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Photons of a KrF laser (248 nm) were used for the synthesis of Cr3�XO3�Y/Fe2O3�X two

dimensional (2D) multilayer heterostructures by reactive pulsed laser deposition. Each nanometric

multilayer heterostructure with a definite number of layers of iron and chromium oxides was

deposited in 2D form on h100i Si substrate at its temperature 293 or 800 K resulted in changing of

2D multilayer heterostructure thickness in the range of 25–85 nm. X-ray diffractometer analysis

confirmed polycrystalline structure of these deposits. Element analysis was carried out by an

energy dispersive x-ray spectroscopy. All synthesized 2D multilayer heterostructures demonstrated

semiconductor temperature trend with variable equivalent energy band gap (Eg) in the range of

0.36–0.87 eV. The more substrate temperature was the more Eg value, and the more 2D multilayer

heterostructure photosensitivity. Optimum experimental parameters were found out to obtain the

highest photosensitivity of 2D multilayer heterostructure. Highest obtained photosensitivity

was high as 420 VC/W at white light power density �6� 10�3 W/cm2. VC is “chemical” photo

electromotive force induced in the deposited 2D multilayer heterostructure while it irradiating with

a white light, W is white light power. High photosensitivity nature of the 2D multilayer heterostructure

synthesized on a heated substrate was explained. Therefore, such 2D multilayer heterostructures of

iron and chromium oxides exhibiting high photosensitivity are exceptionally a strong candidate for

effective photo sensors of white light. VC 2016 Laser Institute of America.

[http://dx.doi.org/10.2351/1.4962442]
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I. INTRODUCTION

At present, a great interest is growing up for nanometric

films, to test the advantages of reduced thickness on the per-

formances of electronic devices and sensors.1 As it was shown

in our previous works, nanometric films based on transitional

metals’ silicides and oxides synthesized by pulsed laser depo-

sition, reactive pulsed laser deposition (RPLD), and laser

chemical vapor deposition are of great promising materials

for thermo-tenso-photo-chemical sensors.2–8 These silicides

and oxides demonstrated semiconductor properties with an

energy band gap (Eg) less than 1.0 eV. RPLD was applied for

the first time to synthesize of iron oxide 2D structures on a

h100i Si substrate for thermo-chemical sensors.3 Also, RPLD

was used for the synthesis of nanometric iron oxide films

on the Si substrate for thermo-photo-chemical sensors.7,8

Nevertheless, there is a great problem dealt with white light

energy conversion and, therefore, with high sensitivity of

materials to a white light. As it is known, semiconductor

materials with variable band gaps are of great promising

materials as solar energy converters where the band gap can

be varied from 1.04 to 1.7 eV for In/Ga and Se/S content in a

Cu(In,Ga)(Se,S)2 structure.9,10 Chromium oxide thin films

with stoichiometry Cr3�XO3�Y (0 �X �2; 0 �Y �2) are of

great interest due to their application in solar energy convert-

ers too11 and in spintronic heterostructures.12 Laser chemical

vapor deposition of elements from Cr(CO)6 vapors using a

KrF laser was applied to synthesize chromium oxides’ films

containing Cr2O3 and CrO2 phases.13 Pulsed laser deposition

was used to grow stoichiometric CrO2 on h111iSi substrates

from Cr2O3 target onto various substrates at 663 K using a

KrF laser.14 However, there is the problem to synthesis semi-

conductor materials with variable energy band gaps to obtain

semiconductor compounds with an equivalent energy band gap

less than 1.0 eV. The absorption of visible and near infrared

radiation of a spectrum is a reason for high photosensitivity.

1938-1387/2016/28(4)/042006/8/$28.00 VC 2016 Laser Institute of America042006-1
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Therefore, here we propose to use as an effective photo sensor

for white light based on 2D multilayer heterostructures to have

been formed from iron and chromium oxides’ layers. Each

oxide layer has its definite band gap depending on phase

content and thickness. The photosensitivity (F) of many 2D

multilayer heterostructures with a definite number of iron and

chromium oxides’ layers was investigated at different experi-

mental conditions. Nature of photosensitivity of these 2D

multilayer heterostructures was found out.

II. EXPERIMENTAL METHOD

Each nanometric multilayer heterostructure with a defi-

nite number of layers of iron and chromium oxides with the

stoichiometry Fe2O3�X (0 � X � 1) and Cr3�XO3�Y (0 �X
�2; 0 �Y �2), accordingly, was deposited on a high resis-

tance h100i Si substrate in the form of the 2D multilayer het-

erostructure. 2D multilayer heterostructures were synthesized

with RPLD as this method gives the possibility to synthesize

iron and chromium oxides with high purity at definite stoichi-

ometry in a direct process. Heterostructures’ depositions were

carried out in a stainless-steel vacuum reactor. Before each

deposition, the reactor was evacuated down to a residual pres-

sure of �4.5� 10�5 Pa to avoid contamination. Then, the flux

of pure O2 (99.999%) was introduced and stabilized to the

desired dynamic pressure in the range of (0.1–1.0) Pa. A pure

Fe (99.5%) and Cr (99.5%) targets were ablated with a KrF

(k¼ 248 nm) excimer laser pulses at a fluence of 4.0 J/cm2, a

frequency repetition rate of 10 Hz, and a laser pulse duration

of 25 ns. Each 2D multilayer heterostructure was deposited on

the h100i Si substrate by a definite number of laser pulses (N),

which could be changed from 1000 to 9000 depending on

each layer thickness. The Cr and Fe targets were rotated at a

frequency of 3 Hz to avoid piercing and ensure a smooth abla-

tion procedure. Before each deposition, the target surface was

cleaned by 3000 laser pulses with a shutter shielding the sub-

strate. Substrates were parallel at 45-mm distance from Fe

and Cr targets and cleaned before in an ultrasonic bath with

acetone, ethylic alcohol and finally rinsed in deionized water.

While synthesis of Fe2O3�X/Cr3�XO3�Y 2D multilayer hetero-

structures fluxes of ablated Fe or Cr atoms, respectively, at

definite oxygen pressure and a definite number of laser pulses

were deposited step by step on room temperature (RT) or

heated Si substrate. The principal scheme of the setup

based on RPLD for the synthesis of Cr3�XO3�Y/Fe2O3�X

2D multilayer heterostructure is shown in Fig. 1. The

thickness of deposited structures was measured by the

“Tensor Instruments” model “Alpha-step 100” profilometer

with an error of 5%. The morphology of the deposited het-

erostructures was investigated with scanning electron

microscopy (SEM) using Tescan Mira 3LMU equipment,

and their element analysis was investigated by energy dis-

persive x-ray spectroscopy (EDXS) using JSM-6490 LV

JEOL equipment. The crystalline of deposited heterostruc-

tures was studied with x-ray diffractometer (XRD) STADI

“Stoe” at 45 kV and 33 mA (Cu Ka radiation). The direct

current electrical resistance of the deposited 2D multilayer

heterostructures was measured by a two-probe technique.

Ohmic contacts of 2D multilayer heterostructures were

made by silver paste or indium coatings. Temperature

dependences of the electrical resistance of the deposited

2D multilayer heterostructure were measured with a high

resistance multimeter. Multilayer heterostructure from

electrical point of view is an analogous of parallel connec-

tion of some electrical resistances where single layer is one

resistance in parallel connection. Therefore, the 2D multi-

layer heterostructure can be characterized with an equiva-

lent specific conductivity (r). Calculations of an equivalent

specific conductivity of the deposited 2D multilayer heter-

ostructure were performed taking into account this hetero-

structure thickness (d) and the geometrical shape of Si

substrates with the deposited heterostructure (0.8� 0.25)

cm2. Photosensitivity of the 2D multilayer heterostructure

was measured while it was irradiating with the source of

uniform light intensity in the range of 400–800 nm. While

irradiating of the 2D multilayer heterostructures, photo

electromotive force (emf) was induced in these hetero-

structures. Photosensitivity is determined as the ratio of

this emf to white light power (W).

III. RESULTS

A. Structural and electrical properties of 2D structures
and 2D heterostructures

Oxygen contribution in the deposited structures comes

out from homogeneous and heterogeneous reactions between

chromium and iron atoms with oxygen molecules in the

volume above substrate surface and on its surface during

heterostructure growth. Temperature dependence of the con-

ductivity of the deposited 2D multilayer heterostructure

demonstrated the typical trend of semiconductor materials

which can be described by the well-known expression15

r ¼ rg expð�Eg=2kTÞ þ ri expð�Ei=kTÞ; (1)

where rg is an equivalent intrinsic conductivity for 2D multi-

layer heterostructure, ri is an equivalent conductivity for 2D

multilayer heterostructure determined by impurities, k is the

Boltzmann constant, Eg is an equivalent energy band gap for

an equivalent intrinsic conductivity of 2D multilayer hetero-

structure, and Ei is an equivalent energy band gap for 2D

multilayer heterostructure assigned to impurities in the iron

oxides and chromium oxides (e.g., unreacted iron and chro-

mium atoms). In our experimental conditions when T>RT,

the conductivity rg is governed by the main charge carriers.

Therefore, it is possible to calculate Eg from the following

expression:

Eg ¼
2k ln r T1ð Þ=r T2ð Þ½ �

1=T2 � 1=T1

; (2)

where r(T1) and r(T2) are an equivalent conductivities at

the temperature T1 and T2, accordingly, when T1> T2.

Temperature dependences of the equivalent specific conduc-

tivities of the deposited 2D multilayer heterostructures were

measured in the range of 290–333 K to test the semiconduc-

tor behavior of the deposited structures. Equivalent energy

042006-2 J. Laser Appl., Vol. 28, No. 4, November 2016 Mulenko et al.



band gaps were calculated with uncertainty about 10%.

Different types of Cr3�XO3�Y/Fe2O3�X 2D multilayer heter-

ostructure were deposited on the Si substrate at different

oxygen pressures (PO2) and substrate temperatures (TS).

The highest for iron oxides 2D single layer deposited on the

Si substrate before was about 44 VC/W.7 And the highest

photosensitivity for chromium oxides 2D single layer depos-

ited on the Si substrate before was about 7.7 VC/W.16 Many

different types of Cr3�XO3�Y/Fe2O3�X 2D multilayer hetero-

structures deposited at definite substrate temperature, oxy-

gen pressure in the reactor, and a number of layers were

investigated to find out optimum conditions for synthesis of

these heterostructures with high photosensitivity. As it was

found out, the highest value of F was for Cr3�XO3�Y/

Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructure

synthesized at PO2¼ 0.5 Pa and TS¼ 800 K. XRD analysis

demonstrated the polycrystalline structure of a 2D single

layer and a multilayer heterostructure deposited on the Si

substrate in this case [Figs. 2(a) and 2(b)]. But intensities

assigned with chromium oxides’ peaks are sufficiently lower

and diffused for the deposited Cr3�XO3�Y/Fe2O3�X 2D mul-

tilayer heterostructure in comparison with the 2D single

layer structure. It should be mentioned that upper layer of

these 2D multilayer heterostructures was Cr3�XO3�Y.

Temperature dependences of an equivalent specific con-

ductivity of Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostruc-

tures were investigated while the deposition on RT and

800 K Si substrates to find out the influence of an equivalent

energy band gap on photosensitivity. As it is seen, these tem-

perature dependences demonstrate typical semiconductor

trends (Figs. 3 and 4). An equivalent specific conductivity of

2D multilayer heterostructures deposited on the heated sub-

strate is of two orders less than for these heterostructures

deposited on the RT Si substrate. The more number of layers

is in 2D multilayer heterostructures, the higher an equivalent

specific conductivity while these depositions were carried on

heated and RT Si substrates (Figs. 3 and 4). An equivalent

energy band gap of 2D multilayer heterostructures deposited

on the heated Si substrate is higher in comparison with this

energy band gap for these heterostructures deposited on the

RT Si substrate owing to increase of chromium and iron

oxides’ content with higher oxidation degree having higher

equivalent energy band gap.

The more substrate temperature, the more 2D multilayer

heterostructure’s thickness at the same other conditions

owing to higher kinetic energy of the particles (Fe, Cr atoms,

and O2 molecules) which promotes thickness growth with

sufficiently higher rate.

FIG. 1. Scheme of the experimental setup based on RPLD.

FIG. 2. (a) XRD diagram of the Cr3�XO3�Y 2D single layer structure deposited on the Si substrate at TS¼ 800 K, PO2¼ 0.5 Pa, N¼ 4500, Eg ffi 0.47 eV, and

d¼ 70 nm; (b) XRD diagram of the Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructure deposited on the Si substrate at TS¼ 800 K,

PO2¼ 0.5 Pa, N¼ 4500, Eg ffi 0.45 eV, and d¼ 30 nm.

J. Laser Appl., Vol. 28, No. 4, November 2016 Mulenko et al. 042006-3



B. Photosensitivity of 2D structures and 2D
heterostructures

Photosensitivity of Cr3�XO3�Y/Fe2O3�X 2D multilayer

heterostructures was investigated while the deposition on Si

substrates at their different temperatures and oxygen pres-

sures in the reactor to find out optimum conditions for the

synthesis of these heterostructures with highest photosensi-

tivity. The more equivalent energy band gap is for 2D multi-

layer heterostructures, the more photosensitivity for these

heterostructures. The deposited 2D multilayer heterostruc-

tures have higher photosensitivity to a white light while the

deposition on the heated Si substrate than these deposits was

carried out on the RT Si substrate (Figs. 5–7). As it is seen

from these dependencies, there is photosensitivity saturation

when increasing white light power density from 0.02

to 0.184 W/cm2. The deposition of 2D multilayer

heterostructures on RT Si substrate resulted in no essential

changes of their photosensitivity versus white light power

density as the existence of photo emf is mainly assigned with

nonequilibrium distribution of charge carriers’ concentration

across the 2D multilayer heterostructure. This nonequilib-

rium distribution has no essential contribution to photo emf

in these experimental conditions. These results prove that Si

substrate heating causes the existence of definite conditions

for photo emf increasing resulted in photosensitivity enlarge-

ment. These conditions are assigned with the process on

interface of iron and chromium layers while structure depos-

iting on the heated Si substrate. The highest photosensitivity

is about two orders more than that for the 2D multilayer het-

erostructure synthesized on the RT Si substrate. In general,

the more substrate temperature is for synthesized 2D multi-

layer heterostructure, the higher photosensitivity for this

structure.

C. Effective noise-equivalent power of 2D
heterostructures

It is very important to evaluate an effective noise-

equivalent power (NEP) for sensitivity measurement of a

photo detector and a photo sensor. NEP is defined as a noise-

to-signal power ratio in 1 Hz output bandwidth and can be

determined by the following expression:17

NEP ¼ ut þ ur

F SdDfð Þ0:5
; (3)

where ut is the Jonson thermal noise, ur is the radiation noise

fluctuation, Sd is the area of a detector or the 2D multilayer

FIG. 3. Temperature dependences of an equivalent specific conductivity of 2D

multilayer heterostructure deposited by RPLD on the Si substrate at

PO2¼ 0.5 Pa; TS¼ 293 K: 1—Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X heter-

ostructure, d¼ 25 nm, Eg ffi 0.38 eV; 2—Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/

Fe2O3�X heterostructure, d¼ 50 nm, Eg ffi 0.38 eV; 3—Cr3�XO3�Y/Fe2O3�X/

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X heterostructure,

d¼ 65 nm, Egffi 0.36 eV.

FIG. 4. Temperature dependences of an equivalent specific conductivity of

the 2D multilayer heterostructure deposited by RPLD on the Si substrate at

PO2¼ 0.5 Pa; TS¼ 800 K: 1—Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X het-

erostructure, d¼ 30 nm, Eg ffi 0.45 eV; 2—Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/

Fe2O3�X heterostructure, d¼ 85 nm, Eg ffi 0.43 eV; 3—Cr3�XO3�Y/Fe2O3�X/

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X heterostruc-

ture, d¼ 75 nm, Eg ffi 0.87 eV.

FIG. 5. Photosensitivity of the Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D

multilayer heterostructure vs white light power density for these heterostructures

deposited by RPLD at PO2¼ 0.5 Pa: 1—TS¼ 293 K, d¼ 50 nm, Eg ffi 0.38 eV;

2—TS¼ 800 K d¼ 85 nm, Egffi 0.43 eV.

042006-4 J. Laser Appl., Vol. 28, No. 4, November 2016 Mulenko et al.



heterostructure surface irradiated with a white light, and Df
is 1 Hz bandwidth

ut ¼ ð2kTRDf Þ0:5; (4)

where k is the Boltzmann constant, T is the heterostructure

temperature, and R is the heterostructure resistance

ur ¼ ð16kT5bSdÞ0:5Df � F: (5)

Here, b is the Stefan constant.

If one takes into account the following numerical data

for the 2D multilayer heterostructure for the highest F value

(i.e., F¼ 420 VC/W, T¼ 293 K, R ffi 1.56� 106 X, Sd

ffi 2.25� 10�2 cm2) NEP ffi 1.8� 10�9 W cm�1 Hz�0.5.

Parameters of {(Cr3�XO3�Y/Fe2O3�X)� n (n¼ 2, 4)} 2D

multilayer heterostructure and their elements’ content in

atomic % made by EDXS are presented in Table I.

IV. DISCUSSION

The condition of photo emf existence in semiconductors

is assigned with concentration heterogeneity of materials

and nonequilibrium concentration of charge carriers that are

presented simultaneously.18 The existence of concentration

heterogeneity of charge carriers along this 2D multilayer

heterostructure and nonequilibrium distribution of charge

carriers’ concentration across this heterostructure owing to

light absorption in no all structure thickness resulted in

photo emf existence. In general, such photo emf is called

chemical (VC) emf as it is assigned with chemical potential.

While irradiating of the 2D multilayer heterostructure by a

white light with definite power (W), there is photo emf

induced in this heterostructure. Photosensitivity of this het-

erostructure is determined as ratio [photo emf (VC)]/W.

Elements’ content in atomic % was investigated by EDXS

[Figs. 8(a) and 8(b)].

In our case, nonequilibrium concentration of charge car-

riers’ distribution is caused by light absorption in no all iron

oxides’ thickness as d> 1/a, where d is the layer thickness, a
is the specific absorption coefficient of iron oxide layer

changing in the range of 106–4.6� 105 cm�1 while wave-

length varies in the range of 400–800 nm.19 Skin layer (1/a)

for this iron oxide layer is being changed in the range of

10–22 nm that is less than 2D multilayer heterostructures’

thickness for all deposits by RPLD. On the other hand, a for

chromium oxide layer is being changed in the range 105–4.5

� 104 cm�1 and, therefore, skin layer for chromium oxides’

2D structure is being changed in the range 100–220 nm while

wavelength varies in the range 400–800 nm. This skin layer

is more than 2D multilayer heterostructures’ thickness for all

deposits by RPLD.19 So photo emf in the chromium oxide

2D structure in this case is not so sufficient. Therefore, het-

erogeneity of charge carriers for the 2D multilayer hetero-

structure which is responsible for emf existence is mainly

assigned with concentration heterogeneity of charge carriers

along this 2D multilayer heterostructure and nonequilibrium

distribution of charge carriers’ in iron oxides of this hetero-

structure. There is no sufficient roughness of 2D multilayer

heterostructures deposited on 293 K Si substrate. One can see

some weak roughness for this deposit on 800 K Si substrate.

Morphology of these heterostructures was made by SEM

(Fig. 9).

It was established that the smaller area of the 2D multi-

layer heterostructure to have been irradiated, the higher

photo emf was in deposits. Irradiated area of the 2D multi-

layer heterostructure for all samples was about 2.25� 10�2

cm2. This effect can be explained by heterogeneity enlarge

along these 2D multilayer heterostructures while decreasing

of irradiated area. In general, photo emf for any given light

exposition of the 2D multilayer heterostructure surface can

be determined by the following expression:18

FIG. 6. Photosensitivity of the Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X/

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructure vs

white light power density for these heterostructures deposited by RPLD at

PO2¼ 0.5 Pa: 1—TS¼ 293 K, d¼ 65 nm, Eg ffi 0.36 eV; 2—TS¼ 800 K

d¼ 75 nm, Eg ffi 0.87 eV.

FIG. 7. Photosensitivity of the Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D

multilayer heterostructure vs white light power density for these heterostruc-

tures deposited by RPLD at PO2¼ 0.5 Pa: 1—TS¼ 293 K, d¼ 25 nm, Eg ffi
0.38 eV; 2—TS¼ 800 K d¼ 30 nm, Eg ffi 0.45 eV.
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VC ¼
kT

e
ln

1þ Drm

r01

1þ Drm

r02

; (6)

where Drm is an equivalent specific conductivities’ change of

the 2D multilayer heterostructure under the action of the radi-

ation, and r01 and r02 are an equivalent specific conductivity

of the 2D multilayer heterostructure in points (1) and (2)

without any action of radiation. As it is seen from relation

(6), the more an equivalent specific conductivity gradient

between points (1) and (2) exists, the more value of photo

emf can be induced. As it is known,18 VC corresponds to the

energy which is necessary for the creation of a single pair

electron-hole. In general, the conductivity is assigned by all

charge carriers. The VC value reaches the saturation meaning

at high intensity when the 2D multilayer heterostructure was

irradiated that resulted in Drm � r01 and Drm � r02.

Chemical emf is only determined in this case by the gradient

of an equivalent specific conductivity of the deposited 2D

multilayer heterostructure (i.e., gradient of charge carries’

concentration). The photosensitivity increase at the deposi-

tion of the 2D multilayer heterostructure on the heated Si sub-

strate can be explained by new material synthesis on the

layers’ interface. This material is differed from chromium

and iron oxides resulted in heterogeneity increasing in a semi-

conductor material along the deposited 2D multilayer hetero-

structure. Dramatic increase of photosensitivity for the 2D

multilayer heterostructure deposited on the heated Si

TABLE I. Parameters of Fe2O3�X/Cr3�XO3�Y 2D multilayer heterostructures deposited on h100i Si substrate at oxygen pressure of 0.5 Pa in the reactor and

their elements’ content in atomic % without atomic % of Si atoms made by EDXS.

Heterostructures: n is number of

Cr3�XO3�Y/Fe2O3�X layers (n¼ 2, 4)

Film thickness

d (nm)

An equivalent energy

band gap Eg (eV)

Substrate temperature

TS (K)

Photosensitivity

Fmax (VC/W) % Cr % Fe % O

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 25 0.38 293 4.30 6.44 4.60 88.96

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 30 0.45 800 420 1.77 1.77 96.54

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 50 0.38 293 1.64 3.90 5.01 91.08

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 85 0.43 800 13.0 3.97 4.44 91.58

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X/

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X

65 0.36 293 0.40 6.95 5.71 84.34

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X/

Cr3�XO3�Y/Fe2O3�X/Cr3�XO3�Y/Fe2O3�X

75 0.87 800 12.3 3.69 4.53 91.78

FIG. 8. Elements’ content in atomic % made by the EDXS analysis of the

Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructure deposited by RPLD on

h100i Si substrate at its different temperature (TS) and oxygen pressure in

the reactor of 0.5 Pa; (a) TS¼ 293 K, (b) TS¼ 800 K.

FIG. 9. Morphologies made by SEM of the Cr3�XO3�Y/Fe2O3�X 2D multi-

layer heterostructure deposited by RPLD on h100i Si substrate at its differ-

ent temperature (TS) and oxygen pressure in the reactor of 0.5 Pa; (a)

TS¼ 293 K, (b) TS¼ 800 K.
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substrate at TS¼ 800 K and PO2¼ 0.5 Pa with the thickness

of 30 nm up to 420 VC/W can be explained by sufficiently

higher heterogeneity increase of a semiconductor material

along the deposited heterostructure. As it is seen from atomic

% content, the more temperature of a substrate is the more

atomic % O content in the Fe2O3�X/Cr3�XO3�Y 2D multi-

layer heterostructures deposited on the Si substrate (Table I).

As it is known, polycrystalline chromite (FeCr2O4) can be

synthesized from powder of pure FeO and Cr2O3 at 1673 K.20

But in our experiment, the highest temperature for Fe2O3�X/

Cr3�XO3�Y 2D multilayer heterostructures’ synthesis was

800 K. Therefore, there is no polycrystalline chromite with

the following stoichiometry: Fe:Cr:O¼ 1:2:4 in layers’ inter-

face. As it is seen from the XRD diagram of Cr3�XO3�Y/

Fe2O3�X/Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructures,

there is no any line of polycrystalline chromite [Fig. 2(b)].

This can be explained by energy lack for chromite crystalliza-

tion resulted in its amorphous phase only on iron and chro-

mium layers’ interface. So, this conversion into chromite is

not completed owing to the low substrate temperature for

polycrystalline chromite synthesis. Therefore, there are poly-

crystalline phases of iron and chromium oxides which did not

completely convert into the amorphous phase of chromite in

the deposited 2D multilayer heterostructures. The intensities

of chromium oxides phases on XRD diagram are sufficiently

less than they are for the single layer chromium oxide depos-

ited at the same substrate temperature, oxygen pressure in the

reactor and the same number of laser pulses [Figs. 2(a) and

2(b)]. As regard to iron oxides phases, there is only one phase

[104] [Fig. 2(b)] from many Fe2O3 phases ([012], [104],

[110], [113], [116], [214], [1010]) when iron oxides’ deposi-

tion was carried out on the heated Si substrate.21 As it is seen

from [Figs. 2(a) and 2(b)], the peaks assigned with chromium

oxides’ and iron oxides’ concentrations of the deposited

Cr3�XO3�Y/Fe2O3�X 2D multilayer heterostructure are less

than for single layer structures. Therefore, there is probably

only amorphous chromite in which stoichiometry is differed

from polycrystalline one. Amorphous chromite cannot be

detected by the XRD method. But deposition conditions in

this experiment are optimum for chromite appearance even in

the amorphous phase when the highest content in atomic %

of O resulted in the highest photosensitivity of 2D multilayer

heterostructures. But these 2D multilayer heterostructures

deposited at other conditions on the heated Si substrate dem-

onstrated higher photosensitivity than the same heterostruc-

tures deposited on the RT substrate. When deposited

heterostructures were synthesized at the conditions which

were differed from optimum one, there is probably only little

amorphous chromite content in Fe2O3�X/Cr3�XO3�Y 2D mul-

tilayer heterostructures resulted in sufficiently lower photo-

sensitivity of these structures.

V. CONCLUSIONS

The presented results show that RPLD is up-to-date

method for synthesis of Fe2O3�X/Cr3�XO3�Y 2D multilayer

heterostructures with high photosensitivity. These hetero-

structures demonstrated semiconductor properties with an

equivalent energy band gap less than 1.0 eV, depending on

experimental conditions of the synthesis (i.e., oxygen pres-

sure in the reactor, substrate temperature, and heterostructure

thickness).

Photosensitivity of the Fe2O3�X/Cr3�XO3�Y 2D hetero-

structure strongly depends not only on experimental condi-

tions but also on the number of oxides’ layers. Increasing

photosensitivity is explained by increasing the material het-

erogeneity assigned to a synthesized amorphous material

(chromite) on an interface of iron and chromium layers while

depositing these heterostructures on the heated substrate.

Therefore, such 2D multilayer heterostructures of iron and

chromium oxides demonstrating high photosensitivity are

exceptionally a strong candidate for effective photo sensors

based on nontoxic precursors.
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