease is related to weakening 

of the electron-hole pair generation in the depletion region. 

This means that microwave irradiation enhances partial an-

nihilation of the initial structural defects in the near-

contact layers and thus increases the charge carrier effec-

tive lifetime; 

c) Changes of the SB parameters under microwave irradiation 

are similar for structures based on GaP and GaAs. But for 

structures based on InP both parameters (the barrier height 
ϕB and ideality factor n) decreased after irradiation. 
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Table 1.2. Changes under magnetron irradiation (frequency f = 2.45 GHz, 
power P = 5 kW, duration tM = 1s) in the electrophysical parame-
ters of Schottky diodes (barrier height ϕB, ideality factor n and 
hole diffusion length Lp) [20].  

Contacts Type of 
treatment 

ϕB, eV n Lp, µm 

Al−GaAs I 
MI 

0.55−0.58 
0.57−0.58 

1.68−2.20 
1.30−1.40 

1.6−1.9 
2.0 

Pt−GaAs I 
MI 

0.88−0.95 
0.88−0.89 

1.12−1.37 
1.18−1.24 

2.1−2.2 
2.1−2.2

Au−Pt− 
GaAs 

I 
MI 

0.88−0.92 
0.90−0.92 

1.17−1.30 
1.12−1.15 

2.0−2.2 
2.3−2.5

Cr−GaAs I 
MI 

0.73−0.75 
0.76−0.77 

1.17−1.24 
1.08−1.09 

6.5−7.0 
7.2−7.4

Au−Cr− 
GaAs 

I 
MI 

0.70−0.76 
0.75− 

1.12−1.17 
1.04−1.08 

0.9−1.1 
1.0−1.3

Mo−GaAs I 
MI 

0.68−0.69 
0.68−0.69 

1.16−1.23 
1.09−1.14 

2.3−2.8 
2.5−2.7

W−GaAs I 
MI 

0.65−0.66 
0.69−0.70 

1.20−1.40 
1.09−1.12 

1.7−2.0 
2.1−2.2

MoxSi1-x − 
GaAs 

I 
MI 

0.70−0.71 
0.72 

1.15−1.17 
1.09−1.10 

2.4−2.5 
2.6−2.7

WxSi1-x− 
GaAs 

I 
MI 

0.72−0.73 
0.74 

1.15−1.17 
1.07−1.09 

2.2−2.4 
2.5 

TiN−GaAs I 
MI 

0.75 
0.76 

1.24 
1.02 

1.6−1.75
1.8−1.82

Cr−InP I 
MI 

0.67−0.69 
0.63−0.65 

1.5−1.8 
1.2−1.4 

1.52−1.6
1.7−1.75

Al−InP I 
MI 

0.77−0.80 
0.75 

1.73−2.73 
1.14−1.73 

1.55−1.7
1.73−1.8

Au−GaP I 
MI 

1.52 
1.70 

1.75 
1.10 

0.65 
0.78 

Cr−GaP I 
MI 

1.63 
1.85 

1.72 
1.30 

0.53 
0.87 
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Table 1.3. Effect of gyrotron irradiation on the Schottky barrier parameters (barrier height ϕB, ideality factor n 
and hole lifetime τр) [20]. 

Parameters and their spreads 

Before irradiation After irradiation 
Contacts 

Bϕ , 

eV 

∆ϕ, 
eV 

n  ∆n, 
τp, 

10-10 s 
Bϕ , 

eV 

∆ϕ, 
eV 

n  ∆n, 
τp, 

10-10 s 

Pt−GaAs 0.91 0.06 1.2 0.2 25.2 0.88 0.02 1.21 0.07 25.2 

W−GaAs 0.65 0.01 1.3 0.2 28.9−40 0.69 0.01 1.26 0.06 36.1−40

Al−GaAs 0.56 0.03 1.9 0.4 19.4 0.59 - 2.5 0.35 20.7 

Au−Pt−GaAs 0.92 0.07 1.2 0.13 23.4 0.86 0.08 1.5 0.2 25 

Cr−Pt−GaAs 0.91 0.06 1.2 0.11 22.7 0.91 0.06 1.2 0.11 22.7 

Au−Ti−GaAs 0.7 0.1 1.3 0.2 19.8 0.7 0.1 1.3 0.2 19.8 

TiN−Ti−GaAs 0.72 0.09 1.3 0.14 19.8 0.73 0.08 1.3 0.14 22.4 
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Taking into account the results of investigations pre-
sented in sections 1.2 and 1.3, one can assume that the prin-
cipal factor responsible for the observed changes of SB pa-
rameters is structural ordering in the heterosystems exposed 
to microwave treatments. This ordering improves semicon-
ductor material and makes the disordered heterogeneous 
contact boundaries more uniform. The above conclusion is 
also supported by the results on the effect of high-power G-
irradiation on the Au−Pt−Cr−Pt−n-n+-GaAs multilayer con-
tact (Fig.1.18).  
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Fig.1.18. Barrier height ϕB (a) and ideality factor n (b) histograms for 

Au−Pt−Cr−Pt−n-n+-GaAs contact before and after (hatched area) mi-
crowave annealing [35]. 



 

 60

One can see that a clear tendency exists toward de-
crease of parameter spread after microwave treatment for SB 
made on the same wafer [35]. In Table 3 the results for other 
contact pairs are given. From them one can conclude that G-
irradiation either does not change the contact parameters or 
even slightly impairs them, with some decrease in spread of 
their values. 

Below we summarize the most probable mechanisms that 
are responsible for the observed changes under microwave 
irradiation in properties of both semiconductor materials and 
contact structures based on them [15,19,20,24,25,27,34-45]: 

Thermal mechanism that is related to heating of boun-
daries between phases by absorbed microwave energy. Our 
analysis of the Auger concentration depth profiles for the con-
tact structure components taken before and after microwave 
irradiation, as well as their comparison with the results of the 
layer-by-layer analysis of contacts after thermal annealing, 
evidence that this factor is insignificant. 

Electrostatic mechanism that is related to an actual 
drop in barrier voltage. It was shown in [2] that this mecha-
nism can substantially affect spatial redistribution of the con-
tact components through diffusion, even if there are no criti-
cal electric fields that determine mechanisms for avalanche 
and tunnel breakdowns. An intense interdiffusion between a 
metal and gallium arsenide begins when the absorbed energy 
level is as high as about 2/3 the critical value needed for 
avalanche breakdown to occur. However, according to esti-
mations made in [2], this factor counts little in the used irra-
diation mode. 

Electrodynamic mechanism that is related to a departure 
of the electron subsystem of a semiconductor from the state of 
thermodynamic equilibrium. This departure occurs due to ap-
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pearance of hot charge carriers in the semiconductor near-
surface layer that changes the impurity-defect composition of 
this layer [2]. The electrophysical parameters of the surface-
barrier structures exposed to microwave treatment are close to 
those after 60Co γ-irradiation [46] (and it is known that in the 
latter case the above mechanism is the governing factor). This 
fact indicates that it is the electrodynamic mechanism that 
plays a decisive role in the structural-impurity transformation 
under microwave actions. 

Occurrence of non-steady-state stress gradients due to a 
practically instantaneous heating of disordered regions that 
appear in a semiconductor during the contact structure forma-
tion. In this case the concentration depth profiles for the con-
tact pair components can be practically the same before and 
after microwave irradiation. However, taking into account the 
possibility for collective interactions in the stress fields, one 
can substantially decrease the barrier for defect annihilation 
or defect complex transformation [47]. 

1.4. EFFECT OF MICROWAVE RADIATION  

ON THE PARAMETERS OF RESONANT TUNNELING DIODES 

1.4.1. GaAs tunneling diode with two δδδδ-layers in SCR 
In recent years many authors have been studying the tunnel 
diodes exposed to microwave actions. The emphasis was 
mainly on a search for ways to exert control over their I−V 
characteristics. In this connection the works [48-59] should be 
recalled, to mention just a few. Along with technological prob-
lems, their authors considered some physical aspects concern-
ing interaction between microwave radiation and degenerate 
semiconductors, as well as degradation mechanisms in the ir-
radiated tunnel diodes. However, similar effects in more com-
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plicated resonant-tunneling structures exposed to microwave 
irradiation practically have not been studied yet. 

An attempt to fill in the gap in this area has been made 
in [60-63]. In the GaAs tunnel diodes studied the p-n junction 

width was lj = 10 nm, spacing between two δ-layers dδ ≈ 5 nm, 

impurity concentration in the δ-layers was Nδ ≈ 1013 cm-2, those 
in the p+- and n+-regions were 1020 and 1019 cm-3, respectively. 
The Fermi energy in n+-GaAs was EF ≈ 0.023 eV and the elec-
tric field in the p-n junction was Ej = 2×106 V/cm. 

We investigated I−V curves for the GaAs resonant 
tunneling diodes (RTD) with two δ-layers in SCR, both before 
and after microwave irradiation in the magnetron waveguide. 
The frequency of M-radiation was f = 2.5 GHz and the irradi-
ance was W = 3÷30 W/cm2. A strong anisotropy of the mi-
crowave field action has been observed. When the angle of 
incidence of the electromagnetic wave was 90° (glazing inci-
dence), then I−V curves remained practically the same at time 
of exposure tM ≤ 300 s, while at normal incidence the changes 
occurred after tM = 10 s. 

The starting doses of microwave irradiation (tM = 10�20s, 
W = 3 W/cm2) have led to a shift (toward higher voltages) of 
the I−V curve peak related to the resonant-tunneling current 
flow via a level in the potential well formed by the δ-layers; be-
sides, the excess current Iex has somewhat dropped (Fig.1.19). 
The qualitative explanation for this might be as follows. The first 
δ-layer goes down under the counter electric field Ej, i.e., this 
field induces the impurity diffusion from the δ-layer to SCR. In 
this case the potential well changes its form. A local level ap-
pears in the well that is responsible for the resonant-tunneling 
current: the wall of the potential well that is closer to the p-n 
junction becomes less abrupt, and the energy level (whose en-
ergy is measured from the well bottom) becomes shallower.  
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Fig.1.19. Forward branches of I−V curves for RTDs with a δ-layer before 

(0) and after microwave irradiation (irradiance W = 10 W/cm2, expo-
sure time 20 s (1), 40 s (2), 60 s (3)). 

 
 
Accordingly the depth of this level (counted from the conduc-
tion band bottom in the n+-layer) increases and the resonant-
tunneling current peak somewhat shifts toward higher volt-
ages. 

Further microwave action does not shift this peak, thus 
evidencing that the form of the potential well does not 
change. This seems to be due to the fact that all impurities 
have left the δ-layer for SCR. In this case the excess current 
Iex(V ) (defined as a diffusion current increase after irradiation: 
Iex(V ) = I (V ) � I0(V ), V > 0.7 eV) grows with time of expo-
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sure to microwave irradiation (Fig.1.20). An analysis of the ob-
tained irradiation dose dependencies of Iex enables one to get 
the following approximate expression: 

( ) ( ) ( )ViViVIex 2211 expexp aa += .              (1.9) 

Here V is the forward bias; the coefficients a1 = 0.58 V-1 and 
a2 = 6.8 V-1 do not change under irradiation, while the factors 
i1 and i2 are zeros at times of exposure below 90 s and then 
grow linearly with time of exposure, the corresponding coeffi-
cients being 0.178×10-10 A/s and 0.844×10-10 A/s, respectively. 
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Fig.1.20. Forward branches of I−V curves for RTDs with two δ-layers be-
fore (0) and after microwave irradiation (irradiance W = 3 W/cm2, 
(1)−(8) � consecutive exposures 30 s each). 
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The excess current features seem to be related to impu-
rity diffusion from the δ1-layer into SCR. In this case some 
impurity levels appear in SCR via which interband tunneling 
can occur. Their energy does not change with time of expo-
sure, while their concentration changes. This fact correlates 
with expression (1.9) in the case of two different levels (cen-
ters) in SCR. The coefficients a1 and a2 are determined by the 
level nature and electric fields (i.e., by the structure geome-
try); the factors i1 and i2 are proportional to the concentration 
of the centers responsible for interband tunneling. 

Let us determine the conditions under which the above 
diffusion can occur. The problem of electrically enhanced dif-
fusion from an infinitely thin layer into an unrestricted me-
dium can be solved rather easily. It was shown in [64] that 
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where 
V = µE,  µ = q0D/kT,  E = Ej + E1sinωt         (1.11) 

(for W = 3 W/cm2 (λ = 12 cm) the electric field amplitude 
E1 ∼  107 V/cm). 
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Here Q is the total electric charge in the δ1-layer and 

kT
E

eDD
a−

= 0 . In further estimation let us take for D0 and Ea 
the values known from silicon diffusion in GaAs [65]: D0 = 
4×10-4 cm2/s, Ea = 2.45 eV. 

When estimating the temperature T at which diffusion 
occurs that could be observed experimentally, the following 
considerations are used. The concentration of impurity centers 
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in a layer (whose thickness is ∆x) located at a distance of -x0 
from x = lj should be comparable (i.e., of the same order) to 
the concentration n in the n+-region. Since ∆x ≡ εF/eEj, then 
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The estimated temperature value turned out to be about 
550 °C. Only at this (or higher) temperature diffusion can oc-
cur that leads to δ1-layer flattening. However the experimen-
tally observed diode temperature is considerably below the 
above value. This enables one to conclude that the diffusion is 
predominantly of non-thermal origin; it may be related to, say, 
a decrease in the activation energy Ea due to electric field. In 
this case a 0.5 eV drop in Ea value would result in sample 
heating up to T = 200 °C and δ1-layer flattening; this does 
not disagree with the results of experiment. 

When analyzing the results of the above estimation, one 
might assume that the following two processes occur in RTD 
exposed to high-power microwave irradiation. At first the 
quantum-sized well becomes broader because the δ1-layer and 
SCR boundaries are flattened due to electrically enhanced dif-
fusion. Later on the generation-recombination centers are 
gathered; this results in an increase of the excess diffusion 
current. 
 

1.4.2. Two-barrier resonant tunneling diode 
In [60,61] it was reported on the effect of microwave irradia-
tion on I−V curves of the Al−GaAs/GaAs two-barrier het-
erostructure. The authors studied MBE-grown two-barrier RTD 
(TBRTD) with n+-n-p emitter and collector contacts. A reso-
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nance peak was observed on I−V curves of initial (before 
mi7crowave irradiation) samples for both voltage polarities. It 
was characterized by current density of 104 A/cm2 and the 
ratio between the current values at and off the peak about 3 
at a temperature of 300 K. Microwave treatments for 7 and 14 
min. were performed using a magnetron with microwave sig-
nal power of 3 kW at a frequency of 2.45 GHz. It was found 
that such treatments improved the TBRTD characteristics: the 
ratio between the current values at and off the peak increased 
by a factor of 1.5−2. 

1.5. THE FEATURES OF STRUCTURAL CHANGES IN GaAs  

SINGLE CRYSTALS UNDER MICROWAVE IRRADIATION 

It was stated before that when single crystals and epitaxial 
layers of III−V semiconductors (GaAs, GaP, InP) are exposed 
to microwave irradiation, then a structural-impurity modifica-
tion of near-surface layers may occur in them. One can de-
tect it from the changes in PL spectra [15,19,20,25]. The rea-
son for this modification is (as in other cases when the elec-
tron subsystem of a crystal is excited [32,45,64]) relaxation of 
intrinsic stresses [46,66,67]. It was found, however, that in 
this case the kinetics of intrinsic stress relaxation is of long-
term type. This is an additional factor that intensifies degra-
dation processes in semiconductor materials enhanced by 
microwave radiation [68-74]. This fact determined a need to 
consider in more detail the structural changes that occur in 
III−V semiconductors under microwave irradiation. A mate-
rial that is most studied in this respect and can serve as a 
model is GaAs [68-74]. 

We investigated the commercial wafers of single-
crystalline GaAs (100) doped with tin (the impurity concentra-
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tion of 3×1016÷1017 cm-3). The dislocation density was Nd ∼  
104 cm-2. Both wafer sides were exposed to the same chemical-
dynamic treatment. The samples were irradiated in the 
magnetron chamber in a continuous mode. The irradiance at 
the place where the samples were positioned was 100 W/cm2. 

The sample irradiation was performed in series 1 and 5 s 
long. The structural parameters of the substrates studied were 
checked between these series of irradiation. We used x-ray 

topography in Borrman geometry (Cu Kα-line). The radii of 
curvature of atomic planes were found using x-ray diffraction 
(XRD). The above two methods enabled us to determine how 
the elastic strain fields are redistributed. The method of x-ray 
quasi-forbidden reflections (QFR) made it possible to charac-
terize stoichiometry changes, i.e., redistribution of point de-
fects and impurities. 

The x-ray topography studies of the initial gallium ar-
senide wafers have revealed that they predominantly demon-
strated a nonuniform cellular dislocation structure (the cell 
sizes being from 0.5 to 1.5 mm). The dislocation density dis-
tribution along the diameter was of a weakly pronounced W-
type. The separate linearized aggregations of dislocations 
along the <110> direction, as well as single inclusions up to 
0.1 mm in size (regions demonstrating no diffraction contrast) 
were observed. In some wafers (with charge carrier concentra-
tion n = 3×1016 cm-3) there were regions with high density of 
<110> dislocation slipbands. This is most likely to result from 
the growth mode departures from the optimal one. The results 
on radius of curvature planar distribution enabled us to esti-
mate the strain level in the initial samples. It was found to be 
as much as about 10-6. 

In the initial samples there were regions with different 
general contrast. This indicated at higher (lower) surface per-
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fection level. It was not related to the cellular structure but 
was due to the impurity-defect composition and strain fields. 
Such fields manifested themselves as a light (dark) colored 
positive contrast. After microwave treatment for 1 s no chan-
ges in the substrate defect structure were observed on the x-
ray topograms. After microwave treatment for 5 s the contrast 
has leveled off (see Fig.1.21). This occurred due to structural 
changes resulting in a more uniform distribution of the above 
defects. Both dislocation density and length increased in the 
peripheral wafer regions with dislocation slipbands, while the 
cellular dislocation structure remained unchanged. 

Microwave irradiation of the wafers for 20 s resulted in 
considerable changes of their defect structure and, in some 
cases, even single crystal disruption (cracking) (see Fig.1.21). 
The cellular structure character held, but microinclusions be-
gan to dissociate, the dislocation slipbands penetrated from 
the sample edges into the crystal bulk along the <110> direc-
tions, and the spiral dislocation bands (bridges at strain con-
trast) appeared. 
 
 

 
(a)            (b) 

 
Fig.1.21. Topography of GaAs single crystal before (a) and after (b) micro-

wave irradiation for 20 s [20]. 
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The residual strain relaxation has been checked, both 
immediately following irradiation and in the subsequent 
keeping, from the profile changes for atomic planes of the 
sample surfaces. No defect structure changes have been ob-
served (within the technique resolving ability) on the 
Borrman topograms obtained after sample exposure to mi-
crowave irradiation for 1 s. However, both atomic plane form 
and bending has changed. Either decrease or increase of 
bending was observed, depending on the initial curvature 
value. One can see from Fig.1.22a that for the samples whose 
initial bending was small, microwave irradiation for 1 s re-
sulted in a small increase of stress whose value then changed 
at further irradiation stages.  

 
 

 
(a) (b) 

 
Fig.1.22. Changes of GaAs substrate surface profile along the wafer diame-

ter due to microwave irradiation (consecutive exposures 1 s each) for 
samples with low (a) and high (b) stress level [74]. 
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Contrary to this, in the samples with high initial stress 
level a considerable stress relaxation occurred at the first stage 
of microwave irradiation. Some small changes in the GaAs sur-
face profile were detected for such samples (Fig.1.22b). After 
three or four irradiation sessions (each for 1 s) in all samples 
intrinsic stresses have relaxed completely [73]. 

After microwave treatment for 5 s the strain level in the 
crystal studied has dropped (see Figs.1.23, 1.24). Further irra-
diation sessions (each for 5 s) always increased the strain 
level; in several cases the strain field has reversed its sign. It 
should be noted that, as topograms evidenced, the dislocation 
slipbands have occurred in the sample regions of highest cur-
vature. 

The structural changes that have been observed in to-
pograms and atomic plane profiles were accompanied with 
changes in the total intensity of QFR (TIQFR) (Fig.1.25). The 
ratio ∆R/Rr between the TIQFR change for the studied GaAs 

crystals due to a deviation from stoichiometry (∆R) and TIQFR 
value for the stoichiometric (reference) sample (Rr) is deter-

mined by the concentrations and reflectivities of host and for-
eign atoms in the gallium and arsenic sublattices. One can see 
from Fig.1.25 (curve 1) that the initial GaAs substrates were 
characterized by the deviations from stoichiometry, namely, 
they had excess gallium atoms. After microwave irradiation 
TIQFR dropped by 1÷3 % for all the points measured. Its dis-
tribution became less uniform and followed the W-like dislo-
cation structure distribution in the wafer (Fig.1.25, curve 2). 
Next irradiation session for 5 s resulted in a slight redistribu-
tion of the ∆R/Rr value along the wafer diameter (Fig.1.25, 

curve 3). 
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Fig.1.23. Change of the atomic plane form for GaAs substrate surface taken for samples a and b with different
initial stresses: 1 � initial sample; 2 � after irradiation for 5 s; 3 � after keeping for 300 h; 4 � after sec-
ond irradiation for 5 s (d characterizes departure from horizontal position) [20]. 
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Fig.1.23. Change of the atomic plane form for GaAs substrate surface taken for samples a and b  with different
initial stresses: 1 � initial sample; 2 � after irradiation for 5 s; 3 � after keeping for 300 h; 4 � after sec-
ond irradiation for 5 s (d characterizes departure from horizontal position) [20]. 
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Fig.1.24. Change of the residual strain fields under microwave irradiation for the sample whose atomic plane
form changes are shown in Fig.1.23: a � initial sample; b � after irradiation for 5 s; c � after keeping for
300 h; d � after second irradiation for 5 s. 
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Fig.1.25. Relative departure of the total intensity of x-ray quasi-forbidden 

reflections taken along the wafer diameter (from edge to center): 1 � 
initial sample; 2 � after microwave irradiation for 5 s; 3 � after sec-
ond irradiation for 5 s [74]. 

 
Such a behavior of TIQFR could be explained by a 

drop in the Ga vacancy concentration as a result of decay of 
the gallium microdefects that were observed on the topo-
grams. Another factor that could take part in these processes 
is presence of Sn impurities. However one did not manage to 
separate a contribution from a possible redistribution of Sn 
impurities whose concentration was 1017 cm-3. 

The results of PL studies at low temperatures support 
the conclusion that microwave radiation stimulated trans-
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formation of the impurity-defect complexes. This transfor-
mation manifests itself in changes of intensity, position and 
form of the PL band in the long-wavelength spectral region 
that is related to the recombination centers in the initial 
samples [68]. 

The following fact deserves particular attention. Con-
trary to the cases of thermal annealing and γ-irradiation, no 
dislocation-impurity equilibrium appears in the subjects stud-
ied during microwave irradiation. One can see from 
Figs.1.23, 1.24 that further changes in the atomic plane form 
for the sample surfaces and strain field redistribution occur 
on keeping. These processes come to an end (judging from 
the results obtained when measuring the radius of curvature, 
the resolution being about 10-4 m) after keeping the samples 
at room temperature during 6÷7 months. The final curvature 
distribution in the samples is determined by the level of their 
structural perfection and irradiation modes. Microwave irra-
diation performed in sessions 1 s each presents a rather 
�soft� treatment. However after keeping for the above time 
the sample curvature can turn back almost to its initial level 
in the strongly stressed samples. At the same time microwave 
irradiation performed in sessions 5 s each provides better 
stability of sample curvature. 

Shown in Fig.1.26 in more detail is the kinetics of the 
above process in a sample exposed to microwave irradiation 
for 20 s. The surface profile continued to change non-
monotonically during 1000 h. However, as one can see from 
the topogram presented in Fig.1.21, such doses should not 
be used in technological procedures since a trend to sample 
failure is clear. 
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Fig.1.26. Change of the atomic plane profile for GaAs substrate surface 

after microwave irradiation for 20 s and keeping for 24, 250, 500 and 
1000 h [20]. 

 
To perform an analysis of relaxation processes stimu-

lated in the wafers by microwave irradiation, one should esti-
mate a depth of electromagnetic field penetration ∆ (this is 
the depth at which the electromagnetic wave amplitude drops 
by a factor of e = 2.718, i.e., an analog to the skin depth in 
metals). This depth strongly depends on the wafer conduc-
tance σ (see Fig.1.27). It was estimated from the known ex-
pression 
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Fig.1.27. Depth of microwave field penetration into GaAs single crystal as 

function of its conductivity [74]. 
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Here ω is the microwave angular frequency; µ0 and ε0 are the 
material permeability and permittivity, respectively; σ = q0(nµn 
+ pµp). For the samples studied with n = 3×1016÷1017 cm-3 
the above penetration depth was 230÷130 µm. 

The character of microwave power distribution in the 
sample with ∆ = 230 µm is illustrated by Fig.1.28. The estima-
tion was performed according to the following expression: 
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W(t) = W0exp(-2d′/∆). Here W0 is the irradiance at the sam-
ple surface and d′ is the depth measured from the sample sur-
face exposed to irradiation. During experiments the samples 
were in a cavity resonator, and so they were exposed to both 
the incident and reflected electromagnetic waves (Fig.1.28, 
curves 1 and 2, respectively). One can see that the total (inci-
dent + reflected) power distribution with sample thickness is 
nonuniform (Fig.1.28, curve 3). Our estimation of the sample 
temperature has shown that it did not exceed 100 °C at the 
treatment modes used. 
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Fig.1.28. Microwave power depth profiles in GaAs single crystal doped 
with Sn (n = 3×1016 cm-3) for: 1 � incident wave; 2 � reflected wave 
(the samples are in a cavity resonator); 3 � total power [74]. 



 

 80

Interaction between microwave radiation and semicon-
ductor leads to excitation of the electron subsystem, i.e., the 
electron gas density and temperature grow. Some below-
threshold mechanisms for interaction between the excited 
electron subsystem and structural defects (dislocations, inclu-
sions, impurity complexes) come into force. This results in 
appearance of temperature and stress gradients. 

As mentioned above, there are inclusions in the GaAs 
wafers studied. These inclusions are Ga precipitates (drops) 
having metallic properties. The dielectric loss in these regions 
substantially grows under irradiation, so their temperature 
grows too. In [73] estimation was made for the time τ′  ∼  sm

2/A 
that characterizes the dynamics of thermal processes in GaAs. 
Here sm is the mean spacing between the local temperature 
sources; A = Λ/Cpρ0 (Λ is the thermal conductivity, Cp is the 
heat capacity and ρ0 is the material density). For estimation 
the minimal spacing between the Ga inclusions was taken to 
be 1 mm. Using the known values for GaAs parameters, one 
obtains A = 8.77×10-5 cm2/s. The estimated τ′  value was 
found to be over 100 s. The duration of microwave treatment 
sessions was not greater than 5 s, thus being much below τ′ . 
So the sample was heated nonuniformly and thermal gradients 
appeared in it. These were the reasons for intense diffusion 
and relaxation processes in bulky single crystals after irradia-
tion that led to defect structure modification and redistribu-
tion of the elastic strain fields. Thus the mechanisms for inter-
action between microwave electromagnetic fields and semi-
conductors are strongly nonequilibrium. 

Taking into account the piezoelectric properties of 
GaAs, one could advance the following mechanism for dislo-
cation slipband generation at cleavage fractures, if in this re-
gion the surface electron states are present that are character-
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istic of atomically-clean surface. Due to the limiting permittiv-
ity jump existing at a cleavage surface, an electric charge ap-
pears on it in electromagnetic field. This charge is oscillating 
with the frequency of the electromagnetic field. Such charge 
oscillations lead to appearance of inverse piezoelectric effect. 
The piezoelectric strains appearing due to this effect are 
propagating as a longitudinal or transverse high-frequency 
elastic wave (hypersonic vibrations). The type of such wave 
depends on the electric field orientation relative to the cleav-
age surface. 

In our case a longitudinal hypersonic wave (wavelength 
of about 3 µm) seemed to appear. It propagated along the 
<110> direction and was enhanced by the processes occurring 
at the cleavage surface (that was close to atomically-clean 
one). If the surface electron levels are only partially filled, 
then conductance and permittivity for thin (coverage degree 
of several tens of monolayers) semiconductor layers can be 
similar to those for metals. So considerable temperature and 
stress gradients are to appear. They are due to an essential 
difference between microwave radiation absorption at the sur-
face and in the bulk. 

From the above-said it follows that the processes of 
structural relaxation in GaAs stimulated by microwave elec-
tromagnetic field are determined (both during irradiation and 
after it) by a combined action of thermal, electric and me-
chanical phenomena. Interrelation between them, as well as 
their character, depends on the initial structural perfection of 
the material exposed to microwave irradiation, its morphologi-
cal parameters and treatment conditions. The intense diffusion 
of host and foreign atoms, as well as structural relaxation 
processes, is not accompanied with considerable sample heat-
ing. The structural modification, as follows from [20,68,73,74], 
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could be related to a direct effect of microwave field on the 
charged defects in a semiconductor, growth of the electron 
gas density and temperature, as well as with local heating of 
defect regions via dielectric loss. 

The kinetics of relaxation processes in substrates after 
considerable microwave irradiation demonstrates non-monoto-
nic long-term character. This is evidence that some strongly 
nonequilibrium physical processes occur in them. 

The results obtained show promise of using microwave 
treatment of semiconductor materials, under optimal condi-
tions, in technological procedures of defect annealing to im-
prove structural uniformity of substrates. 

1.6. EFFECT OF MICROWAVE IRRADIATION  

ON THE PROCESSES OF INTRINSIC STRESS RELAXATION  

IN GaAs EPITAXIAL STRUCTURES 

Despite the high level of modern technological procedures 
used when manufacturing GaAs epitaxial layers, the residual 
intrinsic stresses are always present in them. These stresses 
have appreciable effect on the properties of epitaxial films. This 
is the reason why the specialists in materials science are per-
manently interested in the techniques for regulation of the in-
trinsic stress level. It was shown above that one of such tech-
niques lies in microwave irradiation. The features of the effect 
of microwave irradiation on relaxation of intrinsic stresses pro-
ceeding in GaAs epitaxial structures of different types are con-
sidered below. The irradiation conditions are the same as those 
used for substrates, namely, frequency of 2.38 GHz, irradiance 
of 100 W/cm2, irradiation sessions 1 or 5 s each. 

We investigated the GaAs n-n+ epitaxial structures 
grown on GaAs (100) substrates 300 µm thick doped with Te 
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(the impurity concentration up to 2×1018 cm-3). The GaAs lay-
ers were grown using vapor-phase epitaxy. Their thickness d 
was from 6 to 8 µm. The dopant (Te) concentration in them 
was 2×1015÷1.5×1016 cm-3. We also studied the multilayer i-n−-
n−-n+-GaAs structures (n+ = 3×1018 cm-3, dn+ = 0.25 µm,  
n− = 4.5×1017 cm-3, dn− = 0.35 µm, n− = 1014 cm-3, dn− = 
0.8 µm) on semi-insulating GaAs substrate and Au−Ti−n-n+-
GaAs test structures (n+ = 2×1018 cm-3, dn+ = 300 µm, n = 
2×1016 cm-3, dn = 2.5 µm, dTi = 50 nm, dAu = 50 nm). 

By and large the processes of structural relaxation in the 
above GaAs-based epitaxial films resembled those in the sub-
strates. There were some specific features, however, related to 
the presence of boundaries between phases and distinctions in 
elastic stress levels as compared to those in bulky GaAs sam-
ples. As to the multilayer i-n−-n−-n+-GaAs structures, the re-
sults of our studies have proved that, at the treatment modes 
used, even a short-term (1 s) session of microwave radiation 
leads to catastrophic changes in them resulting in material 
failure. 

Microwave irradiation for 5 s leads to appearance of 
some changes in the dislocation structure of substrates that 
could be observed on the Borrman topograms. These changes, 
however, are not observed for the regions near the 
film−substrate interface when using Bragg geometry. The 
changes in the dislocation structure of substrates are accom-
panied with intense stress fields redistribution over the whole 
system studied. 

For the samples with different initial stress levels the 
surface form modification under M-irradiation for 5 s is shown 
in Fig.1.29. One can see that, depending on the initial degree 
of surface perfection, processes of intrinsic stress relaxation 
may proceed in noticeably different ways.  
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Fig.1.29. Change of the surface form for n-n+-GaAs epitaxial structures under microwave irradiations for 5 s;
a, b � samples with high and low stress level, respectively. 
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Fig.1.29. Change of the surface form for n-n+-GaAs epitaxial
structures under microwave irradiations for 5 s; a, b �
samples with high and low stress level, respectively. 
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These processes in epitaxial structures are long-term 
and non-monotonic, as in the case of substrates. However the 
intensity of relaxation processes that do not need activation is 
higher for epitaxial structures, as compared to those in sub-
strates. Another distinction is that repeated microwave irradia-
tion of the n-n+-GaAs structures for 5 s leads, as a rule, to 
bigger stress relaxation. Shown in Fig.1.30 are the changes in 
the residual elastic strain fields for those epitaxial structures 
whose form modifications are shown in Fig.1.29b. 

The initial level of the sample structural perfection de-
termines proceeding of the structural modification processes 
also at the point defect level. The TIQFR values attained at 
the first stage of microwave irradiation of the samples with 
higher stresses remained almost the same during further irra-
diation sessions (see Fig.1.31a). At the same time for the sam-
ples whose surface profiles are shown in Fig.1.31b the TIQFR 
values gradually approached those in a stoichiometric crystal. 

For the Au−Ti−GaAs structures exposed to microwave ir-
radiation sessions 5 s each, the elastic strain fields changed 
approximately in the same way as those in the above-
mentioned n-n+-GaAs structures. The latter, however, demon-
strated lower levels of elastic stresses than the Au−Ti−GaAs 
structures (Fig.1.32), for which microwave treatment for 5 s 
resulted in partial removal of these stresses. Further micro-
wave irradiation did not lead to complete removal of elastic 
stresses in the systems studied. Structures with maximal re-
laxation could be obtained at microwave treatment for 25 s. 

Thus presence of a metal film on the GaAs surface, as 
well as interactions between phases in the metal−GaAs con-
tacts, make an additional impact on the effects of structural 
modification under microwave irradiation. 
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Fig.1.30. Change of the residual strain fields under microwave irradiation for the sample whose atomic plane
form changes are shown in Fig.1.29b: a � initial sample; b � after irradiation for 5 s; c � after keeping for
300 h; d � after second irradiation for 5 s. 
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Fig.1.31. Changes of the total intensity of x-ray quasi-forbidden reflec-

tions for the samples with different initial stresses after the first 
(full curve) and second (broken curve) microwave irradiations 
(each for 5 s); a, b � the samples with high and low stress level, re-
spectively. 
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Fig.1.32. Change of the surface profile for Au−Ti−n-n+-GaAs structure dur-
ing microwave irradiation. 

 

1.7. EFFECT OF MICROWAVE RADIATION  
ON THE GaAs MESFET CHARACTERISTICS 

Many authors have studied the influence of high-power mi-
crowave irradiation on the GaAs metallized semiconductor 
field-effect transistors (MESFETs) in the context of develop-
ment of highly reliable element base for microelectronic de-
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vices. In particular, the mechanisms for both reversible and 
catastrophic failures in MESFETs have been investigated 
rather comprehensively [2-4]. At the same time the initial 
stages of such actions on the technological GaAs MESFET 
wafers still remain far from being understood. 

The above problem has been touched on in [75,76]. The 
subjects of investigation were GaAs MESFETs whose design 
has been described in [77-79]. The technological route for 
such transistor manufacturing was advanced and discussed in 
[80] where MESFETs on the wafer were investigated. The SB 
gate was formed using the Au−Ti metallization, while both the 
drain and source were formed using AuGe eutectics with fur-
ther Au metallization. 

A magnetron served as source of microwave radiation of 
frequency f = 2.45 GHz and irradiance W = 1.5 W/cm2. The 
structures studied were placed on a rotating table to provide 
uniform, as well as anisotropic, irradiation. Both before and 
after microwave treatment for 1−300 s we measured the sta-
tionary I−V curves of MESFETs and SB gate. From them the 
following MESFET parameters were determined: transconduc-
tance S, initial drain current Id (at source−drain voltage of 
2 V), cutoff voltage Vc, SB height ϕB, ideality factor n. 

Shown in Figs.1.33a,b are transconductance and initial 
drain current vs time of exposure curves for MESFETs on the 
GaAs wafer. One can see that considerable changes in the 
MESFET parameters occur at initial radiation doses. In this 
case both S and Id values go down, while the cutoff voltage Vc 
remains practically the same. Further increase of microwave 
treatment duration leads to growth of S and Id values but does 
not affect Vc. 
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Fig.1.33. Transconductance (a) and initial drain current (b) as function of 

time of exposure to magnetron irradiation (f = 2.45 GHz, irradiance 
of 1.5 W/cm2) for GaAs MESFET on wafer [76]. 

 
The MESFET stationary I−V curves taken before and af-

ter microwave irradiation for 80 s are presented in Fig.1.34. 
One can see that such microwave treatment improves I−V 
curves. This is related to the structural-impurity ordering of a 
near-surface layer in the MESFET channel. 

The above changes of MESFET characteristics presented 
in Figs.1.33 and 1.34 could occur if microwave treatment leads 
to relaxation of intrinsic stresses. Initially this process leads to 
the structural defect production accompanied with drop in S 
and Id values. At further increase of processing duration the 
defect gettering stimulated by microwave radiation occurs in 
the contact near-surface region. 
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Fig.1.34. Static I−V curve for GaAs MESFET taken at different gate volt-

ages: initial (1) and after exposure to microwave irradiation (f = 
2.45 GHz, irradiance of 1.5 W/cm2) for 80 s (2) [76]. 

 
Indeed, for MESFET GaAs wafers rather high levels of 

residual intrinsic stresses are observed after all the techno-
logical procedures. The intrinsic stress distribution over the 
wafers is nonuniform [79]. There are also stress concentrators 
(another phase inclusions, metal inclusions and points, etc.) at 
the MESFET wafers. During microwave treatment energy is 
absorbed in the regions with stress concentrators. This gives 
rise to the conditions for triggering mechanisms of intrinsic 
stress relaxation. At further microwave actions the produced 
defects are draining down to the boundaries between phases 
of which that between a metal and GaAs is the nearest. 

Similar redistribution of structural defects occurs in the 
MESFET GaAs wafers exposed to 60Co γ-irradiation [78-85]. In 
[20] it was shown that intrinsic stress relaxation followed with 
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defect gettering is observed in GaAs test structures, both initial 
and metallized (Au−Ti−GaAs contact), after exposition to short-
term M-irradiation. The diode structure mockups with various 
metal barrier-forming contacts were irradiated in the same 
modes as MESFETs. In that case their parameters related to 
defect gettering were improved: both minority charge carrier 
diffusion length Lp and SB height ϕB increased, while the ideal-
ity factor n, as well as the reverse current IR, dropped. 

We considered intrinsic stress relaxation stimulated by 
M-irradiation (frequency f = 2.45 GHz, output power of 
160 W, irradiance W = 1.5 W/cm2) immediately on the GaAs 
samples with MESFET wafer pattern. It was shown for these 
wafers that their transconductance was an oscillating function 
of the microwave treatment duration. Besides, it was found 
that both curvature magnitude and sign changed during M-
irradiation. At the time of exposure range from 100 to 500 s 
some wafers demonstrated absence of stresses (i.e., their ra-
dius of curvature equaled to ∞). It was just this time of expo-
sure range for which the MESFET parameters were improved. 

An analysis of I−V curves for the Au−Ti−n-GaAs diode 
structures exposed to microwave irradiation for 1−300 s was 
performed in [75,76]. It was shown that their parameters ϕB, n 
and IR depended on irradiation dose and demonstrated min-
ima (n and IR) or peak (ϕB) in the time of exposure range from 
120 to 180 s. The ideality factor n dropped from 1.06−1.07 (ini-
tial value) down to 1.03−1.02 after microwave irradiation, while 
the SB height ϕB grew from 0.76−0.78 eV (initial value) up to 
0.81−0.82 eV after microwave treatment. These results enable 
one to assume that growth of the transconductance S and ini-
tial drain current Id might be due to the processes of intrinsic 
stress relaxation discussed above. In the case of structural de-
fect gettering these processes may lead to an increase in the 
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charge carrier mobility µn in the MESFET channel. Indeed, it 
is known that the channel current Ich ∼  q0NtµnEab and trans-
conductance S ∼  q0Nt ab/Lch. (Here Nt is the dopant concen-
tration in the channel that is equal to the majority charge car-
rier concentration ND; E is the electric field strength; a is the 
active layer thickness; b and Lch are the channel width and 
length, respectively.) From these estimation expressions it fol-
lows that S and Ich growth might be related to some µn in-
crease, since no change in the majority charge carrier concen-
tration has been detected under such microwave irradiation. 
This conclusion is supported also by an analysis of the capaci-
tance vs voltage curves for Schottky-barrier diodes from which 
it follows that the doping profile for test structure did not 
change at times of exposure to microwave irradiation consid-
ered in [75,76]. 

1.8. EFFECT OF MICROWAVE RADIATION  

ON THE PARAMETERS OF DISCRETE DEVICES  

AND INTEGRATED CIRCUITS 

In previous sections we considered some primary phenomena 
that appear in semiconductor materials and metal−semicon-
ductor test structures immediately exposed to high-power mi-
crowave irradiation. These phenomena intensify inter-phase 
diffusion and chemical interaction at boundaries between 
phases, as well as change the generation-recombination proc-
esses in both single-phase materials and structures based on 
them. In the long run the above effects may serve as reasons 
for degradation of electrophysical parameters of such subjects. 
These physical effects seem to occur in finished discrete de-
vices and integrated circuits (IC) exposed to high-power mi-
crowave fields [91-103]. 
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The investigations dealing with the element base for di-
odes and transistors have shown that the effect of high-power 
microwave radiation may be characterized by the following 
three stages of device operation changing, namely, short-
duration failure, performance degradation and catastrophic 
failure [1-4,91,92,94]. The efficiency of microwave radiation 
action depends on both the irradiation parameters (frequency, 
power, frequency band and duration) and device characteris-
tics (material, package and lead geometry, orientation relative 
to the electric field), as well as on the circuitry features. So an 
analysis of regularities in the device failures and revealing of 
information-carrying parameters that characterize the device 
serviceability make a complicated problem. 

The authors of [3,92,93] investigated how short-term mi-
crowave irradiation affects the discrete devices. They found 
that in this case a field mechanism for device degradation was 
predominant. That mechanism was characterized by presence 
of some threshold. It was shown in [3,92] that the device deg-
radation appears only when the electric field exceeds certain 
threshold value. The field mechanism for device degradation 
causes numerous injuries even during a single session of mi-
crowave irradiation. The distribution of these injuries over the 
surfaces of complex electronic devices is nonuniform. 

The threshold values Wth and Eth characterizing the 
thermal and electric mechanisms for degradation of diodes 
and transistors that are used when developing microwave 
electronic equipment are given in Table 1.4. One can find the 
Wth and Eth values for other types of discrete devices and ICs 
in [3]. It is apparent that the information-carrying parameters 
Wth and Eth are macroscopic and do not require detailed 
knowledge of subject structure for their determination. Such 
thermal and field threshold parameters for microprocesses oc-
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curring in the materials and heterostructures exposed to mi-
crowave irradiation remain to be determined. 
 
Table 1.4. Thermal (Wth) and electric (Eth) degradation thresholds for dis-

crete electronic devices [3]. 

Device  
type 

Wth, J Eth, 
kV/cm 

Failure  
character 

Degradation 
features 

diodes (1−3)×10-7 0.1÷3 catastrophic
failure 

p-n junction 
breakdown 

transistors (1−2)×10-5 1÷5 catastrophic 
failure 

breakdown, 
fusion,  

metallization 
burn* 

*The injuries are localized in the peripheral near-contact region. 
 

The effect of electromagnetic fields on the IC tolerance 
was considered in [98-103]. The degradation effects in IC 
(threshold processes) were shown to essentially depend on the 
relative orientation of IC and electromagnetic field. It was ex-
perimentally found that about 90% bipolar ICs and 70% 
CMOSICs (complementary metal-oxide-semiconductor ICs) 
demonstrated catastrophic failures related to metallization 
melting-down and burning-out (the so-called burn-through). 
Further development of the above investigations was made in 
[102] where the authors studied the effect of the higher-type 
waves on the electromagnetic field distribution near nonuni-
formities. The model advanced in [102] makes it possible to 
study interrelation between the permittivity of nonuniformities 
in discrete devices or ICs and the electromagnetic field struc-
ture. The results obtained enable to predict tolerance of the 
solid-state electronic components to such external actions. 
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The threshold-like character was found in [95] for IC (in 
particular, the digital microelectronic devices of serial num-
bers 133, 533) failures caused by r.f. pulse trains. In this case 
the IC behavior obeyed the probabilistic law. According to 
[95], the failure probability Wf is described by the following 
expression: 

( )( ) ( )[ ]ttppW cf σ2/〉〈−= ,                  (1.15) 

where ( )〉〈 tp  and σ(t) are the mean value and distribution vari-

ance of a random variable pc. Shown in Figs.1.35, 1.36 are 
probabilistic characteristics of IC failure as function of r.f. pulse 
number and intensity. The computer processing of the results 
obtained in [95] has shown good agreement between the values 
calculated from expression (1.15) and experimental ones. 
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Fig.1.35. Probability density (1) and probability (2) for IC failure as func-

tion of r.f. pulse number [96]. 
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Fig.1.36. Probability density (1) and probability (2) for IC failure as func-
tion of r.f. pulse intensity [96]. 

 
An analysis of failures in complex microwave facilities 

and PC caused by ultrashort electromagnetic pulses was per-
formed in [93,104]. It was shown that degradation of complex 
systems made from solid-state components is due to appear-
ance of a state of dynamic chaos (specific nonlinear response). 
The authors of [104] believe that the nature of this state is re-
lated to the fact that conditions of signal propagation and 
transformation in microwave transmission lines are non-
monotonic and nonstationary. This effect is most clearly pro-
nounced when ultrashort electromagnetic pulses act on analog 
facilities. The state of �chaos� in them that determines dura-
tion of equipment blocking may be several orders of magni-
tude over the signal duration. 
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The existence of the effect of �chaos� has been proved 
in [93,104-106] and now seems to cast no doubt. An interest in 
this effect, however, has not ceased but transferred to a prag-
matic area. A problem arises concerning how probable is its 
appearance in electronic facilities. One of possible answers 
has been formulated using statistical simulation. It states that 
the phenomenon of �chaos� by itself rarely occurs in standard 
electronic components but probability of its appearance grows 
with the degree of integration. One could recollect the known 
principle stating that a workable system can counteract vari-
ety of external actions only via variety of its reactions. 

 
 

* * * 
 
The results presented above show that microwave treatments 
leading to changes in the electron subsystem state are promis-
ing for control over electrophysical properties of spatially-
nonuniform semiconductor structures. Action of microwave 
radiation on the gallium arsenide wafers and epitaxial layers, 
as well as on the CdxHg1-xTe-based solid solutions, changes 
the impurity-defect composition and intrinsic stress level in 
these materials, as well as improves tolerance of their electro-
physical parameters to plastic deformation. 

The results of a number of experiments dealing with the 
effect of microwave treatment on the properties of spatially 
nonuniform systems involving metal contacts to III−V struc-
tures are equally promising. It was found that one could re-
duce leakage currents for both forward and reverse I−V curve 
branches, as well as spread of the electrophysical parameters 
for surface-barrier structures. The effect of defect gettering at 
microwave treatment has been found. It leads to growth of 
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both lifetime and diffusion length for minority charge carriers, 
as well as changes the intrinsic stress level in heterosystems 
(in particular, in metal−semiconductor contacts). Such effects 
are observed in the tunnel diodes with δ-layers in SCR and 
MESFETs. 

Thus one would expect that, provided the proper irra-
diation mode is chosen, it would be possible to solve such 
technological problems as homogenization of properties and 
removal of undesired defects in semiconductor materials, as 
well as improve the device structure parameters. To realize 
these promising prospects in practice, it is necessary, first of 
all, to investigate various mechanisms for interaction of high-
power microwave radiation with semiconductors and device 
structures. These mechanisms are still far from being under-
stood. 
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Part 2. LASER METHODS FOR DIAGNOSTICS  

          AND MODIFICATION OF SEMICONDUCTOR  

          COMPOUNDS (GaAs, InSb, SiC), AS WELL AS    

          FORMATION AND DIAGNOSTICS  

  OF STABLE OHMIC CONTACTS    

INTRODUCTION 

The present-day trends in semiconductor opto- and microelec-
tronic technologies lie in the intense mastering of submicron 
(in particular, nanometer) range of device element sizes. One 
of the promising lines on this way is the use of short high-
power laser pulses. They provide high rates of lattice heating, 
as well as local character of their action. Laser modification 
(LM) of electric and optical parameters of semiconductors is 
used in micro- and optoelectronics to form irregular struc-
tures, such as p-n junctions [1], buried layers [2], conducting 
layers and electric contacts [3,4], as well as for annealing of 
ion-implanted layers [5] and in technological procedures for 
production of precipitation centers [6]. 

Considerable advances have been made in the laser 
technology applications for semiconductors, especially ele-
mental (Si, Ge). However, the problem of controlled LM of 
binary compounds, such as III−V (GaAs, InSb) and SiC, still 
remains unsolved. The reason is that the binary compounds 
(contrary to elemental semiconductors) are characterized by a 
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considerably wider spectrum of defect structures, as well as of 
the mechanisms for their modification and impurity diffusion. 
In addition, a short-term high-power laser irradiation (LI) leads 
to considerable gradients of heat and strain fields. This may 
result in an increase of impurity concentration � a factor that 
in most cases is unacceptable at modification. At the same 
time, under certain conditions nanosecond LI can substantially 
improve the surface parameters for a binary compound (for 
instance, InSb surface after chemical etching [7]). A mecha-
nism for this effect still remains far from being understood. 

The application efficiency of a wide class of semicon-
ductor materials is determined, to a large extent, by the level 
of methods for control over such important NCC parameters 
as concentration, lifetime, diffusion coefficient, mobility and 
surface recombination velocity. The severe requirements on 
operating speed give impetus to investigations of the direct-
gap materials like GaAs, other III−V compounds, ternary com-
pounds, etc. These materials are promising for optoelectronics 
because they provide rather high operating speed and higher 
quantum efficiency. The NCC lifetimes (diffusion lengths) in 
them are by five (three) orders of magnitude below, and sur-
face recombination velocities are by a factor of several hun-
dreds over the corresponding values in Si and Ge. 

In recent years of special interest are high potentialities 
offered by SiC for use under extreme external actions (radia-
tions, electromagnetic fields, high temperature). Determination 
of NCC parameters in this case is complicated because one 
has to deal with nonequilibrium processes occurring for ul-
trashort time intervals (radiative and Auger recombination, 
charge carrier heating, etc.). In this case it is profitable to use 
laser excitation of high intensity. This makes it possible to 
simulate the operating conditions for a wide range of semi-
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conductor devices that are functioning at high NCC concen-
trations. Among them are semiconductor lasers, modulators, 
detectors of laser radiation, etc. 

Considerable progress has been made in manufacturing 
technology for α-SiC single crystals that are suitable for pro-
duction of heat-tolerant ICs. In this connection the require-
ments on formation of high-melting ohmic contacts to submi-
cron layers of α-SiC have become more severe. Such contacts 
must meet all the standard requirements on ohmic contacts 
used in semiconductor devices. They have to provide minimal 
contact resistance and I−V curve linearity over a wide range 
of operating current and temperature. Their interface, when 
forming ohmic structure, has to be thin and have an even 
front. The latter requirement is of special importance for sub-
micron layers used in ICs. 

When developing heat-tolerant ohmic contacts to p-GaAs, 
the central problem appears at transition to submicron sizes. 
Traditionally the Au−Ge eutectics are used in thin layers, and 
compositions formed by Ga and Au are chemically unstable. As 
a result, the unstable interfacial and surface relief nonuniformi-
ties (vertical and horizontal irregularities of 0.2−0.3 µm) appear. 
They are quite undesirable for submicron technology. The use 
of traditional techniques for contact formation involves rather 
high temperature and long duration of thermal annealing. 
These factors result in diffusion of undesired impurities and 
mass transport of contact components both to and from the 
structure used. Besides, surface wetting for semiconduc-
tor−metal transition layers is impaired and high-resistance 
compounds formed by the metals involved may appear. 

To meet the present-day requirements on contacts, pur-
poseful development of pulse laser techniques for structure 
formation and control is needed. The advantages of such 
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techniques are their local character, short duration of high-
power technological action and nondestructive testing action. 
Below are presented the results of theoretical and experimen-
tal studies of defect modification in III−V compounds (GaAs 
and InSb are examples) and development of ohmic contact 
structures to α-SiC and p-GaAs, under nanosecond laser pul-
ses, as well as nondestructive laser-thermal diagnostics. 

2.1. MODEL FOR DEFECT PRODUCTION  

IN III−V SEMICONDUCTOR COMPOUNDS  

BY NANOSECOND LASER PULSES 

By now it has been found that when a semiconductor absorbs 
energy from laser pulses whose duration is at least several 
tens nanoseconds, then dissipation of this absorbed energy 
proceeds according to the thermal model [8]. However the 
results of laser action on semiconductors have some quantita-
tive distinctions from the case of traditional thermal treatment. 
These are anomalously high values of impurity concentrations 
in modified layers and depths of these layers. They essentially 
depend on the experimental conditions: laser radiation wave-
length λ, pulse duration tp and radiation intensity I. Under LI 
defect concentration may decrease or increase, and sample 
surface may become more even or degraded (usually the 
changes begin to appear at the surface). 

It was noted above that presence of considerable tem-
perature and strain field gradients at LM of semiconductors 
[9] does not inevitably result in defect production. To illus-
trate, the effect of decreasing surface recombination activity at 
I values below threshold (Ith) is known to occur in InSb [7,10], 
InP [11] and GaP [12]. At the same time such effect does not 
appear in GaAs with low doping level [13]. The reason for 
such distinction in the LM effect remains unclarified. 
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It is known that nanosecond LI of GaAs in the intrinsic 
absorption region results in appearance of high-resistance lay-
ers with elevated defect concentrations [14,15]. The authors of 
[14] relate high resistance of laser-modified GaAs layers to 
production of intrinsic defects in the near-surface layers. 
These defects are interstitial atoms IAs and IGa, gallium (VGa) 
and arsenic (VAs) vacancies, antisite atoms � Ga in arsenic 
sublattice (GaAs) and As in gallium sublattice (AsGa), as well as 
their complexes. Absence of a �window� for defect-free LM of 
GaAs was stated in a number of papers. 

At the same time for another III−V compound, InSb, the 
conditions have been experimentally determined under which 
the surface recombination velocity substantially drops [7]. 
These are as follows: irradiation with a Q-switched ruby laser, 
λ = 0.69 µm, tp = 30 ns, Wth ∼  1.5 MW/cm2. Similar results 
have been also obtained using the yttrium-aluminum-garnet 
laser (YAG:Nd3+) [10] or CO2 laser (whose radiation is weakly 
absorbed) [16]. 

The explanations for the results obtained by different au-
thors do not correlate with each other. The authors of [16] re-
late the above effect to surface melting and intense oxidation, 
while the authors of [10] explain it within the frameworks of 
structural modification (the type of this modification being un-
determined). It seems to us that the nature of laser-stimulated 
defect production in III−V compounds (using InSb as an exam-
ple) could be understood taking into account the following. LI 
produces in InSb many interstitial In and Sb atoms (IIn and ISb), 
as well as vacancies (VIn and VSb). Under rapid heating these 
vacancies and interstitial atoms are diffusing in the bulk with 
different velocities, since they have different diffusion coeffi-
cients: D(IIn) > D(ISb) and D(IIn), D(ISb) >> D(VIn), D(VSb) [17]. 
This fact breaks the equilibrium distribution of interstitial atoms 



 

 106

and vacancies near the surface. It is known that IIn (ISb) serves 
as donor (acceptor) [18] and the interstitial In atoms move op-
posite the temperature gradient [19,20]. As a result, a spatial 
redistribution of IIn occurs in the near-surface layer, thus giving 
rise to a layer of n-type. The IIn concentration depth profile can 
be calculated from the nonstationary diffusion equation [19] 
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Here Nv is the VIn concentration; F is the force acting on an 

indium vacancy due to a temperature gradient: 
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where Q* is the heat of IIn migration; Ea is the activation en-
ergy; the coordinate x grows from the surface (x = 0) into the 
bulk. From the microscopic theory [21] one can get the fol-
lowing expression for Q* in the case of IIn: Q* = akT where 
a ≈ 3.5. 

The meaning of Q* could be qualitatively explained 
with the help of the expression Q* = H0 � Hf where H0 (Hf) 
is the energy of the initial (final) atomic configuration corre-
sponding to an elementary displacement act. The sign of Q* 
(and, correspondingly, the direction in which an atom moves) 
depends on the sign of parameter a. The latter is determined 
by the interrelation between covalent radii and covalent bond-
ing energies for diffusing atoms and host atoms involved in 
the diffusion process, as well as by the type of their movement 
in the lattice. At a > 0 the force F is oriented opposite the 
temperature gradient. If a < 0, then F reverses its orientation 
and atoms move from the cold region to the hot one. 

The calculations were performed for a semiconductor sam-
ple placed in the temperature field T =∆T⋅ exp(-x/x0) + T0. Let 
us introduce the dimensionless coordinate ξ = x/x0 and di-
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mensionless time 2
00 / xtD=τ . Then the equation (2.1) takes 

the following form: 
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where T = ∆T⋅ exp(-ξ) + T0. The following values were used 
for calculation: T0 =300 K; Ea = 1.2 eV; ∆T = 500 and 400 K. 

The boundary condition was 0
0
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cording to the law of conservation for the total number of IIn 
and ISb [22]. The initial distributions of the interstitial In and 
Sb atoms near the surface were taken as initial conditions. 

One can see from Fig.2.1 that the IIn concentration 
depth profiles (corresponding to the same τ values) spread 

with temperature. They have peaks Nv(δ) ξ=δ = Nvmax in the 
semiconductor bulk. The calculated peak position δ is 0.5 µm 
at laser radiation intensity of 3 MW/cm2. 
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Fig.2.1. Change of the interstitial In atom concentration IIn depth profile 
with time: a � T = 800 K; b � T = 700 K. 
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2.2. TECHNIQUES AND EQUIPMENT 

2.2.1. A plant for laser pulse sputtering 
The experimental plant (see Fig.2.2) involved: Q-switched 
YAG:Nd3+-laser (1) ( wavelength λ = 1.06 µm, pulse duration 
tp = 2×10-8 s, repetition frequency of 12−100 Hz, pulse energy 
Ep = 0.3 J); pulse energy meter ИМО-2Н (2); pulse amplitude 
and form meter ФЭК-09 (3); focusing system (4); standard 
vacuum chamber (5) (pressure of about 10-4 Pa). The plant was 
equipped with the automatic scanning systems (to scan laser 
beam over the target and substrate), system for substrate tem-
perature control and vacuum system with two nitrogen traps. 
Automation of laser beam scanning over the target surface 
enabled to follow the required mode of laser evaporation by 
synchronizing the laser pulses with the evaporated target 
movement and control the relationship between the LI repeti-
tion frequency and scan velocity. 
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Fig.2.2. Diagram of the plant for pulse laser sputtering. 1 � YAG:Nd3+-

laser; 2 � laser pulse energy meter ИМО-2М; 3 � coaxial photocell 
ФЭК-09; 4 � focusing system; 5 � vacuum chamber; 6 � sample onto 
which sputtering is made; 7 � substrate with electric heating; 8 � tar-
get; 9 � automatic scanning systems. 
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The contact layers were deposited through the Kovar 
masks (made using laser cutting) to provide the required lay-
out of the deposited structure (e.g., for the four-probe tech-
nique for contact resistivity measurements). The deposition 
rate was controlled by the laser pulse repetition frequency 
and power. It was determined using a reference film whose 
thickness df (≥ 250 nm) was sufficient for measurement with a 
МИИ-4 microinterferometer. 
 

2.2.2. A plant for laser modification of semiconductors 
When studying modification of semiconductor materials and 
structures under LI, one has need for a control over the tem-
perature of active area. To allow electrophysical and PL inves-
tigations of the modified layer parameters, the sample surface 
area Ss should be large enough (≥ 0.5 cm2). In experiments the 
laser beam cross section Sb may be as small as ≤ 0.35 cm2 
and the irradiance W0 in case of unfocused LI is < 0.1 J/cm2. 
The solution of the problem of performing measurements 
under the above conditions has become possible with the 
use of an automated system for focused LI scanning (with 
regulated degree of laser spot interception) concurrently 
with pyroelectric facility to control the temperature [23] in 
active area. 

The plant for LM on the basis of a laser scriber ЭМ-210 
has been upgraded (as concerning the section for detection of 
thermal emission), supplemented by a high-power pulse quan-
tron K-107 (YAG:Nd3+-laser), power supply unit, synchroniza-
tion unit and PC. The diagram of the plant is presented in 
Fig.2.3. 

The plant operation proceeds as follows. First the fixa-
tion of position of the two-coordinate table with the sample 
studied is program-stimulated. Then signals for starting the 
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pump lamp of the laser quantron and (with a time lag) the 
electrooptical modulator are generated. Thermal emission 
from the laser-irradiated sample area is collected by the py-
roelectric (lithium niobate) detecting system. From it a signal 
is applied (via a preamplifier) to the broadband amplifier У3-
33 and the screen of the storage oscilloscope С8-12. The sys-
tem to control the laser radiation parameters is similar to that 
used in the plant for pulse laser sputtering (section 2.2.1). 
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Fig.2.3. Diagram of the plant for laser modification. 1 � YAG:Nd3+-laser 

(pulse quantron K-107); 2 � focusing system; 3 � PC; 4 � monitor;  
5 � homogenizer; 6 � controller; 7 � visualizer; 8 � sample; 9 � posi-
tioner; 10 � pyroelectric system; 11 � amplifier; 12 � oscilloscope; 
13 � calorimeter ИМО-2Р; 14 � coaxial photocell ФЭК-19К. 
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2.3. LASER MODIFICATION OF GaAs AND InSb 

To study the LI effect on the spatial distribution of recombina-
tion centers in III−V binary compounds, we used the magne-
toconcentration effect (MCE) [24]. It is known that when a 

semiconductor is placed in crossed electric E and magnetic H 
fields, then a transverse drift of charge carriers (both equilib-
rium and nonequilibrium) occurs. The direction of this drift 
depends on the Lorentz force orientation. If the Lorentz force 
is directed towards the sample surface, then the bipolar con-
duction component (characterized by the charge carrier con-
centration nbp) decreases because the surface recombination 
centers come into force. And vice versa, if the Lorentz force is 
directed from the sample surface, then the sample conduc-
tance increases since in this case the nbp value is determined 
by the charge carrier lifetime in the bulk (τb). 

GaAs has a wide gap Eg. So at room temperature the 
concentration of intrinsic charge carriers ni (about 107 cm-3) 
may be less than that of the uncompensated impurity by sev-
eral orders of magnitude. Therefore at room temperature it is 
more convenient to study the bipolar component of conduc-
tion provided by NCC. That is why we studied the laser-
modified GaAs layers using MCE on charge carriers excited 
with a He-Ne laser (λ = 0.63 µm). Contrary to this, in InSb at 
room temperature nbp ≅  ni ∼  1016 cm-3 (the residual impurity 
concentration is about 1014 cm-3). So to study MCE in InSb, it 
was quite sufficient to use the intrinsic dark conduction. 

Let us consider LM of GaAs and InSb surfaces. To study 
the defect transformation in GaAs, we chose the GaAs (100) 
samples (l×h×w = 0.7×0.3×0.3 cm) with the minimal initial lat-
tice disordering and not too high compensation degree (resis-
tivity ρ ∼  104 Ω⋅cm). Just before LM the samples were etched in 
two sessions: 1) in a solution H2SO4:H2O2:H2O = 3:1:1 at 70 °C 
for 1 min. and 2) in a dilute solution of HCl to remove the re-
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mains of oxide. The irradiation was performed in the air at 
room temperature with the first and second harmonics of the 
YAG:Nd3+-laser (λ1 = 1.06 µm, λ2 = 0.53 µm, tp = 10 ns). For 
some samples TiO2 capsulating layers have been sputtered onto 
their irradiated surfaces to study the effect of volatile compo-
nent evaporation. 

We took I−V curves in the crossed electric and magnetic 

fields (E×H) at irradiation from a He-Ne laser, and also the 
stationary PL spectra. The contacts to the Czochralski-grown 
semi-insulating GaAs samples were made using pulse laser 
sputtering of multilayer GaAs/Si/W/Ni structure followed by 
laser annealing. Shown in Fig.2.4 is the typical evolution of 
dark I−V curves at different stages of laser annealing.  
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Fig.2.4. Evolution of I−V curve for Czochralski-grown semi-insulating 

GaAs/Si/W/Ni system during laser annealing (YAG:Nd3+ laser;  
λ = 0.53 µm; pulse duration tp = 10 ns). Number of pulses Np: 1 � 
Np = 0; 2 � Np = 1; 3 � Np = 3; 4 � Np = 8. 
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One can see that, within the electric field range used, the 
contacts remained sufficiently ohmic. A typical set of photo-I−V 
curves taken under MCE is presented in Fig.2.5. One can see 
that LI resulted only in a decrease of I−V curve slope for both 
orientations of the Lorentz force and, consequently, to a drop 
of photocurrent as against the initial value. The surface recom-
bination velocity Sr as function of the number Np of laser pulses 
for Czochralski-grown semi-insulating GaAs is shown in Fig.2.6. 

The Sr values were calculated from PC in crossed E×H    fields 
according to the procedure advanced in [25]. The threshold 
irradiance values at which the irreversible changes (Ii) and visu-
ally observed damage (Id) of GaAs and InSb sample surfaces 
occurred are presented in Table 2.1. 
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Fig.2.5. Dependence of the luminous I−V curve for GaAs in crossed E × H 
fields on the number of pulses (YAG:Nd3+ laser; λ = 0.53 µm; pulse 
duration tp = 10 ns). 
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Fig.2.6. Dependence of the surface recombination velocity Sr for GaAs in 
crossed E × H fields on the number of pulses (YAG:Nd3+ laser; λ = 
0.53 µm; pulse duration tp = 10 ns). 

 
The above results agree with those obtained by us from 

the PL spectra of GaAs. Considerable changes in the PL bands 
after LM are of only one character, namely, the total intensi-
ties of PL decrease. These results evidence that there is no 
indication at a �defectless� modification �window� for GaAs 
under the experimental conditions used. It should be noted 
that no drop of recombination activity was observed for 
etched GaAs surface exposed to laser pulses of nanosecond 
duration at other wavelengths (λ = 1.06, 0.53 and 0.31 µm). 
This is in agreement with the results obtained in [26,27]. Use 
of a capsulating TiO2 layer did not qualitatively change the 
results of LM under the conditions of the above experiment. 
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Table 2.1. The threshold values of laser irradiation intensity for irreversible 
changes (Ii) and visually observed damage (Id) of GaAs and InSb 
sample surfaces. 

Type of laser and threshold value  
of laser irradiation intensity, MW/cm2 

YAG:Nd3+  
(λ = 0.53 µm,  
tp = 10 ns) 

XeCl  
(λ = 0.31 µm,  
tp = 120 ns) 

Material 
and impurity 

Ii Id Ii Id 
Czochralski-grown 

semi-insulating 
GaAs (Cr2O3) 

 
2.3 

 
6.2 

 
0.8 

 
1.6 

Czochralski-grown 

semi-insulating 
GaAs (Cr2O3)/TiO2

 
2.0 

 
5.6 

 
0.5 

 
1.4 

GaAs:Si 1.9 5.2 0.8 1.5 
InSb 1.5 3.5 0.5 1.2 
InSb/SiO2 1.3 3.4 0.2 0.8 

 
To study the defect transformation in InSb, we chose the 

p-type samples with uncompensated acceptor concentration; 
NA - ND ≈ 1014 cm-3. The sample size was chosen using the 
following considerations. The sample length l should be such 
as to provide illumination uniformity. The sample thickness d 
was taken to fulfill the condition d ≥ L to enable determina-
tion of changes in the effective thickness de for a sample with 
bipolar conduction using MCE. (Here L is the bipolar diffu-
sion length for NCC; at a temperature of 200 K L ≈ 30 µm.) 
The peak of the sample conductance as function of its thick-
ness d should be expected at de = 1.4 L [28]. The illuminated 
sample surface was etched in CP-4A to obtain the minimal 



 

 116

surface recombination velocity (Srmin ≈ 103 cm/s). The oppo-
site sample face was mechanically polished to obtain the 
maximum surface recombination velocity (Srmax ≈ 105 cm/s). 
Such asymmetric surface treatment was required to improve 
the efficiency of the technique that depended on the de value. 

The dynamics of the laser donor centers production was 

studied from I−V curves in crossed E×H    fields (E ≤ 400 V/cm, 
H = 0.1 T). The controlled p-n junction depth was deter-
mined from I−B (current vs magnetic induction) curves at 
transverse magnetic fields up to 0.3 T (see Fig.2.7). To per-
form LM, we used a Q-switched YAG:Nd3+-laser (λ = 1.06 µm, 
tp = 10 ns, energy of 0.1 J). 
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Fig.2.7. Current I vs magnetic induction B curve for p-InSb sample before 
(B) and after (C) laser irradiation (irradiance W = 3.5 MW/cm2). 
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The samples were exposed to LI in the air at room tem-
perature. The surface morphology was studied, both before 
and after the laser treatment, with atomic force microscopy. 
We have determined the threshold irradiance values for the 
laser donor centers production and InSb surface melting. They 
were about 1.5 and 3.5 MW/cm2, respectively. 

After exposure to LI with irradiance of 1.5 MW/cm2 
(when the activation threshold is reached) the conductivity of 
the illuminated sample surface becomes of n-type. In this case 
the centers of at least the following two types are observed: 
(i) those that remain stable at temperatures up to T = 670 K 
and (ii) unstable at room temperature. From the temperature 
measurements we obtained for the stable centers the activa-
tion energy Ea = 1.1 eV. This value correlates well with the 
activation energy for vacancies VIn. It is known [17] that in the 
high-temperature region (T > 400 K) the In vacancies are an-
nealed quicker than VSb. When ∇ T ≠ 0 exists, the above fact 
substantially violates the equilibrium distribution of IIn and 
VIn. The diffusion coefficients D (IIn) and D (VIn) are different. 
Therefore at rapid cooling the frozen interstitial In atoms and 
vacancies are separated in space. Having opposite electric 
charges, they remain in a polarized state, thus leading to ap-
pearance of a p-n junction. The threshold character of the ob-
served effect seems to be related to temperature gradient 
growth up to a threshold value ∇ Tth (due to nonuniform heat-
ing of a crystal). This enhances migration of interstitial In at-
oms. At several sessions of exposure an accumulation effect 
occurs. It is due to formation of a potential barrier. Presence 
of a p-n junction near the semiconductor surface under MCE 
is equivalent to absence of surface recombination (Sr = 0). In 
this case crystal conductance change is determined by a de-
crease of the effective thickness de of the sample region with 
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bipolar conductivity (i.e., the thickness of i-layer with intrinsic 
conductivity). The above decrease results from growth of the 
controlled p-n junction depth. The p-n junction spreading into 
the crystal bulk with LI intensity begins at the initial thickness 
d of the sample that is somewhat over the diffusion length L 
(see Fig.2.8, point A0). Owing to this fact, the sample conduc-
tance grows and then flattens out. An estimation of the con-
trolled p-n junction depth xj made from I−B curve (Fig.2.7, 
point A) using the criterion de ≅  1.4 L gives xj = 8 µm (the 
initial thickness d of the sample being 50 µm). 
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Fig.2.8. Relative change of the InSb sample conductance as function of la-
ser irradiation intensity [21]. 
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A considerable disagreement with the result of theoretical 
calculation (xj = 0.5 µm) could be explained by existence, dur-
ing LM, either of a metastable state of matter (that is charac-
teristic of binary compounds [29]) or a liquid phase for which 
the atomic diffusion coefficients are essentially bigger than 
those in solid phase. The atomic force microscopy studies of p-
InSb surface morphology changes under LI have revealed ap-
pearance of drop-shaped objects (see Fig.2.9) similar to those 
observed at InSb surface irradiation with a CO2-laser [16]. Be-
sides, an increase of surface damage at irradiances over 
3.5 MW/cm2 has been detected (see Fig.2.8, point B) [21]. 
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Fig.2.9. InSb surface morphology before (a) and after (b) laser irradiation 
(irradiance P = 6.0 MW/cm2). 
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A probability of existence, for some time, of a metastable 
state of InSb crystal lattice is known to be high [29,30]. So one 
could assume that at irradiances lying in the 1.5− 3.5 MW/cm2 
range a degree of dissociation for In−Sb pairs in the InSb liquid 
phase is insufficient to obtain high defect concentration after 
recrystallization (Fig.2.9, section a). The section b in the upper 
part of Fig.2.9 that is observed at irradiances over 6.0 MW/cm2 
seems to be caused by recrystallization from the stable (over-
heated) state that leads to a considerable increase in the lattice 
defect concentration. This conclusion is supported by the fact of 
current drop after LI of the above irradiances under transverse 
drift of charge carriers toward the exposed surface. It should be 
noted that, as in the case of GaAs, the capsulating insulator lay-
ers (TiO2, SiO2) did not qualitatively change the results obtained. 
Therefore one may state that for both materials the observed ef-
fects did not result from the laser-enhanced formation of surface 
oxides or other factors related to photochemical surface reac-
tions, as well as from possible stoichiometry violation due to 
noncongruent evaporation from the InSb liquid phase. 

For GaAs LI substantially increases concentration of stru-
ctural defects, such as vacancies, interstitial atoms and antisite 
defects GaAs and AsGa. Contrary to InSb, deep lying centers ap-
pear in the GaAs gap. They increase the recombination rate 
[11,13,14]. A material layer of higher resistivity is produced due 
to self-compensation [27]. This fact seems to be the principal 
reason why no barrier structures (similar to those in InSb) are 
formed in high-resistance GaAs. One should also take into ac-
count that the degrees of GaAs and InSb melt dissociation dif-
fer fundamentally. According to [30], liquid GaAs is much more 
dissociated (due to absence of a metastable state) than liquid 
InSb. So a probability to find Ga−As pairs in GaAs melt is sub-
stantially lower than in the case of InSb melt. This serves as an 
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additional factor favoring formation of more perfect InSb lattice 
at cooling. 

Thus the results obtained for GaAs and InSb using the 
determined criteria within the developed model may be of use 
when applying the controlled laser techniques to solve the 
following problems: 
• choosing of diffusing atoms (foreign and host) for semicon-

ductor materials; 
• development and fabrication of irregular structures of pre-

scribed configurations for a wide range of semiconductors; 
• obviation of the need in such technological procedures as 

previous ion implantation and impurity diffusion when 
dealing with specially undoped semiconductors. 

2.4. LASER DIAGNOSTICS OF NONEQUILIBRIUM  

CHARGE CARRIERS IN SEMICONDUCTORS 

It is known that nonlinear effects appear in semiconductors at 
considerable NCC concentrations. These effects are due to 
many-particle recombination, charge carrier degeneration, 
nonparabolicity of the conduction band, electron-hole scatter-
ing. In GaAs and InSb such effects occur even at moderate 
NCC concentrations. In addition (as was noted above) the 
NCC diagnostics is complicated because it is necessary to 
take into account charge carrier diffusion from the illuminated 
surface to crystal bulk. 
 

2.4.1. A contactless technique for determination of bipolar  
diffusion coefficient for nonequilibrium charge carriers 

It is rather difficult to take into account the above effects 
when determining the NCC characteristics. To do this, one 
has to solve the continuity equation that is nonlinear because 
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the bipolar diffusion coefficient D, as well as the bulk (r) and 
surface (Sr) recombination rates, depends on the charge car-
rier concentration n. For a bipolar (n = p = ni) semiconduc-
tor such problem has been solved in [31-33]. The authors con-
sidered the following nonlinear stationary equation: 

( ) ( )nr
dx
dn

nD
dx
d = .                        (2.3) 

The boundary condition at the plane x = 0 was 

( ) ( ) 0
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Here I = I0(1 � R)η is the rate of charge carrier generation 
due to LI; R is the reflection coefficient; η is the quantum effi-
ciency of photoionization; I is the excitation intensity; I0 is the 
LI intensity. 

For etched surfaces the surface recombination velocity 

Sr often is low (
D

LS r << 1). In this case the bipolar diffusion 

coefficient D is of the following form [31]: 
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and the surface electron concentration ns is to be determined 
from the following equation: 
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Here σp is the cross-section of the hole IR absorption; 
T
T∆  

(
R
R∆ ) is the relative change of IR transmission (reflection); q 

is the refractive index of the ambience; ω is the angular fre-

quency of the probing radiation; ∗∗∗ +=
pn mmm

111
 where ∗

nm , 

∗
pm  are the so-called optical effective masses for electrons 

and holes, respectively. They are defined in the following way: 
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Here h  is the Planck�s constant; ∗
cm  is the ∗

optm  value at the 

bottom of conduction band. 
Thus one can determine both N′ and D values and their 

concentration dependencies when the nonlinear recombina-
tion, electron-hole scattering and conduction band nonpa-
rabolicity are present simultaneously. To do this, one should 
measure IR reflection and transmission as function of the in-
tensity of surface excitation by a laser. This is well illustrated 
by the example of InSb for which an anomalous growth of 
bipolar diffusion coefficient with excitation level has been 
found (Fig.2.10). 
 

2.4.2. A complex technique for diagnostics  
of electron-hole plasma 

The nonlinear effects (that show themselves at relatively low 
NCC concentrations in narrow-gap semiconductors � say at 
n ≥ 3×1016 cm-3 for InSb � and at high NCC concentrations in 
wide-gap materials) lead to complicated nonlinear concentra-
tion dependencies of such important NCC parameters as life-
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time τ, mobility µ, bipolar diffusion coefficient D, surface reco-
mbination velocity Sr. In [32,33-35] a corresponding nonlinear  
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Fig.2.10. Relative transmission ∆T/T and reflectivity ∆R/R (CO2 laser radia-
tion) (a) and NCC bipolar diffusion coefficient (b) as function of 
intensity of InSb excitation with ruby laser. 
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stationary problem has been considered. The power approxima-

tions were used for the bipolar diffusion coefficient D = Anα, 

bulk recombination rate rb = Bnβ and charge carrier mobility 

µ = Cnδ (A, B and C are constants). The NCC spatial distri-
bution, n(x), was determined, as well as the following expres-
sions for estimation of the surface electron concentration ns, 
total charge carrier number N′ and average photoconductivity 
∆σ as a function of excitation intensity: 
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After representing the corresponding experimental de-
pendencies as 
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(where a, b, c are the slopes of curves plotted on double-
logarithmic scale) and setting the corresponding exponents in 
expressions (2.9) and (2.10) equal to each other, one obtains a 
set of algebraic equations. By solving these equations, one 
gets the exponents α, β, δ, and the following expressions for 
the desired NCC parameters: 
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The efficiency of such technique could be well demon-
strated by the example of InSb. The experimental curves 

( )I
T
T∆

, ( )I
R
R∆

 and ∆σ (I ) measured at T = 300 K, as well as 

the calculated functions τ (n), D (n), L(n) and µ(n), are pre-
sented in Fig.11a, b. 

The above expressions that give NCC parameters as 
function of the charge carrier concentration enabled to reveal 
that the recombination rate r slowed down (r ∝  n2.3 - cf. the 
case of Auger recombination for which r ∝  n3) while the diffu-
sion coefficient anomalously grew (D ∝  n). These effects are 
due to electron degeneration and shielding of the Coulomb 
interaction between NCC. The principal advantages of the 
discussed technique are as follows. It enables to predict the 
NCC properties when several nonlinear effects occur. There is 
no need in knowing the exact model for semiconductor: it 
could be refined from the experimentally measured micro-
scopic parameters. In addition, there is no need in unique 
equipment for measurements. 
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Fig.2.11. a � experimental relative transmission ∆T/T (1), relative reflectiv-

ity ∆R/R (2) and photoconductivity ∆σ (3) vs excitation intensity I 
curves for InSb (etched surface; T = 300 K); b � NCC lifetime τ, bi-
polar diffusion coefficient D, length L and mobility µ vs concentra-
tion n curves for etched InSb surface (Sr L /D << 1) at T = 300 K (µ ′ 
is electron mobility as function of n-InSb doping level). 
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Further decreasing of diffusion length under nonlinear 
recombination at even higher (∆n ≥ 1018 cm-3) NCC concentra-
tions can also lead to violating the ray optics approximation 

1
2

<<
qlπ

λ
. In this case the plasma resonance (PR) technique 

is more advantageous. It enables to determine the plasma pa-
rameters at extreme concentrations from the depth and posi-
tion of minimum in the reflection curve (2.6). 

In one of the first experimental studies where the PR 
technique has been used [36] estimations of the NCC in InSb 
have been made. A theoretical consideration of the PR tech-
nique in the case when the above ray optics approximation 
does not hold, with allowance made for charge carrier degene-
ration and nonlinear recombination, has been made in [37]. 
However, the reflection curve has been calculated for the ex-
ponential distribution profile only, when the NCC diffusion is 
absent. Besides, the authors of [36,37] have not taken into ac-
count the intraband V1−V2 transitions in the valence band, as 
well as the conduction band nonparabolicity. 

A more elaborate modification of this technique that is 
not subject to the above drawbacks has been advanced in 
[33]. The NCC distribution profile was set from the solution of 
the continuity equation (2.3), while the reflection of IR radia-
tion was calculated using decomposition in layers and a ma-
trix feasible for any NCC distribution profile: 
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11

21

A
A

R = .                             (2.15) 

Here A21 = a1, a 2, �, a s; a j is a matrix involving the refrac-
tive index qj of the j-th layer. By choosing a large enough 
number j one can obtain, to sufficient accuracy, the reflection 
coefficient for a semiconductor whose refractive index q is a 
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preset function of coordinate x. If q slowly varies with x, then 
one can ignore the reflection from nonuniformities. In this 
case the ray optics approximation is valid. 

The Kane dispersion law was accounted for in expres-
sion (2.8) for the electron effective mass. From comparison 
between the experimental reflection curves and theoretical 
ones (Fig. 2.12) plotted at different values of the nonlinear re-

combination exponent β (r = Bnβ) and bipolar diffusion coeffi-

cient exponent α (D = Anα ) we determined the Auger recom-

bination coefficient AB3 = 2.9×10-39 m6s-1, lifetime τ = 10-11 s 

and diffusion length L = 4.3×10-6 m.  
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Fig.2.12. Theoretical and experimental reflection coefficient R (probing radia-

tion wavelength λ = 1.06 µm) vs excitation intensity I curves [34].    
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The new regularities in NCC recombination and diffu-
sion that have been revealed for InSb using the PR technique 
were supported by the results of [35,38-42]. The authors of 
[35] obtained their results from complex diagnostics using the 
direct method for measuring PC kinetics; the InSb samples 
were excited with picosecond pulses from a mode-coupled 
YAG:Nd3+-laser [38]. The authors of [39-42] dealt with nonsta-
tionary PR at even higher (∆n ≥ 1019 cm-3) NCC concentra-
tions and picosecond excitation. 
    

2.4.3. Photoconductivity of InSb  
under picosecond excitation 

When studying rapid processes with light ultrashort pulses 
(USP), the researchers come up against a number of side ef-
fects and peculiarities of crystal excitation. These factors af-
fect the results of measurements [43]. In both optical (self-
diffraction technique and measurement of transmittance) and 
electrical investigations (measurement of conductivity) a sig-
nal detected is determined by the total NCC number in the 
volume of the crystal studied; under nonlinear recombination 
this signal is determined by a whole set of instantaneous NCC 
lifetimes. 

Judging from the estimations made in [44,45], thermali-
zation of an electron whose energy is 1 eV occurs during  
τE ≈ 10-12−10-11 s. This value corresponds to the duration tp of 
the exciting light pulse. As a result, when a semiconductor is 
exposed to light USP whose energy hν far exceeds the crystal 
gap Eg (hν >> Eg) and tp ≈ τE, then the semiconductor plasma 
is not in thermal equilibrium. The distributions of NCC con-
centration and electron temperature become essentially non-
uniform in depth. Both factors can affect the value of the am-
bipolar diffusion coefficient D [46,47]. 
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The characteristic times of nonlinear recombination 
processes depend on the NCC concentration n. Therefore, 
if the crystal thickness exceeds the diffusion length, then 
the diffusion flow of charge carriers from the crystal surface 
into the crystal bulk slows down the PC signal decay. On 
the other hand, when the NCC concentration in a semicon-
ductor (and, especially, in InSb) decreases, then the role of 
Auger recombination grows [32]. The action of this factor 
on the PC signal is opposite to that of the above factor. 
During the rise time integration of all the above effects into 
the PC signal occurs. 

At room temperature the NCC lifetime τA in intrinsic 
InSb is known to be determined by Auger recombination. At 
low excitation levels, when n ≈ 1016 cm-3, this time is about sev-
eral tens of nanoseconds [48,49]. The theoretical estimations of 
τA that have been made for this case taking into account the 
conduction band nonparabolicity [50], transitions to the light-
hole band and shielding of Coulomb potential [51], gave values 
considerably below the experimental ones. In [52] it was found 
that AB3 = 6.5×10-26 cm6s-1. In [32,35,53] it was shown that at 

n > 1017 cm-3 the concentration dependence of Auger recombi-
nation becomes weaker due to strong electron degeneration 
and approaches the quadratic one. The kinetics of PC relaxa-
tion in InSb samples excited with picosecond laser pulses at 
injection levels n = 1016−1018 cm-3 was studied in [38]. 

For most of modern lasers that operate in the nano- and 
picosecond ranges hν ≈ 1 eV. The absorption coefficients K 
for radiation of such energy in narrow-gap semiconductors are 
very high, while the pumping region is small (about 1 µm). 
The diffusion coefficients in such semiconductors are high be-
cause the effective masses of electron-hole pairs are small. 
Therefore adequate allowance for true NCC distribution in 
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depth is of particular importance when studying recombina-
tion processes in the nano- and picosecond ranges. 

The authors of [38] used a neodymium-doped silicate 
glass laser with mode self-synchronization as excitation 
source. An ethanol solution of polymethyl dye 3274 was used 
for Q switching and mode synchronization. The USP duration 
was 5−7 ps; an interval between the pulses in the train was 12 
ns. All optical elements of the system were mounted on the 
wedge substrates or positioned at Brewster�s angle to the inci-
dent beam. 

The USP contrast relative to the radiation between 
pulses was increased with a discrimination amplifier. It in-
volved an optical amplifier and a dish with a passive filter 
(ethanol solution of dye 3955) whose transmittance was about 
5% [54]. Then the radiation was split into three beams and 
passed to a coaxial photocell ФК-19 and oscilloscope С7-10Б, 
to a calorimeter ИМО-2Н and (after a telescope-expander) to 
the InSb sample studied. If required, the radiation frequency 
could be doubled using a LiIO3 crystal 3 mm thick. 

The n-InSb samples (ND � NA = 1014 cm-3 at T = 300 K) 
were prepared as dumbbell-like plates and treated with the 
standard etchant CP-4A. The linearity and speed of response 
of the recording circuit were checked by passage of electric 
USP (Fig.2.13a) from the coaxial photocell ФК-19 exposed to 
light USP, with concurrent measurement of energy with the 
calorimeter ИМО-2Н. The PC signal was registered with the 
second oscilloscope С7-10Б (Fig.2.13b). 

Shown in Fig.2.14 is a typical PC amplitude vs excita-
tion intensity I curve for InSb samples exposed to light USP. 
One can see that the linear luminous-current characteristic 
becomes sublinear at I = 5×1024 quant/cm2⋅s. 
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(a)

(b)

 
 

Fig.2.13. Oscillogram of a picosecond pulse train (wavelength λ = 1.06 µm, 
pulse duration tp = 5÷7 ns) registered with coaxial photocell ФК-19 
(a) and InSb sample (b). 
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Fig.2.14. Photoconductivity amplitude ∆σ vs excitation intensity I curve for 

InSb sample. 
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Tentative lifetime estimations from the plasma reflection 
[33] have shown that the PC mode remained nonstationary 
over the whole concentration range. The observed deviation of 
luminous-current characteristic from linearity at the above in-
tensity of exciting radiation is due to the fact that at  
n = 3×1017 cm-3 the PC relaxation time τr becomes less than 
the rise time (τrise) of the equipment that registers the signals. 
In this case the observed signal amplitude becomes to depend 
not only on the amplitude of the input PC signal but also on 
its duration. In the 1016−1017 cm-3 concentration range the dif-
fusion process during time interval τ changes local n value 
several times quicker than recombination process. The size 

DtLrise =  of the region of NCC penetration into the crystal 

depth after irradiation grows with time t, but the rate of this 
growth decreases with t. Since diffusion does not change the 
total number of NCC in the crystal bulk, one may consider, in 
rough approximation, that the rate of PC signal decrease is 
determined by the nrise value that has been reached as a result 
of diffusion. So the measured PC signal amplitude in the case 
of cubic Auger recombination is proportional to PC: 

∫ 
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nBtBn
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.   (2.16) 

For sufficiently small τA
rise Bn 32/1<<  one can obtain (by 

expanding the subradical expression in (2.16) in series) that 
the integral in expression (2.16) is nriseτ. This means that the 
PC signal amplitude is proportional to the NCC concentration 

or irradiance W. At τA
rise Bn 32/1≥ ≈ 2×1017 cm-3 the curve 

σ(W) flattens out which is what one observes in experiment 
(see Fig.2.14). 
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Shown in Fig.2.15 is the instantaneous PC relaxation 
time τr as function of n in the region where ∆σ linearly de-
pends on I. One can see that the curve τr (n) plotted at double 
logarithmic scale cannot be characterized by a single constant 
slope. In the initial portion τr almost does not depend on n (as 
it must be at low excitation levels). Then τr ∼  n-0.8 at n ≈ 
1017 cm-3, and at n ≥ 3×1017 cm-3, τr ∼  n-1.2. The concentration 
was estimated from the total number of NCC under the sur-
face unit area N′ = ηW(1 � R) using the following expres-

sions: nrise = N′/Lrise, DtLrise = .  
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Fig.2.15. Photoconductivity instantaneous relaxation time τ vs NCC con-

centration n for InSb sample. 
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Here η is the photoionization quantum efficiency and R 
is the reflection coefficient of the crystal surface. If one ne-
glects the surface recombination effect and, by analogy with 
[52], assumes that excitation occurs in the bulk (i.e., identifies 
τr with τA), then the concentration dependence of τr will be 
weaker than in the case of the cubic recombination law; it will 
be closer to the quadratic recombination law. 

There may be several reasons for the above effect, 
namely, (i) mobility decrease with charge carrier concentration 
in the absorption region and lifetime increase at nonlinear re-
combination processes; (ii) recombination rate drop due to 
electron degeneration; (iii) NCC diffusion that results in 
charge carrier concentration decrease in the absorption region 
and lifetime increase at nonlinear recombination processes. 
Let us consider these reasons in more detail. 

It is known that at room temperature in intrinsic InSb 
charge carrier scattering occurs predominantly on the optical 
lattice vibrations, while at n > 1017 cm-3 the electron-hole scat-
tering prevails. Therefore the charge carrier mobility µ chan-
ges rather weakly (µ ∼  n-0.2) at concentrations under consid-
eration [55] and affects the τr (n) dependence but slightly. 

In [56] it was shown that decrease of the Auger recom-
bination rate in a semiconductor requires strong (chemical 
potential equal to about half gap Eg) charge carrier degenera-
tion. But in the case considered the Fermi level EF did not 
exceed 0.032 eV. So, as it was shown in [57], for EF << Eg one 
should expect recombination rate growth rather than decrease. 

It seems that it is diffusion that has a dominant role in 
changing the τr (n) dependence. Indeed, the calculations made 
in [53] show that in the case of degeneration the diffusion 
length L in InSb very weakly decreases with n because D con-

siderably grows (D ∼  n β, β ≥ 2/3). So the condition KL >> 1 for 
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surface absorption at excitation with the neodymium laser is 
well obeyed in a wide range of injection level. The allowance 
for bulk character of excitation [52] should be considered in-
valid; the actual values of instantaneous lifetimes are consid-
erably less than the experimental τr values. 

When the exciting radiation wavelength (and conse-
quently the absorption coefficient K) changes, then the ab-
sorption depth changes abruptly (and consequently the initial 
n value) at the same pulse energy. In the case of bulk excita-
tion this has to result in distinctions between the characteristic 
PC relaxation times. In [38], along with PC measurements us-
ing the first harmonic of the neodymium laser radiation (wave-
length λ = 1.06 µm, absorption coefficient K = 3.9×104 cm-1), 
the authors studied the effect of the second harmonic (λ = 
0.53 µm, K = 4.9×105 cm-1) on the crystal. In both cases the 
magnitudes of relaxation times and their dependencies on the 
NCC concentration were the same (to within experimental 
error). This fact serves as additional confirmation of an appre-
ciable role of diffusion process in the PC kinetics formation. 

One should note that the peak value τr = 9×10-9 s (ob-
tained at minimal illumination levels) turned out to be some-
what below the values given in [48,53]. Let us take, for estima-
tions, the surface recombination velocity Sr at low excitation 
level to be 2×104 cm/s [58] and assume that Sr = const. Then 
we get SrL/D ≈ 0.3. This serves as evidence that one should 
take into account both surface recombination and its possible 
dependence on n when performing a quantitative analysis of 
the PC kinetics relaxation. At n = 2×1016 cm-3 a limiting value 

AB3  = 2×10-25 cm6s-1 was obtained that is close to the results 

of [59]; at n = 3×1017 cm-3 AB3  = 1.5×10-26 cm6s-1. Investiga-

tion of nonstationary PC in InSb crystals excited with picosec-
ond light pulses enabled to reveal an essential role of diffu-
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sion in kinetics formation for relaxation processes and make 
estimations of limiting NCC lifetime values, as well as Auger 
recombination constant, at n = 2×1016 and 3×1017 cm-3. 

Thus one or the other of the features of different diag-
nostic techniques turns out to be preferable, depending on the 
goal sought. During scientific investigations information on 
the magnitudes of the greatest number of parameters is most 
often required. Just another situation is when one is checking 
the NCC parameters under the manufacturing conditions. In 
this case information (obtained with minimal sample degrada-
tion) on the relative values of one or two parameters that are 
of importance for a given production cycle is most likely re-
quired. Sensitivity of photoelectric techniques is relatively 
low for narrow-gap materials due to low resistance of the 
samples. Reliability of these techniques applied to wide-gap 
materials is reduced due to the well-known difficulties en-
countered in the ohmic contact formation. That is why the 
contactless techniques that use optical probing and excita-
tion are preferred. 

2.5. DEVELOPMENT OF STABLE OHMIC CONTACTS  

TO n-α-SiC AND p-GaAs USING LASER TECHNOLOGY 

2.5.1. Contacts to n-αααα-SiC 
One of the biggest advantages of the SiC-based devices is their 
high thermal stability. Both 6H α-SiC and β-SiC have wide gap. 
So the free charge carrier concentrations in these materials do 
not exceed 1014 cm-3 even at such high temperatures as 1300 K 
for 6H α-SiC and 1100 K for β-SiC [60,61]. Therefore p-n junc-
tion can exist in both materials at temperatures up to the named 
above. This fact imposes heavy demands on stability and 
strength of ohmic contacts to SiC over a wide temperature range. 
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Several researchers have made efforts to apply the laser 
technology for formation of contacts to SiC. For instance, in 
[62] the authors studied how exposure to the picosecond laser 
changed the resistance of Cr−n-SiC ohmic contacts that were 
thermally sputtered onto a heated substrate. The metal layer 
thickness was 0.1−0.2 µm. The contacts were annealed with a 
single pulse (duration of 30 ns) of the YAG:Nd3+-laser  
(λ = 1.06 µm) in the passive synchronization mode. A 30−40% 
reduction of the contact resistance was observed in the 
0.4−1.2 J/cm2 emittance range. Besides, it was found that this 
effect did not depend on the substrate temperature during 
contact sputtering. The authors of [62] believed that such de-
crease of the contact resistance was related to doping of the 
SiC near-surface layers with Cr atoms. 

In [63] ohmic contacts to SiC were formed as a result of 
the contact material diffusion under exposure to a millisecond 
YAG:Nd3+-laser. Such long pulse durations, however, led to a 
considerable heating of the samples to a depth of about sev-
eral tens of microns. This effect is unwanted when treating the 
submicron structures. 

It is also known that formation of ohmic contacts to SiC 
is related primarily to the metallurgic factor, i.e., formation of 
metal silicides at high temperatures and, as a result, degrada-
tion of mechanical properties of contacts. In addition, it is im-
possible to predict properties of the final ohmic structure from 
the parameters of the initial barrier structure that was in-
tended for further formation of the ohmic contact. The reason 
for this is spread of work function χ values for different SiC 
polytypes and refractory metals, such as W, Mo and Ti. 
Therefore it is desirable to provide conditions for realization 
of the tunneling mechanism of current flow in order to reduce 
the contact resistance Rc. 
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This end may be accomplished by increasing doping 
level in the α-SiC near-surface layer. In [64] refractory con-
tacts to α-SiC:Ni were formed using laser sputtering in a vac-
uum of (W/Si3N4/W/Ni) nanometer layer sequence onto  
α-SiC followed by laser-enhanced diffusion and annealing 
(YAG:Nd3+-laser: λ = 1.06 µm, tp = 30 ns; λ = 0.53 µm, tp = 
10 ns; P = 0.05 J). The Si3N4 layer was used as source of Ni 
impurity, with Si in it serving to compensate for possible sili-
con evaporation from SiC due to high temperature of laser 
annealing. The upper W layer served as (i) a contact metalli-
zation layer in the structure, (ii) an additional contributor of 
structure heating due to strong absorption of laser radiation, 
and (iii) a screen to prevent evaporation of the substrate and 
Si3N4 components at their dissociation (the melting tempera-
tures Tm for W and Si3N4 are different, namely, 3420 and 
1900 °C, respectively [65]). The W layer that was sputtered 
immediately onto SiC served for stabilization of the interface 
front during annealing. 

The authors of [64] studied the n-α-SiC samples grown 
with modified Lely technique at the Special Bureau for Design 
and Technology (SBDT) of the Institute of Semiconductor Phys-
ics of the National Academy of Sciences of Ukraine. The impu-
rity (nitrogen) concentration was ∼  2×1018 cm-3. Before sputter-
ing the SiC sample was chemically cleansed for 2−3 s in HF, 
washed in distilled water, dried and then placed into a vacuum 
chamber of the plant for laser pulse sputtering (see section 
2.2.1). The working pressure was about 10-4 Pa. During struc-
ture sputtering the substrate temperature was about 200 °C. 

Further laser-enhanced diffusion of nitrogen impurity 
and laser annealing were performed using the plant for LM 
(see section 2.2.2). Both processes (laser-enhanced diffusion 
and annealing) were checked in the real-time mode using py-
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roelectric thermal technique and microscopic visualizer. It was 
found that if laser pulse annealing was performed using a 
YAG:Nd3+-laser (λ = 1.06 µm), then the Q-switching mode 
with the following parameters is optimal: pulse duration tp = 
10 ns, repetition frequency fr = 25 Hz, average rate of target 
surface scanning with a laser beam 6 mm/s and irradiance of 
3×109 W/cm2. These parameter values correspond to the pile-
up mode of laser sputtering and minimal density of tear-
shaped clusters on the substrate surface. 

Evolution of I−V curve of α-SiC/W/Si3N4/W contact 
structure from diode- to ohmic-type during LM is shown in 
Fig.2.16. The contact resistivity ρc was measured using the 
four-probe technique.  
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Fig.2.16. Evolution of the I−V curve for α-SiC/W/Si3N4/W contact structure 

during laser annealing; Np is the number of pulses. (Concentration of 
nitrogen in α-SiC is (1÷3)×1018 cm-3.) 
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The contact resistance Rc vs Si3N4 layer thickness curve is 
presented in Fig.2.17. Its initial portion is determined by the 
island-like character of the Si3N4 layer formation, while the in-
creasing portion is due to growth of the interface imperfection 
level resulting from incomplete dissociation of the Si3N4 layer 
followed by its thickness increasing under nanosecond pulses 
of laser annealing. It was experimentally determined that laser-
enhanced diffusion was most efficient when combining radia-
tion at two wavelengths (λ = 1.06 µm and λ = 0.53 µm) in the 
Q-switching mode; the pulse duration tp was 10 ns and radia-
tion intensity lied between 107 and 109 W/cm2, depending on 
the deposited layer thickness. The intensity threshold value at 
which irreversible changes of I−V curves occurred in the 
107−2.8×108 W/cm2 irradiance range also depended on thick-
nesses of nanometer layers of the structures studied. 
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Fig.2.17. Contact resistance Rc of α-SiC/W/Si3N4/W structure as function of 
Si3N4 layer thickness. 
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Shown in Fig.2.18 are the results of investigations of sur-
face morphology during ohmic contact formation. One can 
see that surfaces of �clean� SiC and W/Si3N4/W/n-SiC struc-
tures before and after laser annealing differ substantially from 
each other (see Fig.2.18a, b and c, respectively). The fact of 
this distinction after contact sputtering and annealing evi-
dences that during LM a phase transition occurs. 
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Fig.2.18. α-SiC surface morphology at different stages of laser modification 

of the α-SiC/W/Si3N4/W structure: a � before LM; b � after metal-
lized structure formation using LM; c � after laser annealing. 
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Higher conductivity values were obtained for those 
W/Si3N4/W/n-SiC structures where the Si3N4 layer thickness 
was about 18 nm, while that of the first W layer was about 
8 nm. Resistivity of contacts formed after laser annealing was 
(3−5)×10-4 Ω⋅cm2. This value did not change for check samples 
through which current (density of about 4×103 A/cm2) was 
flowing for 100 h. 

The ohmic contacts based on the W/Si3N4/W/n-SiC sys-
tem have several advantages over those based on gold, palla-
dium or platinum [66,67]. These are as follows: (i) absence of 
elements whose chemical activity toward the basic material sub-
stantially changes with temperature at thicknesses of Si3N4 and 
the first W layers about 18 and 8 nm, respectively; (ii) contact 
formation requires no fusion; (iii) presence of tungsten does not 
requires additional metallization to provide interconnections; (iv) 
high stability of resistance at submicron contact layers. 

Further reduction of contact resistivity could be 
achieved by using laser radiation with much higher absorption 
coefficient (say, that from excimer lasers) capable of produc-
tion of essentially bigger temperature gradients. This problem 
requires additional studies of microstructure modifications oc-
curring in crystal lattices. 
 

2.5.2. Contacts to p-GaAs 
Traditionally widely used in practice low-resistance contacts 
to GaAs are formed by fusion or welding with Au-based me-
tallizations, namely, AuGe for n-GaAs and AuZn for p-GaAs 
[68-71]. In these cases a thin heavily doped semiconductor 
layer appears after cooling. This makes it possible to obtain 
contact resistivity ρc of about 10-6 Ω⋅cm2 due to tunneling of 
charge carriers. In this case the thermal and thermal-field 
mechanisms for barrier conduction are realized. The advan-
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tages of contacts obtained in the above way are as follows: (i) 
low (ρc ≤ 10-6 Ω⋅cm2) ohmic resistivity at relatively low (NA � 
ND ≤ 1018 cm-3) doping level; (ii) high (about 3×102 Ω/����) con-
tact layer resistivity; (iii) compatibility of technological opera-
tions (sputtering and photolithography); (iv) high corrosion-
resistance and strength. 

The above advantages are undeniable for the discrete 
electronic elements whose sizes are no less than several µm. 
However, if the contact sizes lie in the submicron range, then 
the barrier height nonuniformities (due to instability of Au-Ga 
compositions) and resulting from this developed interfacial 
microrelief lead to appearance of regions with SBs that by-
pass ohmic contacts [72]. In addition, a considerable differ-
ence in amounts of Au and Zn saturated vapors, as well as low 
adhesion of zinc toward GaAs, result in moderate reproduci-
bility of contact resistance. 

Currently searches for alternative (free of the above 
flaws) ohmic contacts were carried out. Such contacts (where 
gold was replaced with other metals) were fabricated without 
welding, using either electron (ion) beams or magnetron sput-
tering followed with thermal annealing [70,71,73]. It was de-
tected that ohmic resistance essentially depended on the sput-
tering technique, annealing duration and thicknesses of metal-
lization layers. The lowest values of ohmic resistance were ob-
served at magnetron sputtering and small duration of thermal 
annealing. 

As mentioned above, refractory ohmic contacts can be 
made using the laser technique [4]. To illustrate, let us con-
sider some technological aspects of W/Zn/W/GaAs contact 
formation. The nanometer W/Zn/W films were prepared with 
pulse laser spraying using the plant described in section 2.1.2. 
The p-GaAs material doped with Zn (NA � ND = 2×1018 cm-3) 



 

 146

was used as substrate. Its surface was etched with the 
H2SO4:HNO3:H2O = 1:1:1 solution. Then the substrates were 
washed with distilled water and placed into a vacuum cham-
ber. The contact area was about 4×10-3 cm2. After spraying the 
multilayer structures were exposed to the YAG:Nd3+-laser ra-

diation (λ = 1.06 and 0.53 µm) using different laser annealing 
modes. The laser-enhanced diffusion was checked (as in the 
case of SiC) using visualization of surface imperfections with a 
microscope and pyrometer technique for surface temperature 
determination from the thermal pulse amplitude and form in 
the real-time mode. 

The resistance Rc of ohmic contacts was found from 

I−V curves taken at different layer thicknesses, emittances 
and numbers of laser pulses. The contact resistance Rc as 
function of layer thickness is presented in Fig.2.19. One can 
see that Rc values corresponding to different thicknesses of 

W and Zn layers may differ by more than an order of magni-
tude. The initial decrease of Rc values is related to formation 

of a continuous film. This process restricts arsenic losses 
stemming from As diffusion out of GaAs bulk. On the other 
hand, the above process results in an increase of concentra-
tion of gallium vacancies VGa, i.e., in an increase of concen-
tration of activated ZnGa impurities [74]. The concentration of 

Zn atoms (that was determined from surface conductivity 
measured at layer-by-layer etching) exceeded the value 
NZn ≅  2×1021 cm-3 corresponding to natural Zn solubility in 
GaAs. As a result, a p+-GaAs layer was formed. Further in-

crease of contact resistance with thicknesses of W and Zn 
layers is due to appearance and relaxation of intrinsic 
stresses in the contact structure. 
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Fig.2.19. Contact resistance Rc of W/Zn/W/GaAs structure as function of W 

(a) and Zn (b) layer thickness. 
 

Evolution of I−V curves (for a contact structure with op-
timized thicknesses of W and Zn layers) depending on the 
number Np of laser pulses is shown in Fig.2.20. One can see 
that transformation of diode-like curves into ohmic ones tends 
to flatten out and depends on the number Np of laser pulses: 
further increase of Np over 10−12 does not change the form of 
I−V curves. As in the case of SiC, the most reproducible results 
have been obtained when using combined irradiation from a 
YAG:Nd3+-laser at two wavelengths: λ = 1.06 and 0.53 µm. 

The contact resistivity ρc was measured, as in the case of 
SiC, using the four-probe technique. The typical value 
ρc = 2×10-4 Ω⋅cm2 obtained for the W/Zn/W/GaAs contact 
structure has remained unchanged after thermal annealing at 
a temperature of 400 °C and flow of testing current (150 mA) 
for 100 h. 
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Fig.2.20. Evolution of the I−V curve for W/Zn/W/GaAs structure during 
laser annealing; Np is the number of pulses. 

 
The advantages of the W/Zn/W/GaAs-based ohmic 

contacts are as follows: (i) they require no welding and do 
not involve Au; (ii) presence of tungsten needs no additional 
metallization to provide interconnections; (iii) contact resis-
tance demonstrates high thermal and current stability at 
submicron sizes of contact layers; (iv) it is possible to make 
ultra-shallow contacts using efficient and rather simple laser 
technique that in some cases can serve as alternative to ex-
pensive MBE [75]. 
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2.6. LASER-THERMAL DIAGNOSTICS OF METAL− 

SEMICONDUCTOR CONTACT STRUCTURES 

Reliability of ohmic contacts to semiconductor structures de-
pends to a great extent on the quality of metal−semiconductor 
interfaces, uniformity of structures, temporal stability and 
metal layer adhesion to semiconductor surface. Nonuniformity 
of contact microstructure (especially of interfaces) determines 
nonuniformity of thermal resistance and thus affects its tem-
perature field. Correlation between the temperature field of an 
object and its physical (thermal, mechanical, electrical) prop-
erties is determined using thermal flaw detection [76]. 

The laser-thermal diagnostics seems to be most prefer-
able from the viewpoint of properties prediction for metal− 
semiconductor contact structures. This technique involves 
measurement of thermal radiation from an area of a contact 
structure exposed to focused pulse laser radiation whose in-
tensity is much below the threshold at which irreversible 
structural changes appear. It is a contactless nondestructive 
technique that demonstrates high locality and low inertness, 
as well as potentialities to register wide range of both heating 
temperature and its changes. High sensitivity of this technique 
results from the fact that, according to the Stefan−Boltzmann 
law, the total energy radiated from a blackbody is propor-
tional to the fourth power of the temperature of the body; the 
same approximately holds for radiation close to that from a 
blackbody. The advantage of the laser-thermal technique, as 
compared to other contactless techniques (say, that of time-
resolved reflectivity), is that it does not need an additional 
laser probe, so its experimental realization is easier. 

The first attempts to develop the laser-thermal diagnos-
tics and apply it for study of semiconductors and semiconduc-
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tor structures have been made in [77-82]. This technique has 
been successfully applied, in particular, to check quality of 
soldered connections. The authors of [83,84] have studied with 
the laser-thermal technique the metal−AlxGa1-xAs contacts to 
detect potentially unreliable ones. 

This section deals with investigation of thermal radiation 
flow from a model contact structure. The objective is to de-
termine regularities in the influence of structure parameters 
and LI mode on the thermal radiation flow. 

Let us consider the model metal−semiconductor contact 
structure suggested in [85] (see Fig.2.21) exposed to laser ex-
citation. A feature of this structure is presence at the metal− 
semiconductor interface of a defect layer whose thermal con-
ductivity is smaller than that of semiconductor. The above 
structure has been made from a circular plate (diameter of 
80 mm, thickness z1 = 0.5 mm) of single-crystalline silicon.  
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Fig.2.21. Cross section of a model axially symmetric contact structure. 1 � 
semiconductor layer; 2 � defect layer; 3 � metal layer (electrode); 4 � 
spatial distribution of laser radiation intensity. 
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The recesses whose diameters 2r2 were from 15 up to 100 µm 
and depth of about 20 µm were made in this plate. These re-
cesses were filled with a heat insulator. A copper layer (elec-
trode) was deposited using either thermal evaporation in a 
vacuum or electrodeposition. The electrode thickness z3 was 
varied from 0.1 up to 12 µm. Special (without recesses) struc-
tures were made on the same single-crystalline silicon plate 
using deposition of a copper layer, either with or without ad-
ditional sputtering of chromium. Different degrees of 
metal−semiconductor interface imperfection were simulated by 
changing copper layer adhesion to silicon. Thermal radiation 
flow was measured using a plant for LM whose diagram is 
presented in Fig.2.3. 

A YAG:Nd3+-laser operated in the quasi-continuous 
mode. The electromechanical shutter placed in the resonator 
provided pulse duration of 10−25 µs. Diameter of the laser 
spot on the structure surface was changed from 30 up to 
120 µm by focusing with the optical unit and replacement of a 
diaphragm in the laser resonator. The structure surface could 
be observed through a 30-power visualizer. 

A detector of IR thermal radiation ПМ-4 had spectral 
characteristic close to bolometric one in the 2−10 µm range. 
We measured (i) kinetics of thermal radiation excited by laser 
action on the semiconductor−imperfect layer−metal structure 
and (ii) intensity It of the total heat flow, and also made esti-
mation of the ratio P2/P1 between intensities of radiation at 
the moment t = ti from the imperfect and �perfect� structure 
areas exposed to LI. It was found experimentally that at  
ti = 20 ms the P2 and P1 values differed from the stationary 
value no more than by 10−20%; their ratio was practically in-
dependent of time at ti ≥ 10 ms. We studied how the intensi-
ties P2 and P1 depended on the excitation mode (energy E of 
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laser radiation, diameter 2r0 of laser spot) and model structure 
parameters: metal layer thickness z3 (the imperfect layer di-
ameter being fixed), imperfect layer diameter 2r2 (metal layer 
thickness being fixed), etc. We chose such LI mode that struc-
ture heating remained below 100 °C. 

Let us consider thermal field excited by local action on 
a model contact structure of axial symmetry (see Fig.2.21). At 
the metal−semiconductor interface there is a local circular im-
perfect layer with reduced heat conductivity. Let us search for 
a solution of the equation (in cylindrical coordinates r, θ, z) of 
nonstationary heat conduction 
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Besides, at joint boundaries Γij of the i-th and j-th regions the 
conditions for thermal field matching should hold. This means 
that both temperature and normal component of the heat flow 
are to be continuous: 
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Here the indices 1, 2 and 3 apply to the parameters of the 
semiconductor layer, imperfect layer and electrode, respec-
tively; z1, z2, z3 (r1, r2, r3) are the thicknesses (radii) of the cor-
responding regions; the functions Ti = Ti(r, z, t) describe dis-
tribution of the difference of temperatures of a body and am-
bience; λi are the heat conductions of the corresponding re-
gions; ci are the specific heats at constant pressure; ρi are the 
densities; α is the coefficient of heat transfer from the elec-
trode surface to the ambience; t is time. The function q3(r, z, t) 
describes distribution of the density of absorbed energy. For 
the metal layer this function was set in the following form: 

( ) ( ) ( )[ ]131
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where 
ξ(t) = 1 at 0 < t ≤ tp, ξ(t) = 0 at t > tp.      (2.25) 

Here Q0 is the absorbed energy density at r = 0; z = z3; 
2
0/2ln rk =  where r0 is the laser beam radius at the Q/2 

level; K1 is the light absorption coefficient for metal; tp is the 
laser pulse duration; q1 = q2 =0. 

Analytical solution of the above problem is known for 
some particular cases only [86]. To get solution in the general 
case, we have applied the numerical method of finite elements 
[87,88]. After multiplying both sides of equation (17) by r and 
carrying out replacements 
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One can see that after the above transformations the equation 
(2.17) for heat conduction (that has been written using the 
cylindrical coordinates) has took the form (2.27) that is char-
acteristic of a planar problem (with parameters ∗

iλ  and ∗
ic  be-

ing functions of r). Therefore one can apply the well-known 
algorithm for solution of planar problems of heat conduction 
[87,88] in the convenient version advanced in [89]. To esti-
mate the accuracy of the algorithm applied, we have made a 
comparison between the results of numerical calculation and 
the known analytical solution of the problem dealing with 
heating of a cylindrical region by heaters uniformly distrib-
uted within it. For the number of points of division equal to 
21 × 11 it was found that the two solutions (exact and numeri-
cal) differed by no more than 0.4%. 

From the temperature difference distribution in the 
structure considered that was determined in the above way we 
calculated an excess of the heat radiation from the structure 
over that from the ambience according to the Stefan−Boltz-
mann law: 
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Here ε is the degree of grayness of the structure considered 
(εg = 0, 1); σ0 is the Stefan−Boltzmann constant; T(r) is the 
temperature difference distribution over the metal layer sur-
face (z = z3); T0 is the absolute temperature of the ambience. 

Shown in Fig.2.22 are temporal dependencies of heat ra-
diation from three structures, both with and without an imper-
fect layer. One can see that structure heating and cooling rates, 
as well as heat radiation intensities, strongly depend on the im-
perfect layer size. Therefore one can detect imperfect layer 
from the ratio 12 / TT PP  between the �thermal signal� ampli-

tudes for structures with and without this imperfect layer. 
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Fig.2.22. Heat emission kinetics for three Si−Cu structures with different 
values of the defect layer radius r2: 1 � 0 (without defect layer);  
2 � 20 µm; 3 � 75 µm. Metal layer thickness z3 = 0.13 µm. Full (bro-
ken) curves are the experimental (calculated) ones. Chain curve cor-
responds to a laser pulse (duration of 10 µs). 

 
The 12 / TT PP  vs metal layer thickness z3 and laser action 

energy E curves are shown in Fig.2.23. One can see that the 
ratio 12 / TT PP  drops when z3 grows and E decreases. At the 

indicated irradiation mode parameters the imperfect layer 
manifests itself (when 12 / TT PP  = 1.05) at metal layer thick-

nesses z3 = 2.05−4.5 µm and E = 2−10 mJ. From the inset 
(Fig.2.23) one can see that when the excitation energy grows, 
then the value of metal layer thickness at which one can still 
detect the imperfect layer grows too; when (at a fixed laser 
radiation energy) the metal layer thickness decrease, then it 
becomes possible to detect imperfect layers of smaller sizes. 
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Fig.2.23. Ratio PT2/PT1 (between heat emission intensities for excitation of 

Si−Cu structure areas with and without a defect layer) as function of 
the metal layer thickness z3 at different laser excitation energies E: 
10 mJ (curves 1, 1′); 5 mJ (curve 2); 2 mJ (curve 3). (Curve 1′ is a 
calculated one.) Inset: E vs z3 curves for structures with defect layer 
size 20 (1), 30 (2) and 50 µm (3). 

 
Shown in Fig.2.24 are the total thermal radiation from 

the Si−Cu structure vs the �defect� radius curves taken at dif-
ferent sizes of the laser spot. (Here by �defect� is meant the 
imperfect layer whose parameters are those proposed for the 
model described in [84].) A laser beam was incident at the 
�defect� center. The beam diameter could be changed by fo-
cusing; in this way the excitation intensity was varied. One 
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can see from Fig.2.24 that the thermal radiation intensity PT 
increases with �defect� size. The PT(r2) curve has an inflection 
point at r2 = r0: at small (r2 ≤ r0) �defect� sizes the PT (r2) 
curve is sloping, while at big (r2 ≥ r0) �defect� sizes it flattens 
out. From the above behavior of the PT(r2) dependence it fol-
lows that one can estimate the �defect� size from the inflec-
tion point position. It also follows from the presented PT (r2) 
curves that the minimal size of the detectable �defect� is 
about one third that of the laser spot for the conditions used. 
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Fig.2.24. Heat emission intensity PT vs �defect� size r2 curves at different 
laser beam radii r0: 15 (1), 20 (2) and 30 µm (3). Laser excitation en-
ergy E = 10 mJ; laser pulse duration tp = 10 ms. Broken curve 3′ is 
the calculated one. 
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Shown in Fig.2.25 are the total thermal radiation vs 
metal thickness curves, PT (z3), for two types of tailor-made 
structures that differ in adhesion between the metal layer and 
semiconductor. One can see that (as for the model structure) 
PT decreases when z3 grows. At small metal layer thicknesses 
the total thermal radiation is bigger for those structures that 
demonstrate lower metal adhesion. So one can judge adhesion 
of structure layers from the measurement of thermal radiation.  
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Fig.2.25. Heat emission intensity PT vs metal layer thickness z3 curves for 

Si−Cu structures of two types: with improved Cu adhesion (curves 1, 
1′) and initial (2). Broken curve 1′ is the calculated one. 
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A comparison between the values of metal layer thick-
ness obtained from the calibrated PT (z3) dependence and from 
the results of independent measurement showed that meas-
urement of the total thermal radiation PT makes it possible to 
estimate the metal layer thicknesses lying in a certain range 
(say, up to 10 µm, judging from Fig.2.25). One can conclude 
from Fig.2.25 that for the chosen structure the accuracy of 
thickness z3 measurement varies from 0.3 µm (in the 0.5−4 µm 
thickness range) to 0.5 µm (in the 4−10 µm thickness range). 

Figure 2.26 illustrates isotherm distribution in the trans-
verse cross-section of the model structure considered. This 
distribution was calculated using the numerical method of fi-
nite elements for the following cases: (i) without imperfect 
layer (Fig.2.26a); (ii) imperfect layer with heat conductivity 
λ2 = 1 W/m⋅K (Fig.2.26b); (iii) the same as (ii) but with 
λ2 = 10-2 W/m⋅K (Fig.2.26b). When there is no imperfect 
layer (Fig.2.26a), then heat is removed from the maximal heat-
ing point (that corresponds to the laser beam center) into the 
structure bulk. Presence of a metal layer results in a lateral 
heat flow whose fraction in the total heat removal increases 
with metal layer thickness. Figure 2.26b illustrates the case 
when a �defect� with low heat conductivity retards heat re-
moval into the semiconductor bulk under it. This results in an 
increase of temperature difference. In this case most of the 
heat flow (whose lines are normal to the isotherms) passes 
around the �defect� through the metal layer over it. The rest 
of the heat flow is removed immediately through the �defect� 
(�semitransparent defect�). Figure 2.26c corresponds to the 
case when the �defect� is practically �nontransparent� for the 
heat flow lines. In this case the �defect� edge serves as a sec-
ondary heat source from which heat is taken away in the 
structure depth. This is evidenced by the form of the corre-
sponding isotherms that are concentric semicircles similar to 
those presented in Fig.2.26a. 
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Fig.2.26. Isotherms for Si−Cu structures without (a) and with a defect layer: 

λ2 = 1 W/m⋅K (b), 10-2 W/m⋅K (c). (Isotherms are labeled by the tem-
perature difference values; the conditions are steady.) r0 = 0.02 mm,  
r1 = r3 = 4 mm, r2 = 0.6 mm; z1 = 0.5 mm, z2 = 0.05 mm, z3 = 0.01mm; 
λ1 = 23.3 W/m⋅K (b) (silicon), λ3 = 390 W/m⋅K (b) (copper). 
 
The presented patterns of temperature fields in the struc-

tures studied have clearly illustrated that presence of a �de-
fect� results in increasing temperature difference in the struc-
ture, while presence of a metal layer leads to heat flow spread-
ing and decrease of temperature difference. Broken curves in 
Figs.2.22−2.25 show the calculated dependencies of heat flow 
intensity on the structure parameters and irradiation mode. 
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One can see that for the structure studied and the chosen ex-
citation mode (tp ≈ 20 ms) the results of calculations made for 
nonstationary conditions at t ≥ 20 ms and stationary conditions 
are close. There is a reasonable qualitative agreement between 
the experimental and calculated curves. Taking into account 
the patterns of temperature fields for the structures studied, 
one can give justified explanations for the observed trends in 
regularities of the effect of structure parameters and irradiation 
mode on the measured thermal radiation. The fact that thermal 
radiation grows when the �defect� size increases and metal 
layer size decreases is due to increase of temperature differ-
ence and decrease of heat flow spreading (see Figs.2.22−2.25). 
It follows from this that the potentialities for �defect� detection 
with the laser-thermal technique decrease when the metal 
thickness grows and �defect� size goes down. 

The gently sloping portion of the PT (r2) curves (see 
Fig.2.24) is due to the fact that at r2 << r0 most of absorbed heat 
is spreading into the structure depth beyond the �defect� (in 
other words, flows around the �defect�). In this case the heat 
resistance Rh of the electrode section over the �defect� is of mi-
nor importance in formation of the structure temperature field. 

At further increase of r2 the total thermal radiation PT 
increases abruptly. This is due to the action of the following 
two factors: (i) an increase of the heat resistance Rh and (ii) a 
decrease of heat Q flowing around the �defect�. In this case 
the temperature difference jumps up abruptly (see Fig.2.26). 
The heat resistance Rh makes a decisive contribution to the 
temperature difference. At further growth of r2 the PT(r2) curve 
flattens out because Q no longer increases when r0 << r2. 

Thus it has been shown in [85] that one can detect 
structural defects in metal−semiconductor contacts using the 
laser-thermal technique of diagnostics. 



 

 162

 
    
    
    
    
    

CONCLUSION 
 
This book contains a review and analysis of a number of experi-
mental works dealing with the effect of microwave and laser radia-
tions on the electrophysical and structural properties of III−V (and 
some other) semiconductors and device structures based on them. 
Many of these works have been made by the authors of the book. 

The analysis indicates at a substantial role in formation of 
properties of both near-surface semiconductor regions and SBs 
played by interactions between phases and defect production 
enhanced by the above radiations. The book may be considered 
as a direct extension of the previous one (A.E.Belyaev, J. Breza, 
E.F. Venger, M. Vesely, I.Yu. Il�in, R.V. Konakova, J. Liday, 
V.G. Lyapin, V.V. Milenin, I.V. Prokopenko and Yu.A. Tkhorik, 
�Radiation Resistance of GaAs-based Microwave Schottky-barrier 
Devices: Some physico-technological aspects�, Інтерпрес ЛТД, 
Kiev, 1998). It supplements the general outline of the radiation-
enhanced processes in semiconductor device structures. 

The limited volume of this book did not enable the au-
thors to give comprehensive presentation of all the aspects of 
this complex physico-technological problem. However, the 
numerous results of theoretical, experimental and physico-
technological studies that have been already obtained make it 
possible to state that various beam treatments of semiconduc-
tors and devices (similar to those discussed here) can consid-
erably extend application possibilities of radiation-enhanced 
processes and contribute to further advances in technology of 
semiconductor materials and devices. 
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