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Conditions for production of photosensitive anisotypic n—-FeS,/p—InSe heterojunctions
by the method of low-temperature spray-pyrolysis of thin films of pyrite on crystalline
p—InSe substrates are studied. On the basis of analysis of temperature dependences of
direct and reverse VACs (Volt-Ampere Characteristics), the dynamics of the change in
energy parameters is established and the role of the energy states at the heterojunction
boundary in formation of the contact potential difference is determined. A model of the
energy diagram of the heterojunction is proposed, which describes well the electrophysical
phenomena observed during the experiment. The mechanisms of formation of direct and
return currents through the energy barrier of n-FeS,/p—InSe are determined.
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HcenemoBaHbl YCJIOBUA M3TOTOBJAEHUA (POTOUYBCTBUTENLHEIX aHU30TUIHLIX I'eTepolepexo-
moB nN—-FeS,/p—InSe meromoM HESKOTEMIIEPATYPHOTO CIPeH-IHPOJN3a TOHKUX ILJIGHOK IIHPHUTA
HA KpHUCTAJINYecKre momuoxiKu p—InSe. Ha ocHoBaHMM aHaIusa TeMIEPATYPHBIX 3aBUCHU-
MOCTel npAMBIX U o0paTHbIx BAX m3yueHa AMHAMUKA H3MEHEHHUS SHEPreTUUYECKUX IIapaMer-
POB U YCTAHOBJIEHA POJIb 9HEPTETUUYECKUX COCTOSHHU HA IrpaHulle rereporepexoma upu dop-
MUPOBAHMY KOHTAKTHONU Pa3HOCTHU IOTEHIHAJOB. IIpennroskeHa Mogelb dHEPreTHYEeCKOUN maua-
rpaMMbl, KOTOPAs YAOBJIETBOPHUTENBHO KOPPEJIUPYeT ¢ SKCIEPUMEHTAJIbHO HAOJII0LAeMBIMU
bUSMUYEeCKNMH SABJIEHUAMHU Ha rereporepexome. OnpeneseHbl MeXaHU3Mbl TOKOIIEPEHOCA IIPU
IPAMOM 1 OOpaTHOM CMeIleHHMN IeTepPOcTPYKTypel N—-FeS,/p-InSe.

Exerrpuuni Biacrusocti ¢orouyrimeux rerepocrpykryp n-FeS,/p-InSe. I.I.Trkauyx,
I.I'Opaeyvruii, 3.[{.Kosarwk, II.]].Map’ anuyx.

HocaigskeHo yMOBM BUTIOTOBJEHHA (POTOUYTJIMBHUX AHIBOTUIHUX reTepolepexoniB
n—-FeS,/p—InSe MeTosOM HMBBKOTEMIIEPATYPHOTO CIpPeid-Iipoiisy TOHKMX ILIiBOK mipuTy Ha
kpuctanivui migkaaggu p—InSe. Ha ocuoBi amanisy TeMmepaTypHUX 3ajie;KHOCTEN mpaAMUX i
3BopoTHNX BAX BCTAHOBJIEHO TMHAMIKY B3MiHU €HePreTUUYHUX NApaMeTpiB Ta 3’ JACOBAHO POJb
eHepreTUYHMNX CTAHIB Ha MeKi rereponepexolfy npu (opMyBaHHI KOHTAKTHOI pisHUIIL TTOoTeH-
miasiB. 3ampoOTIOHOBAHO MOJeNh €HEePTeTUUHOl iarpaMu TeTepomepexony, AKa nodpe Kope-
JII0€ 3 EKCIIEPUMEHTATLHUMH eJeKTPoQisnUHUMU ABUIIaMU. BuUsHaueHO MexaHisMu (opmy-
BAaHHSA IPAMOIO T2 3BOPOTHOTO CTPYMiB Kpish emeprermunuii 6ap’ep n-FeS,/p-InSe.

© 2018 — STC "Institute for Single Crystals”

1. Introduction

Indium mono selenide InSe has the band
gap width of E, =1.2 eV, which is in the
range of optimal values for photovoltaic
transformation of the solar radiation spec-
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trum in terrestrial conditions. The layered
structure of InSe crystals with the weak
Van der Waals bonds between the layers
provides their advantage over other semi-
conductors in manufacturing the substrates
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for heterostructures avoiding operations of
ingot cutting, mechanical and chemical
processing of the surface. The use of in-
dium selenide as a base material allows the
creation of photosensitive structures of
various types: on the basis of the ’metal-
semiconductor’ contact [1], homotransitions
[2, 3] and heterojunctions [4-6].

Iron disulfide FeS, (pyrite) consists of the
elements widespread in nature. Photosensi-
tive structures based on FeS, have been ex-
tensively studied lately [7—9]. Using the iron
disulfide films with hole conductivity the
straightening heterostructures ZnO/p-FeS,
are manufactured [10], on the basis of n-FeS,,
the n-FeS,/M Schottky diodes (M = Pt, Au,
Nb) [11] and p-i-nZnO/FeS,/Cul diodes are
produced [12].

Thin FeS, films produced by the method
of spray-pyrolysis [13] are characterized by
high resistance to the aggressive media ex-
posure and have the bandgap width of
E;=1.25 eV close to that of InSe. The pe-
culiarity of their optical properties is the
low light absorption coefficient in the long-
wavelength area through indirect optical
transitions. For the radiation energies hAv ~
2.2 eV, at which there is a direct absorp-
tion, the transmission coefficient of the
films is more than 80 % . Such a feature of
the optical properties of the thin FeS, films
creates the prospects of their application as
a wide-band front layer in heterostructures.

In this research we present the results of
the study of electrical properties and spec-
tral photosensitivity of n-FeS,/p-InSe het-
erojunction produced by the method of low-
temperature spray-pyrolysis of pyrite thin
films on p-InSe substrates.

2. Experimental

The n-FeS,/p-InSe structures were con-
structed using the indium selenide crystals
of p-type conductivity grown by the Bridg-
man technique. The hole electrical conductiv-
ity was obtained by doping with an dope of
cadmium 0.1 % by weight. According to the
data of the Hall effect study, the concentra-
tion of charge carriers and their mobility per-
pendicular to the axis of symmetry C in InSe
at temperature of 295 K were equal to
p =10 e¢m 3 and Wy = 50 cm?2/(B-c) respec-
tively.

FeS, films ~ 0.5 um thick were applied
on p—-InSe substrates by the technique of
low temperature spray-pyrolysis of 0.1 M
aqueous solutions of FeCl3:6H,O and
(NH5),CS salts with increased content of the
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Fig. 1. Energy diagram of n-FeS,/p—InSe het-
erojunction (T' = 300 K).

component (NH,),CS characteristic of sul-
fide films obtained by this technique [13-
17]. To avoid significant thermal action on
the p—-InSe substrate, the pyrolysis tempera-
ture Tg = 280°C was chosen, which is in the
range of minimum temperatures (~ 250-
300°C) for obtaining the high-quality FeS,
films by the technique of spray-pyrolysis
[13, 18]. The films of pyrite obtained at
this mode possessed a specific electrical con-
ductivity 6 = 1.0:1072Q"! em™! of n-type at
T = 295 K. The concentration of charge car-
riers in the n-FeS, films is equal to n =
1.8:1017 ¢m~3, taking into account the Hall
mobility, uH = 0.84 cm2B 1571 [19].

Contacts to the base material p—InSe and
to the n-FeS, film were formed using the
conductive paste based on silver. Volt-ampere
characteristics of the n-FeS,/p-InSe heteros-
tructures were studied on the measuring com-
plex SOLARTRON SI 1286, SI 1255 in the
temperature range of 251 < T < 334 K. Pho-
toconductivity spectra of hetercjunctions
were measured at room temperature by a
mono-chromatometer MDR-3 with resolu-
tion of 2.6 nm/mm. For the spectra, nor-
malization was carried out with respect to
the flux of photons.

3. Results and discussion

The obtained energy diagram (Fig. 1) was
used to analyze the electrical properties of
the n-FeS,/p-3InSe heterojunction. It is
based on a model with no energy states at the
interface and with conservation of the energy
parameters of semiconductors (the affinity to
electron % and the band gap width E_) at the
contact boundary (the Anderson mocﬁel) [20].
For construction of the energy diagram, the
values of electron y affinity (FeS,) =4.5 eV
[21, 22], x (InSe) = 4.55-4.6 eV [23—-26] and
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the band gap width E, (InSe) = 1.2 eV were
used [27]. The band gap width of thin films
of FeS, depends on the production condi-
tions. The used value of E, (FeS,) =
1.25 eV [13] corresponds to the experimen-
tal value under the conditions of low-tem-
perature (Tg = 280°C) spray-pyrolysis, at
which the n-FeS,/p-InSe heterojunctions
were made.

Location of the Fermi level in the re-
stricted zones relative of the bottom of the
conduction band for n-FeS, (§; = 0.1 eV)
and the valence band top p-InSe (85 =
0.3 eV) were determined from the expres-
sions for concentration of equilibrium
charge carriers of non-degenerate semicon-
ductors [28]:

3/2 (1)
2 (2nm,kT
EC—EF=81=kT1lI(;7 ’

h2
3/2 | (2)
Ep—Ey=38y=kT - 1|2 2nm kT
F vV—vY2~ ) p h2 ’
where m, =0.45-mg [21], m,=0.5-m,

[29] are effective electron masses in FeS,
and holes in InSe, respectively, n and p are
concentrations of the main charge carriers
in n-FeS, and p-InSe, Ey — the Fermi level
position in the restricted zone.

Distribution of the spatial charge domain
(SCD) between semiconductors on the het-
erojunction was determined by calculating
the thickness of the regions in FeS, and
INSe depleted on the main charge carriers
using expressions [30]:

d - 260N 4,0y, (3)
" qNpE,Np +e,Na)’

g - \/ 20N pELE, P, (4)
p qN (e, Np +€,N ) ’

where ¢ is the electron charge, ¢, is the
dielectric constant (8.85-10712 F-m™1), ¢, =
1.9 [81] and N =n = 1.81017 cm™ — the
relative dielectric conductivity of donor
concentration in FeS,, € = 10.9 [29] and
Ny=p= 1014 ¢cm 3 — dielectric conductiv-
ity and acceptor concentration in InSe, g,
is the height of the potential barrier due to
the contact potential difference. The calcu-
lated values of d,, and d,, are 1.8:107 m and
3.27.10% m, respectively. The ratio of
thickness of the depletion regions dp >>d,
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indicates to concentration of the SCD of
n-FeS,/p—InSe heterojunctions in the p—InSe
semiconductor.

According to the energy diagram of the
n-FeS,/p—InSe heterojunction, the energy
barrier g@, = 0.9 eV in the valence band for
p—InSe holes is slightly greater than the en-
ergy barrier q@y = 0.8 eV for electrons in
the conduction band n-FeS, (Fig. 1). Both
electrons and holes can take part in the
formation of direct and reverse current.

The study of VACs of the n-FeS,/p-InSe
heterojunctions at direct and reverse volt-
ages in the temperature range of T = 251—
334 K indicated the straightening proper-
ties of the structures. The perpendicular di-
rection of the current to the layers plane of
the crystal of the p—InSe base area in the
n-FeS,/p—InSe heterostructures results in a
significant series resistance of R,. The mag-
nitude of this resistance depends on geomet-
ric dimensions of the p—InSe substrate, and
at decrease in the area of the heterojunction
and significant thickness (~ 2 mm) of the
base area it can reach R, ~ 105 Q. In the
heterostructures studied, the series resis-
tance Rg was determined by cotangent of
the inclination angle to the stress axis o (Rg
= ctga = AV/AI) of straight sections of the
direct branches of the VAC at displacements
V >3V (Rg = ctga = AV/AI). Correct analy-
sis of processes in the heterojunctions cre-
ated on the materials with a significant spe-
cific resistance is possible if the voltage V|
applied directly to the SCD of the junction
without voltage drop component on the se-
rial resistance I-Rg. In this case, the VACs
with direct displacement are described by
the expression:

1) I{%] )

where V is the total voltage applied to the
heterostructure, IR, is the voltage drop on
series resistance of the structure, A is the
VAC nonideality coefficient.

The VAC of n-FeS,/p-InSe heterojunc-
tions in the temperature range of T = 251-
334 K at direct displacements constructed
on the basis of expression (8) are shown in
Fig. 2. The exclusion of the series resis-
tance effect enabled to correctly determine
the value of the energy barrier @p in the
n-FeS,/p—-InSe heterojunction by extrapolat-
ing the vertical (the condition of R, — 0 is
satisfied) of the rectilinear regions of the
direct VAC. The temperature dependence

465



I.G.Tkachuk et al. / Electrical properties of ...

1- 251K
1.2 | i3 2- 258K
sl 4 3- 275K
>10 4- 295K
wosl 3 5- 334K
< 8 os :
bre 250 300 350
4
2
0 "
0.0 0.2 04 06 0.8 1.0 1.2

V-IR,V

Fig. 2. Direct branches of VAC of n-FeS,/p-
InSe heterojunction at different tempera-
tures, taking into account the voltage drop
on the series resistance. (Insertion — experi-
mental (1) and calculated (2) dependence of
the height of potential barrier @, in the het-
erojunction on temperature (3) — tempera-
ture dependence of the band gap width InSe).

QP = f(T) is shown in Fig. 2 (insertion).
The experimentally determined rate of change
of the height of a potential barrier with the
temperature in the range of T = 251-334 K is
d(qQy®*P)/dT = —5.82:1073 eV /K. It comes
from the analysis of the energy diagram
(Fig. 1) that the height of the potential bar-
rier g, due to the contact potentials differ-
ence, the dependence on temperature is de-
termined by the ratio.

The value ¢g@, is determined by the
height of the potential barrier for electrons
and lesser than the height of the barrier
due to the contact potentials difference g,
by the value of breakdown of conduction
zones AE:

NN
q0o(T) = Ego(T) — kT - 1.{%} (6)

The rate of change in the height of the
barrier for electrons determined by relation
(6) taking into account the temperature co-
efficient of the change in width of the band
gap InSe dE,/dT }= -4.2 eV/K [32] in the
temperature interval of T = 251-334 K and
the dependences on temperature of the main
charge carriers concentration and the effec-
tive states densities in the permitted zones
NT) and NiAT), is d(qpy)/dT = —2.0-1073 eV/K
(Fig. 2, insertion).

The observed difference between the ex-
perimental and calculated rate of change
with temperature of the potential barrier
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height in the n-FeS,/p—InSe heterojunction
is within one order and is explained by elec-
trically active states at the interface be-
tween the semiconductors [88, 34], which
arise as a result of discrepancy of the pa-
rameters of the crystal lattices FeS, and
p—InSe. The density of charge states Ngg at
the interface between the semiconductors is
inversely proportional to the square of the
distance between dislocations of the discrep-
ancy d (Ngg = d2), which is determined by
the relation:

_ a(FeSy) - a(InSe) (7
 a(FeS,) - a(InSe)’

where a(InSe)}= 4.002 A [32], and a(FeS,) =
5.42 A [35] are the constants of crystalline
lattices of InSe and FeS,, respectively. The
calculated state density Ngg = 4.3-1013 cm™2
is proportional to the Ngg values for hetero-
junctions, in which there is a significant
influence of the energy states on the prop-
erties [33, 34].

Change in the charge state of the energy
states at the interface between the n—
FeS,/p-InSe heterojunctions affects the po-
tential barrier height. With increase of tem-
perature, these states are filled by electrons
according to the Fermi-Dirac distribution,
and a negative charge is localized in the
heterojunction. Voltage of the electric field
of this charge is oppositely directed to the
field strength of the contact potentials dif-
ference, which is concentrated in the p—InSe
semiconductor. According to the superposi-
tion principle, the total electric field in the
SCD decreases and, consequently, a smaller
experimental value of @y®*? = 0.66 V (at
T = 8334 K) is observed compared with the
calculated ¢y =0.74 V (see Fig. 2, inser-
tion). When the temperature decreases, the
energy states in the heterojunction are re-
leased from the electrons; this leads to ap-
pearance of a positive charge n in the het-
erojunction, the electric field of which is in
line with the SCD field, and the contact
potentials difference increases. With the de-
crease in temperature up to T = 251 K, due
to influence of the positively charged
states, the greater value of @y =1.13 V
is experimentally observed, compared with
the calculated one based on the Anderson
model @5 =0.91 V (at T = 251 K). We can
conclude from the analysis of the tempera-
ture dependences of the potential barrier
height in the n-FeS,/p—InSe heterojunction
(Fig. 2, insertion) that the influence of

Functional materials, 25, 3, 2018
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Fig. 8. a) Direct branches of n-FeS,/p—-InSe heterojunction VAC in half-logarithmic coordinates at
different temperatures T and dependence of series resistance on temperature (insertion). b) Deter-
mining the value of In(BN,) and activation energy E, of traps (insertion) on the boundary of

n-FeS,/p—InSe heterojunction.

charge states on the value of @q is not ob-
served only within the temperature interval
T = 310-320 K. According to these condi-
tions @p = @p®*? =0.78 V and it is deter-
mined by difference between output of the
materials and breakdown of the conduction
band AE,. At room temperature, the energy
barrier is formed by reduced by AE, differ-
ence between the outputs and positive
charge of the states at the boundary of the
heterojunction. The value of @y calculated
according to the Anderson model at T =
295 K is equal to 0.82 V, (correspondingly,
the contact potential difference ¢, =
0.92 V), while the experimentally observed
one is QP = 0.89 V (,*P = 0.99 V).

To determine the mechanisms of forming

direct currents of +the heterojunction
n-FeS,/p—InSe, the VAC constructed in
semilogarithmic scale 1Inl ={f(V - IR, =

f(Vy) was used (Fig. 8a). At direct displace-
ments 3kT < qVj < 0.16 V, the slope to the
stress axis of dependences Inl = f(Vy) is
characterized by the nonideality coefficient
of the VAC A = 2 — 2.27. With the decrease
of the barrier height at the heterojunction
up to value gy — 0.16 eV due to the direct
displacement, the main mechanism of cur-
rent formation is recombination of electrons
in the SCD located in p—InSe. At direct volt-
ages 0.25 <V, < 0.6, the dependences Inl =
f(Vy) obtained within the temperature inter-
val T = 251-295 K are characterized by the
coefficient A = 22. Such great values of A
are observed in the p—Ge/n—Si heterojunc-
tions (A = 24.9-29.4) [30] with the energy
profile of the zone diagram similar to that
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of n-FeS,/p-InSe ones, and are the result of
formation of direct currents by the transi-
tion of electrons to the states in the band
gap at the boundary of the heterojunction
and their further tunneling in the valence
band of the p-type conductivity semiconduc-
tor. In the investigated n-FeS,/p-InSe
structures, the transition of electrons to the
states and their further tunneling in the
valence band of p—InSe are most pronounced
at the temperatures T = 251-295 K and the
direct voltages up to 0.6 V. At V3 > 0.6 V,
the coefficient A = 15, that indicates the
mixed mechanism of current transfer — i.e.
the transition of electrons to the states with
further tunneling and recombination of
electrons in the SCD. The first component
of the current associated with tunneling is
limited by the concentration of states at the
boundary of the heterojunction and at
Vo = 0.6 V it turns to saturation. While in-
creasing the direct voltage, the concentra-
tion of electrons displaced from n-FeS, to
the heterojunction increases, and some of
them form a current due to recombination
in the SCD.

For the dependence of InI = f(V;) of the
heterojunction n-FeS,/p-InSe at the tem-
perature T = 334 K (Fig. 3a) there is no re-
gion with clearly expressed tunnel compo-
nent of the direct current. Within the volt-
age range 0.25 <V, < 0.6 V, the coefficient
A = 8.3. At the temperature increase up to
T = 334 K, the concentration of free states
at the boundary of the heterojunction ac-
cording to the Fermi-Dirac distribution de-
creases, thus the electronic transitions from
the conduction band to these states and the
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Fig. 4. a) Reverse branches of n-FeS,/p—InSe heterojunctions VAC at voltages —0.5 <V <0 V. b)
VAC of n-FeS,/p—InSe heterojunction with inverse displacement V,.> 0.5 V at different tempera-
tures T and temperature dependence of a, parameter (insertion).

tunneling will also decrease. The recombina-
tion component of the direct current at T =
334 K increases due to increase in the elec-
trons concentration in n—FeS,. Decrease in
the order of the series resistance of the n—
FeS,/p—InSe heterostructure with the in-
crease of temperature from 251 to 834 K is
characterized by activation energy E, =
0.21 eV, which is identical to the activation
energy of the thin FeS, films [13]. Resis-
tance of the p—InSe substrates, according to
the results of TiN/p—InSe structures study
[4], does not change in the temperature
range under study.

At capture of electrons by traps in the
band gap zone at the interface between the
heterojunction of n-FeS,/p-InSe and their
further tunneling into the valence band
p—InSe, the direct current is described by
the expression [30]:

Iw)= BNteXp[_OC((pk -, (8)
where B — the constant, N, — concentra-
tion of traps in the band gap zone, o is the
value which depends on the effective mass
of electrons on the localized states in the
band gap zone at the heterojunction bound-
ary, dielectric conductivity and concentra-
tion of the acceptor impurity. Since the fill-
ing of electronic traps is determined by the
Fermi-Dirac distribution function, BN, ex-
ponentially depends on the temperature,
while the activation energy corresponding
to the traps location relatively to the maxi-
mum height of the barrier for holes in the
valence band can be found according to tan-
gent of the inclination angle In(BN,)=
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f(1038/T). The dependences InI = f(@, — V)
for determining In(BN,) and In(BN,) =
f(103/T) by (8) are shown in Fig. 4. Ex-
trapolation to ordinate axis was carried out
on the VAC linear sections of the tempera-
ture range of T = 251 — 295 K with the
most clearly defined tunnel component of
the current, which corresponds to the maxi-
mum values of the coefficient A.

According to the determined activation
energy E,=0.15 eV (Fig. 38b, insertion),
the traps that are occupied by the electrons
of the conduction band at the heterojunc-
tion boundary and tunneled into the valence
band of p-InSe are located 0.22 eV above
the peak of the energy barrier for holes.

The inverse branches of the n-FeS,/p-InSe
heterojunction VAC at temperatures T =
251 — 334 K in the range of voltages from
—(0.8-0.5) <V <0 V are described by the
power law I ~ V™ with the value of m =2
(Fig. 4a). This dependence I = f(V) is char-
acteristic of the currents that are limited by
spatial charge [36].

At the reverse voltages V,.> (0.3 —
0.5) V the n-FeS,/p-InSe heterojunction
VAC is described by the expression [20]:

-1/2

If‘ev = aOeXI{_bO((p,?sz - V) ) » ©)

where a, is the parameter determined by
probability of filling of the energy levels,
from which the tunneling takes place, with
the electrons, b, determines the rate of cur-
rent change from that of voltage.
According to (9), the VAC in the coordi-
nates Inlt,,, = f(* - V)"V/2 is linear

Functional materials, 25, 3, 2018
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(Fig. 4b). A slight decrease in inclination
angle of the linear regions of the presented
dependence at higher temperatures under
study is related to the change in the effec-
tive density of states in the conduction band
n-FeS, to which the tunneling is carried
out, and decrease in the width of the band
gap zone of pyrite due to temperature in-
crease. The temperature dependence of a
parameter enables to determine (in the first
approximation ag ~ —E,/kRT [87]) the occur-
rence depth of the level in the band gap
zone of p—InSe, from which the tunneling of
electrons occurs. The value of q is obtained
by extrapolating the linear regions Inl?,,, =
f(@Qpe*P — V)1/2 to ordinate axis. The loca-
tion depth of the level determined from the
temperature dependence in the range of 251
<T <295 K of ay, parameter (Fig. 4b, in-
sertion), amounts to 0.25 eV relative to the
p—InSe valence band top. The obtained value
agrees with the occurrence depth of E, =
0.25 — 0.26 eV of the acceptor levels of the
doped Cd p—InSe [38]. The value of a; pa-
rameter at T = 334 K is lower than that for
temperatures of 251 < T < 295 K. This in-
dicates that the levels with lesser prob-
ability of filling by electrons participate in
the tunneling, that is, the levels that are
located deeper in the bandgap than the ac-
ceptor ones (Ep > E4). Such deep levels in
the indium selenide (E; = 0.46 — 0.49 eV)
are created by the dope of Cd [38].

The spectral dependence of the quantum
efficiency at illumination of the n-FeS,/p—
InSe heterostructure from the side of FeS,
film covers the photon energy range of 1.2
to 3.1 eV with the maximum at 2.8 eV
(Fig. 5). The long-wave edge of photosensi-
tivity corresponds to the energy of quanta
of 1.2 eV and is determined by the edge of
fundamental absorption in p-InSe. The
n-FeS, film applied on p-InSe is a nondi-
rect gap semiconductor [13] and light ab-
sorption in it at the energies slightly higher
than the band gap (E, = 1.25 V) is charac-
terized by a small absorption coefficient o ~
103 em™l. At the quanta energy hv =
1.5 eV, the absorption coefficient of FeS,
oo~10%em! and ~60 % of radiation
penetrates to the n-FeS,/p-InSe heterojunc-
tion boundary through the film with thick-
ness d = 0.5 um. The direct optical junc-
tions with high o ~ 10% em™! in FeS, begin
at absorption of quanta Av ~ 2.2 eV. At the
radiation energy ~ 2.8 eV, which corre-
sponds to the maximum of photoconductiv-
ity of the n-FeS,/p-InSe heterostructure,
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Fig. 5. Spectral dependence of relative quantum
efficiency of n-FeS,/p—InSe heterojunction.

the photogeneration of mnonequilibrium
charge carriers is completely concentrated
in the FeS, film. At irradiation by quantum
energies hv > 2.8 eV, the region of the most
intense generation of electron-hole pairs ap-
proaches to the frontal surface of FeS,, for
which a high recombination rate is typical,
and photosensitivity of the n-FeS,/p-InSe
structures decreases. The total width of the
spectrum of the relative quantum efficiency
at the half-height 61/2 is not less than 1.8.

4. Conclusions

Photosensitive n—FeS,/p—-InSe heteros-
tructures were obtained by the technique of
low-temperature spray pyrolysis of FeS,
films on the surface of p-InSe. The
straightening properties of the structures
are determined by the energy barrier g¢, =
0.89 eV (at T = 295 K) for electrons in the
conduction band in the heterojunction,
which differs from the contact potentials
difference ¢, = 0.99 V due to distinction of
the electron affinities of the contacting ma-
terials. The n-FeS,/p—InSe heterojunction
SCD is formed due to difference in the out-
put works of the electron from the materi-
als and partial influence of the charged
states at the boundary of division. When
direct voltages reach up to 0.16, the current
flows through the heterojunction due to re-
combination in the SCD, which is located in
near-contact region from the side of p—InSe.
At direct displacements of V > 0.16 the
basic mechanism of current flow is to cap-
ture the electrons trapped at the hetero-
junction border (energy states by 0.22 eV
higher than the valence band peak) with
further tunneling in the valence band of
p—InSe. The reverse current at the voltages

469



I.G.Tkachuk et al. / Electrical properties of ...

up to (0.8-0.5) V is limited by the area of
spatial charge of free charge carriers. In-
crease in the reverse voltage above 0.5 V
leads to the tunneling of electrons from the

en

ergy levels of the p—InSe band gap. The

wide spectrum of quantum efficiency of n—
FeS,/p-InSe heterostructures 1.2-3.1 eV
contributes to the prospect of their use as
photoconductors of radiation energy, under
the condition that the series resistance is
reduced.
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