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The conditions for the fabrication of photosensitive anisotypic n-SnS,/p-InSe hetero-
junctions by the method of spray pyrolysis of thin films on crystalline p—InSe substrates
are studied. On the basis of analysis of temperature dependences of the forward and
reverse I-V characteristics, the energy parameters of the heterojunction and the mecha-
nisms of current generation in the heterostructure are calculated. A model for determining
the height of the energy barrier in the structures with high resistance of the base region
is proposed. The profile of the energy diagram of the heterostructure is drawn, which
agrees well with the experimentally observed electro-physical phenomena. The processes of
photocurrent generation in the heterostructure are analyzed.

Keywords: heterostructures, photosensitivity, photocurrent, spray pyrolysis, thin
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EnexTpuuni BJacTHBOCTI (DOTOYYTIMBUX TeTepOCTPYKTYpP n—SnS,/p—InSe, Buroronie-
HHX MeTOoxoM cupeii-mipoaisy. [.I'Opaeuyvkuii, I.I'"Trauyx, 3./].Kosanrwk, II.]].Map’anuyk,
B.I.IsaHos

HocaigyxeHo yMOBU BUTOTOBJEHHA (OTOUYTIMBUX AHISOTUIHUX TeTEepPOIepexofiB
n-8nS,/p—InSe meromom cmpeii-miponisy TomkKux miiBok SnS, ma Kpucramiumi migkmagku
p—InSe. 3a amanizom TeMmepaTypHHMX 3aJEKHOCTEH HPAMUX i 3BOPOTHUX I—V-XapaKTepucTuk
BMBHAUYEHO €HEPreTHYHi [MapaMeTpu reTepolepexony Ta MexXaHidaMu (POPMYyBAHHS CTPYMiB ¥y
reTepoCcTPYKTYypPi. 3alpollOHOBAHO MOJEJh BHU3HAUEHHS BHCOTH EHEPreTHYHOro OGap’epy y
CTPYKTypax 3 BUCOKMUM OIOpoM 0as3oBoi obiacri. BecranoBieno npodins eHepreruunol giarpa-
MU TeTepPOCTPYKTYyPH, sSKa mo0pe y3roAKyeTbCs i3 CIIOCTEPEKYBAHUMH €KCIePHUMEHTAJIbHO
enekTpodisuunumMu siBuimamu. I[IpoamanisoBamo mpoiiecu yTBOPEHHS (POTOCTPYMY Yy TIeTepo-
CTPYKTYPI.

WcciiemoBaHbl yCJAOBUSA U3TOTOBJEHUS (POTOUYBCTBUTENbLHBIX AHU30TUIIHUX T'eTEPOlepexo-
noB N—-SnS,/p—InSe MeTosoM CHpei-IMPOIM3a TOHKHX ILUIEHOK SNS, HAa KpuCTAaLIHYecKue
nognokKu p—InSe. Ws ananusa TeMIepaTypHBIX 3aBUCUMOCTEHM IPAMBIX u o6parHbix [-V-xa-
DPAKTEePUCTUK OIIpejeeHbl SHepreTuuecKue apaMeTpPhl reTepolrepexona M MeXaHudMbl (Gop-
MUPOBAHUS TOKOB B rerepocTpykrype. IIpemio:kena mMomesnnb Onpe e eHus BLICOThI d9HEPreTH-
YyecKoro 0aprepa B CTPYKTypaxX C BBICOKHM COIIPOTHBJIEeHHeM 0as30Boii obsactu. IIpuBemeno
MPOoMUJIL SHEPreTUUEeCKONl AumarpaMMbl I'e€TePOCTPYKTYPBI, KOTOPas XOPOIIO COrJACyeTcs C
9KCIIEPUMEHTAJIbHO HAOJI0JaeMbIMU JJIEKTPODUSHUECKUMU SABJIeHUAMU. [IpoaHaIn3MpoOBaHO
mpoiteccsl 06pasoBaHus (POTOTOKA B reTePOCTPYKType.
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1. Introduction

Thin films of tin sulfides (SnS, SnS,,
Sn,8;3) are characterized by different phase
composition, which determines their basic
physical properties. The tin (IV) sulfide
(SnS,) films with a band gap width of
E,~2.45 eV [1] are suitable for the fabri-
cation of the front layer of photodetectors
based on heterojunctions. The SnS, film
contains chemical elements Sn and S, which
are widespread, low cost and low toxicity. A
number of photosensitive structures based
on SnS, films have already been fabricated
and investigated: n—-SnS,/p—SnS [2, 3],
Sn0,/SnS, [4] and nN-SnS,/p-Si [5].

For the fabrication of the tin disulfide
films, preference is given to inexpensive
non-vacuum methods of spray pyrolysis of
chemical solutions of Sn and S salts [5, 6],
spin-coating deposition from organotin sul-
fides [7], and a facile chemical bath deposi-
tion method [8]. These methods provide the
necessary modes of sulfide films deposition
[9, 10] with desired physical properties.

The indium monoselenide with a band
gap width of 1.2 eV is a suitable material
for photoelectric energy conversion in ter-
restrial conditions. The layered structure of
InSe crystals with a weak van der Waals
bond simplifies the fabrication of substrates
for heterostructures and eliminates the need
to cut ingots into plates and their mechani-
cal and chemical processing. Photosensitive
and diode structures of various types have al-
ready been created on the basis of indium se-
lenide: Schottky and p—n diodes [11], p—n junc-
tions [12, 13], and heterojunctions [14-17].

The n-SnS,/p-InSe heterojunctions fabri-
cated by the method of optical contact of
semiconductors with the appearance of an in-
version layer in p—InSe have good photoelec-
tric properties. But they need a SnS, bulk
crystal. The properties of the n-SnS,/p—-InSe
heterojunction largely depend on the manu-
facturing method. The use of spray pyro-
lysis of SnS, films eliminates the need to
grow bulk SnS, material. This method is
accompanied by thermal processes of decom-
position of chloride salts on the p—InSe sur-
face with a possible change in the properties
of the substrate surface, which is reflected
in the properties of the formed SnS,/p-InSe
heterojunction.

This paper presents the results of the
study of electrical properties and spectral
photosensitivity of the n-SnS,/p-InSe het-
erojunction fabricated by spray pyrolysis of
tin (IV) sulfide thin films on p-InSe sub-
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strates. Among other tin sulfides, SnS, is
the best candidate for the formation of a
heterojunction with InSe due to its optimal
band gap. SnS, is transparent at the maxi-
mum  spectral sensitivity  of InSe
(1.2+2.5 eV), which, on the one hand, al-
lows the most efficient use of InSe, and, on
the other hand, increases the photosensitiv-
ity of the heterojunction in the region >
2.4 eV due to absorption in SnS,.

2. Experimental

To fabricate the n-SnS,/p—InSe heteros-
tructures we used the p—InSe substrate
grown by the Bridgman method. The p-type
conductivity of InSe was provided by cad-
mium doping (0.1 wt. %). According to the
study of the Hall effect in InSe, the concen-
tration of charge carriers is p = 1014 ¢cm™3
and hole mobility across the ¢ axis is
Wy = 50 ecm?2/(V-s) at 295 K.

The n-SnS,/p—InSe heterostructures were
fabricated by deposition of SnS, films with
a thickness of 0.3+0.4 um on the surface of
p—InSe substrates heated to T'g = 628 K by
spray pyrolysis of aqueous solutions of salts
of tin av) chloride pentahydrate
(SnCl,-5H,0) and thiourea ((NH,),CS) at at-
mospheric pressure of 0.1 MPa. During py-
rolysis, a binary n-SnS, compound with
electrical conductivity of 6 = 31071 Q L.em™1
and a band gap width of E, = 2.4 eV is
formed [3]. There are no features in the
spectral dependence that would indicate ShS
or Sny,S;, but there is an increase in photo-
sensitivity at hv > 2.4 eV (the edge of self-
absorption in SnS,). The grown n-SnS,
films are polycrystalline. Taking into ac-
count a low value of electron mobility (u =
2.43-1078 ecm2.V-1s71) in polyerystalline
films [6], the concentration of free charge
carriers in SnS, films is n = 2.7-1017 em 3.

The contacts to the p-InSe and n-SnS,
film were made using a silver-based conduc-
tive paste. The I-V characteristics of the
n-SnS,/p-InSe heterostructures were meas-
ured with a SOLARTRON SI 1286, SI 1255
complex in the temperature range from
243 K to 333 K. The photosensitivity spec-
tra of the heterojunctions were studied at
room temperature using an MDR 8 mono-
chromator with a resolution of 2.6 nm/mm.
The spectra were normalized relative to the
photon flux.
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Fig. 2. I-V characteristics of the n-SnS,/p—InSe heterostructure at forward bias. The insert shows
the calculation of activation energy (E,) in SnS, film.

3. Results and discussion

The study of the I-V characteristics in
the voltage range from -3 V to 3 V at tem-
peratures from 243 K to 333 K indicated
the ability of the n-SnS,/p-InSe heteros-
tructure to rectify the current (Fig.1). A
forward bias of the heterojunction corre-
sponded to applying positive voltage to the
p—InSe base region, and a reverse bias corre-
sponded to applying positive voltage to the
n—Sn82 film.

The current in the p—InSe base region of
the n—-8SnS,/p—InSe heterostructure flows in
a direction perpendicular to the plane of the
crystal layers. This causes the emergence of
a significant series resistance (R;) in the
structure. Due to a decrease in the resistance
of the heterojunction at forward bias, start-
ing from a certain value, all external voltage
is applied to the high-impedance p—InSe base
region. Then the space charge limited (SCL)
current appears [19]:
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Igor =

where L is the length of the space charge
region, €g is the dielectric constant of the
semiconductor.

In this case, according to Eq. 1, the I-V
characteristic at forward bias is linear in the
coordinates of Inl = f(InV) with an angle of
inclination tgf = m = 2. In the n-SnS,/p-InSe
heterostructure, the SCL regime appears at
voltages greater than 0.6 V (Fig. 1b).

The resistance of the base region decreases
with an increase in temperature and a larger
forward bias voltage is required for appear-
ance of the SCL regime. As can be seen from
Fig. 1b, at T = 333 K, the SCL regime is ob-
served at voltages greater than 1.6 V. At lower
voltages, when m decreases to 1.6+1.7, the cur-
rent in the structure is determined by the en-
ergy barrier at the n—SnS,/p—InSe interface.

In order to elucidate the current flow
mechanism in the n-SnS,/p-InSe hetero-
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junction, the I-V characteristics were ana-
lyzed in the voltage range from 3kT/q to
1.6 V (Fig. 2). In the temperature range
from 248 to 333 K, the dependences Inl =
f(V) have a temperature independent slope
(d(Inl)/dV). The I-V characteristics are de-
scribed by the following expression:

V)= Isexp(Aq—]ZT} (2)

where A is the coefficient of imperfection,
that varies from 8.5 to 20. The high values
of A in the p—Ge/n-Si heterojunctions (A =
24.9+29.4) are the result of tunnel or tun-
nel recombination mechanisms of current
flow through the barrier of height ¢g, that
are described by the expression [20]:

I(V) = BNexp[-Ay(og — V)], (3

where B is the some constant, N, is the
concentration of traps in the band gap, 4,
is the value that depends on the concentra-
tion of impurities N in the semiconductor
from which the tunneling proceeds:

A (moesj/Z 4)

A=l N

N
Taking into account the voltage drop
across the series resistance of the base re-

gion, the voltage at the heterojunction is
equal to V — IRg and Eq. 3 takes the form:

I(V) = BN (exp)l-4g(¢p — V + IRg)]. (5)

From Eq.1 we find the expression for
the analysis of current generation mecha-
nism at forward bias:

d(nh) _ Ao(d«pg -V) dI- RS} (6)

dv av_ T av

In the case when the voltage drop across the
heterojunction is greater than the voltage drop
across the series resistance (pg — V' > IRg), the
external voltage applied to the heterojunc-
tion and Eq. 6 could be written as:

dinh) _ _, (d((pB - V)} (7)
av 0 av

In the case of decreasing the resistance
of the heterojunction ((pp — V) — 0), the
Eq. 6 is linear with an inclination to the
abscissa axis of AyRg.

The dUnD)gy = f(@l/gv) dependence for the
n-SnS,/p—InSe heterostructure at forward
bias has two linear portions (Fig. 2b). At
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Fig. 3. Energy diagram of the n—SnS,/p-InSe
heterojunction (T' = 300 K) with an energy
barrier of qop = 0.56 eV (barrier height is
independent from temperature).

low rates of current change with voltage
(dI/dV), the value of d(nD)Ygy rapidly de-
creases due to a decrease in the resistance
of the heterojunction. When the resistance
of the heterojunction becomes less than the
series resistance, the dynamics of change in
the value of d(n(D)yy slows down and is de-
termined by the series resistance.

According to Eq. 7, the value of 44y at
which (¢ — V) = 0 could be obtained by ex-
trapolating of the linear portion of dUn()gy
to the x-axis. The values of the voltage at the
heterojunction do not depend on temperature
and are equal to ¢g: V =@ = 0.5 V. This in-
dicates that at low forward bias voltage (up
to 0.5 V) the current in the n-SnS,/p-InSe
heterostructure is formed by tunneling
through an energy barrier with a height of
qop = 0.5 eV, which does not depend on
temperature.

Fig. 8 shows the energy diagram used
to analyze the electrical properties of the
n—-8nS,/p—InSe heterojunction. It assumes
the existence of an energy barrier with a tem-
perature-independent height at the interface
between semiconductors. The following data
were used to construct the energy diagram:
electron affinity x(SnS,) =4.9 eV [21],
x(InSe) = 4.55+4.6 eV [22-25], ESnS,) =
2.4 eV [26] and E (InSe) = 1.2 eV [27]. The
value of E (SnS,) corresponds to the experi-
mental value for the films obtained by spray
pyrolysis at a temperature of Tg= 623 K.
There is a change in the phase composition
of the substrate surface [14, 28] due to
heating in some cases during fabrication of

Functional materials, 28, 2, 2021
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heterostructures by spray pyrolysis. The in-
fluence of a tunnel-thin In,Se; layer on the
properties of a p—-InSe-based heterojunction
is analyzed in [14]. The energy charac-
teristics of In,Se; (E,=1.7 eV [29, 30] and
x = 4.44 eV [31]) agree well with the energy
barrier height of g¢p = 0.5 eV, which is ex-

perimentally observed in the n-SnS,/p-InSe
heterojunction.

The location of the Fermi level relative to
bottom of the n-SnS, conduction band (8; =
0.1 eV) and the top of the p-InSe wvalence
band (85 = 0.8 eV) was calculated from the
expressions for the equilibrium concentra-
tion of charge carriers of nondegenerate
semiconductors [32]. The contact potential
difference (@) appears at the n-SnS,/p-InSe
interface due to the difference in the electron
work functions: @ = (xa + Eg2 — 89) — (X1 +
E, ;) = 0.5 eV. According to the calculations
[33], ¢, is concentrated in the contact re-
gion of p—InSe.

The tunneling mechanism of electrons
from the bottom of the n-SnS, conduction
band through a barrier height of qep =
0.56 eV (Fig. 3) to the levels in the band
gap of p—InSe, which are located at distance
of 0.8+0.4 eV from the conduction band
bottom, is well consistent with the nature
of these levels. According to [34], they are
associated with anion wvacancies in InSe,
which occur due to heating of the substrate
during spray pyrolysis. Other possible cur-
rent mechanisms are in poor agreement
with the experiment.

In the absence of a In,Sej layer, the cap-
ture of electrons by states at the interface
and tunneling into the valence band are pre-
supposes the dependence of a barrier height
(99p) from temperature, which is not ob-
served. The temperature-independent height
of the barrier at the n—SnS,/p—InSe interface
could exist due to the rupture of the conduc-
tion band, but it is much smaller than ob-
served experimentally (y; — X9 = 0.3 eV).

The tunnel transparency W of a barrier
with a height of qpp = 0.56 eV is calculated
according to the following expression [35]:

W = exp(—2h—d\l2m*(p3), (8

where W varies from 1 at a thickness of the
In,Se; film d =0.3 nm to 0.05 at d=
0.6 nm. That is, the experimentally observed
tunneling ability will occur at the thickness
of the In,Se; film d = 0.3+0.6 nm.
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The temperature dependence of the angle
of inclination of the linear portions (Fig. 2b),
which were used to determine an energy bar-
rier height (gez = 0.5 eV) at the n-SnS,/p-
InSe heterojunction is associated with an in-
crease in electron concentration in n-SnS,.
The dependence of 1n(42) = f(103/T) allows
calculation of the activation energy of the
electrical conductivity (E,) in the film (see
insert to Fig. 2b). The obtained wvalue of
E, =0.6 eV agrees well with the known
data for both bulk [36] and thin-film [37]
SnS, semiconductor.

The I-V characteristics of the n—-SnS,/p-InSe
heterojunction at reverse bias are investi-
gated in the temperatures range from
243 K to 333 K and the reverse voltages
range from -3 V to 0 V. They can be de-
scribed by the following expression for tun-
nel current [20]:

I = ayexp(-by(¢g — V) 12), 9)

where a; is a parameter determined by the
probability of filling the energy levels from
which the tunneling occurs, and b, is deter-
mined by the rate of change of current ver-
sus voltage.

According to Eq. 9, the I-V charac-
teristic is linear in the coordinates

InI = f(pg — V)"1/2 (Fig. 4). At voltages from

-3 V to 0 V, the reverse current in the
n-SnS,/p-InSe heterostructure is generated
by tunneling electrons from the conduction
band bottom and energy states of the p—InSe
band gap (Egs — Ep=0.8 - 0.4 eV) to the
n-SnS, conduction band through the energy
barrier formed by In,Se;.

Fig. 5 shows the spectral dependence of
the quantum efficiency of the n-SnS,/p-InSe
heterostructure in the photon energy (Av)
range from 1.2 eV to 3.2 eV. The light falls
on the SnS, film side. The maximum of the
quantum efficiency is at 1.7 eV. The long-
wavelength edge of photosensitivity at Av =
1.2 eV is due to the edge of fundamental
absorption in p—InSe. The tunnel-thin bar-
rier of In,Se; separates the electrons photo-
generated in p—InSe (1 in the insert to Fig.
5). As a result of the fact that n-SnS, thin
films are polycrystalline, the intrinsic ab-
sorption edge is blurred due to partial ab-
sorption at the grain boundaries compared
to single-crystalline materials [26]. At ener-
gies hv < E, = 2.4 eV, part of the radiation
is absorbed at the grain boundaries. In this
case, light does not penetrate into the base
p—InSe region due to absorption in n-SnS,
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Fig. 4. I-V characteristics of the n-SnS,/p—
InSe heterostructure at reverse bias.

without the formation of minority charge
carriers (2 in the insert to Fig. 5). This
causes a decrease in photocurrent and pho-
tosensitivity (area 2 in the Fig. 5). At ener-
gies hv > 2.4 eV, free minority carriers are
generated in the n-SnS, film. They diffuse
to the heterojunction and generate current.
The photosensitivity increases (area 3 in the
Fig. 5). The width of the half-height of the
spectrum of the relative quantum efficiency
iS 81/2 = 1.8.

4. Conclusions

The photosensitive n-SnS,/p—-InSe struc-
tures were fabricated by the method of
spray pyrolysis of SnS, films on the p—-InSe
substrates. The diode properties of the
structures are determined by the difference
between the energy parameters of n-SnS,
and p-InSe and the energy barrier of a
In,Se; tunnel-thin layer with a temperature-
independent height of gpp = 0.5 eV. At for-

ward bias voltage V< 0.6 V (T = 290 K),
the main current mechanism is the tunnel-
ing of electrons from the n—-SnS, conduction
band bottom through the barrier to states in
the p—InSe band gap with the following re-
combination. The tunnel current increases
with temperature due to an increase in the
electron concentration in the n-SnS, con-
duction band. At forward bias voltage V >
0.6 V (T = 290 K), the decrease in external
voltage focuses on the high-impedance p—
InSe base region and the space charge limit-
ing mechanism is implemented. With in-
creasing temperature, the voltage at which
the space charge limiting mechanism ob-
served increases to V=1.6 V (T = 330 K).
The reverse current in the n-SnS,/p-InSe
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Fig. 5. Spectral dependence of relative quan-
tum efficiency of the n-SnS,/p-InSe hetero-
structure.

heterostructure is generated by the tunnel-
ing of electrons from the conduction band
bottom and energy states of the p—InSe band
gap to the n-SnS, conduction band through
the energy barrier formed by In,Ses.

The n-SnS,/p—InSe heterostructures are
photosensitive in the range from 1.2 eV to
3.2 eV and could be used for fabrication of
photo-detectors if the non-photoactive ab-
sorption in the n-SnS, film is reduced.
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