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A new heterojunction (GP) p-Feln,Se,—n-In,Se; was formed by the mechanical contact
of the Feln,Se, plate with the van der Waals surface of In,Se;. Investigation of Volt-
Farada’s, spectral characteristics and temperature dependences of the VAC of the hetero-
junction. On the basis of the analysis of electric and photovoltaic characteristics of the
GP, a high-quality zone diagram was constructed.The region of spectral photosensitivity of
p-Feln,Se,—n-In,Se; GP which is in the range 0.7-1.8 eV, is established..
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MerogoM MexaHHMYECKOro KOHTaKTa miacTuHbl Feln,Se, ¢ BaH-mep-BaanbcoBoil moBepX-
HOCTBIO IN,S€; chopmuporan HoBEIE rerepomepexox (I'II) p-Feln,Se,—n-In,Se;. Mccrenosa-
HBI BOJBT-(apajuble, CIeKTpaJbHble XapaKTEePUCTUKNM U TeMIepaTypHbie 3aBucuMoctu BAX
rereponepexona. Ha ocHoBe aHanmns3a dJIeKTPUYECKUX U (POTOIIEKTPUUECKUX XAPAKTEPUCTUK
T'TI mocrpoeHa ero KadyecTBEHHAs 30HHAS AUarpaMMa. ¥CTAHOBJEHa O0BJAaCTh CIEeKTPaJbLHOMN
dorouyscrBuTensrocru 'l p-Feln,Se,—n-In,Se;, koTopas mHaxoxurcsa B npegenax 0,7 — 1,3 »B.

Illapysari kpucrann Feln,Se,, In,Se; i rereponepexomu ma ix ocmosi. B.M.Karepun-
uyyK, 3.[0.Kosaxwk, B.B.Kymuip, B.B.Hetara, I.I'.Tkauyk

Meromom mexamiumoro xoHTakTy maactuau Feln,Se, s BaH-7Iep-BaalbCcOBOIO ITOBEPXHEIO
In,Se; cdopmorano HoBmit rereponepexin (I'll) p-Feln,Se,—n-In,Se;. Mocrimxeno poasT-da-
pajxHi, creKTpalabHi XapaKTepUCTUKHU 1 TemmepartypHi 3anesxHocTi BAX rereponepexony. Ha
OCHOBi aHasmisdy eseKTpUuYHUX i (OTOeJeKTPHMUHUX XapakTepuctuk Il mobymoama iioro
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AKicHa B30HHa fgiarpama. BeraHoBIeHO

00JaCTL

cuekTpaabHoi Qorouyransocti I'Il

p-Feln,Se,-n-In,Se,, axa smaxogureesa B mesxax 0,7 — 1,8 eB.

1. Introduction

In recent years, AIB,IIX,VI semiconduc-
tors (II is Fe, Mn, Ni, or Co; III is Ga or In;
and VI is S, Se, or Te) containing elements
with unfilled d-shells have been intensively
investigates. Layered crystals Feln,Se, were
obtaining and investigated, for example, in
[1-5], and the crystals In,Se; in [6-7]. How-
ever, these materials are still remains un-
derstudied in fundamental and practical
terms.
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Feln,Se, and In,Se; layered crystals,
which can be both n- or p-type of conductiv-
ity, are advanced materials to create a pho-
tosensitive heterostructures based on them
[8-10]. These materials with different sym-
metry and lattice periods allow the method
of van der Waals contact of their surfaces

to create quality heterojunctions [11].
The aim of this study was to preparing

and studying of electrical and photoelectric
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characteristics of the p-Feln,Se,—n-In,Se;
heterojunctions for the first time.

2. Experimental

The In,Se; single crystals were grown by
the Czochralski method and characterized
by a pronounced layered structure over the
whole length of a sample. The mirror-like
cleaved surfaces (not requiring additional
treatment) of the obtained crystals without
scratches and other damages were suitable
to create a heterojunction by van der Waals
contact. Based on the Hall effeect, it is es-
tablished that In,Se; samples had the n-type
conduction with concentration of the majority
charge carriers n = 2:101% em™3 and mobility
perpendicular to C u, = 20 cm?/(V-s), where
C is the crystallographic axis which coincides
with the normal to the layer plane.

As the wide band-gap frontal semicon-
ductor were used crystals of Feln,Se, that
were grown by the Bridgman technique.
Based on the Hall effect was found that the
samples had the p-type conduction. At room
temperature for the Feln,Se, crystals the
concentration of the majority charge carri-
ers and the Hall mobility along layers were
measured to be p = (2 ... 3) 1016 cm™3 and
up= 10 cm?/V's, respectively.

The heterojunctions p-Feln,Se, - n-In,Se;
were prepared by the method of mechanical
contact of Feln,Se, plate with the Van-der-
Waals surface of In,Se;. Pure indium was
used for current contacts. To eliminate the
non-ohmicity of the back contact
p-Feln,Se,/In, was used a method consists
of formation of a large number of recombi-
nation centers in the region of the semicon-
ductor which is adjacent to the heterointer-
face "semiconductor/metal” by means of
damaging the Feln,Se, mechanically [12].

The structure and lattice parameters of
the crystals were established from X-ray
diffraction measurements in CuKo radiation
by means of a DRON-2.0 installation assem-
bled according to the Bragg-Bertano
scheme. The obtained X-ray diffraction pat-
terns were processed by using the LATTIK-
KARTA software.

The current-voltage (I-V) and capaci-
tance-voltage (C-V) characteristics of the
HJ were studied on a SOLARTRON SI 1286,
SI 1255 setup interfaced with a computer.
All the measurements were carried out at
room temperature. Temperature depend-
ences of the current-voltage characteristics
were also investigated with the purpose to
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Fig. 1. XRD patterns of the Feln,Se, (a) and
In,Se; (b) layered compounds.

establish the current flow mechanism
through the HdJs.

The sensitivity spectral areas were iden-
tified by MDR-3 monochromator with a
resolution of 2.6 nm/mm at room tempera-
ture. All spectra were normalized relative

to the number of incident photons.

3. Results and discussion

Fig. 1 shows the XRD patterns of the
Feln,Se, (a) and In,Se; (b) layered com-
pounds. An X-ray spectrum analysis has
shown that the Feln,Se, crystals have a
hexagonal structure owith the lattice pa-
rameters a=4.0492 A and ¢=39.0231 A.
These data agree well with those reported
by Reil and Haeuseler [13]. An X-ray dif-
fraction pattern of the Feln,Se, (a) registered
from a cleaved surface demonstrates the 001
reflections (I = 6, 9, 12, 18, 21, 24, 30, 33).
The absence of additional peaks is evidence
that the composition of the grown Feln,Se,
crystals corresponds to its formula.

The XRD analysis revealed that the
structure of the InySe; substrate had the
following lattice constants: a=15.83435 A,
b=12.4080 A, c=4.0442 A in the orthorhom-
bic space group P,,, and are in agreement
with the published values [14].

The capacitance-voltage characteristies of
p-Feln,Se -n-IngSe; heterojunctions in C72
vs. U coordinates at room temperature and
different frequencies are shown in Fig. 2.
The Linear C-2-U dependences correspond to
the abrupt type of p-n-junction [15]. The
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Fig. 2. Capacitance-voltage characteristics of
p-Feln,Se, - n-In,Se; heterojunction at differ-
ent frequencies.

C-V curves at reverse bias have two slopes
that corresponds to two main ionization
mechanisms of impurities: generating one
type of carriers at low bias voltages and two
types — at high reverse voltages [16].

The disagreements in frequency depend-
ence are more difference in the high-fre-
quency region of test signal. Therefore, to
correctly determine the value of potential
barrier ¢, is necessary to choose a cut-off
continuation of the linear dependence of C-V
characteristic received at frequencies
o — 0 [8]. Fig. 2 shows that the capacitive
cut-off biases at frequencies of 10 and
20 kHz respond to the value ~ 0.11 V.

The energy band diagram of the hetero-
junction constructed using potential barrier
¢, is shown in Fig. 3. The band gap values
were taken from [13, 14]. The positions of
the Fermi level in the n-In,Se; and
p-Feln,Se, were estimated from the major-
ity carrier concentrations by the formula:

’EC(W - EF) = kTIn[N¢gy/ Nyl

where EC(V) — the conduction band bottom
(valence band top), Er — the Fermi energy,
NC(V) — the effective density of states in the
respective band, Nn(p) — the concentration
of majority carriers.

It is shown that, the breaks of AE; and
AEy allowed bands stimulate unidirectional
injection of holes from p-Feln,Se, in
n-In,Se; under forward bias.

Fig. 4 shows the current-voltage charac-
teristics of the heterojunction p-Feln,Se, -
n-InySe; measured at different temperatures
under forward bias in the semilogarithmic
scale. The relatively low value of potential
barrier does not reveal the true mechanism
of current transport through the p-n-junc-
tion. Although the current-voltage depend-
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Fig. 3. Energy band diagram of the hetero-
junctions p-Feln,Se,—n-In,Se;. All values are
expressed in eV.
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Fig. 4. The I-V characteristics of the

p-Feln,Se,—n-In,Se; heterojunctions measured
at different temperatures T under forward
bias in the semilogarithmic scale.

ence has exponentially character, the slope
of the current-voltage characteristics in
voltage range of 0 — 0.1 V are different at
various temperatures: the lower the tem-
perature - the smaller the slope of the cur-
rent-voltage characteristics. This behavior
of I-V curves indicates that the potential
barrier inecreases with decreasing tempera-
ture and the shunt currents, on the con-
trary, reduced.

However, the true diffuse currents under
forward bias still not large enough to pre-
vail shunt currents through the p-n-junc-
tion. The p-n-junction fully opened with di-
rect voltage increasing and the all voltage
drop falls on the bulk part of heterojunc-
tion. Fig. 4 shows that, the I-V charac-
teristics at different temperatures are
shifted parallel, indicating the features of
current transport in the neutral parts of the
heterojunction.

The photosensitivity spectra of the
p-Feln,Se,—n-InySe;  heterojunction are
shown in Fig. 5. It is well seen that the
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Fig. 5. The photosensitivity spectra of the

p-Feln,Se,—n-In,Se; heterojunction measured

at room temperature.

photosensitivity spectrum is limited from
both sides and corresponds to light absorption
in narrow band gap In,Se; (E, ~ 0,72 eV at
300 K) and wide band gap Feln,Seq (E, ~
1,15 eV at 300 K) which is characteristic of
the spectrum shape for heterojunctions.

4. Conclusions

A new heterojunction based on layered
crystals p-Feln,Se, and n-In,Se; were pre-
pared by mechanical van der Waals contact.
The measured electric characteristies (I-V,
C-V and photosensitivity spectra) testify to
satisfactory quality of the obtained hetero-
junctions. The spectral sensitivity of
p-Feln,Sey—n-InySe;  heterojunctions  was
identified and had the value 0.7 — 1.3 eV.
The current transport mechanisms were ana-
lyzed by investigating temperature depend-
ences of the I-V characteristics. The energy
band diagram of the p-Feln,Se,—n-In,Se;
structure is constructed. It revealed that,
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the dominating current transport mecha-
nisms through the p-Feln,Se,—n-In,Se; in-
terface caused by a hole diffusion due to the
asymmetrical gaps.
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