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Photosensitive anisotypic CuFeOq/n-InSe heterojunctions were fabricated by the method of low-
temperature spray pyrolysis. An aqueous solution of copper dichloride CuClz2H20 and iron trichloride
FeCls-6H20 was sprayed onto the InSe substrate heated to 623 K. As a result, p-type CuFeO: films with a
thickness of ~ 0.3 um and a band gap of 2.6 eV were obtained. Contacts were formed using silver-based
conductive paste. The I-V characteristics were studied at temperatures from 295 to 336 K. It was shown
that the temperature dependence of the height of the potential barrier is linear. Based on the analysis of
the temperature dependences of forward and reverse I-V characteristics, the dynamics of change of energy
parameters was established and the role of energy states at the boundary of the heterojunction in the for-
mation of the contact potential difference was clarified. The approximation of I-V characteristics was car-
ried out within the framework of the model, which takes into account the influence of series and shunt re-
sistances. The values of the diode coefficient, series and shunt resistances of the heterojunction were
found. The mechanisms of formation of direct and reverse currents through the CuFeQO2/n-InSe energy bar-
rier were determined. The spectral dependence of the quantum efficiency of heterojunctions in the range of
photon energies from 1.2 to 3.2 eV was studied. The effect of light absorption in heterostructure materials
on its general photosensitivity was analyzed. The obtained results confirmed the promise of CuFeOz/n-InSe
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heterojunctions for photoelectronics.
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1. INTRODUCTION

Indium monoselenide (InSe) has a band gap
E;=1.26 eV which is in the range of optimal values for
photoelectric conversion of the solar spectrum in ter-
restrial conditions. The layered structure of InSe crys-
tals with a weak Van der Waals bond between the lay-
ers provides them with an advantage over other semi-
conductors in the manufacture of substrates for hetero-
structures by avoiding ingot cutting operations, me-
chanical and chemical surface treatment. In addition,
the resistance of InSe to radiation expands the scope of
its use. The use of indium selenide as a base material
allows to create various electronic components such as
photodetectors [1, 2], solar cells [3, 4], Van der Waals
heterojunctions [5, 6] and other.

The presence of a weak Van der Waals bond be-
tween the layers and a strong ion-covalent bond in the
layers in InSe determines the features of the physical
properties of crystals. In particular, the existing struc-
tural defects significantly affect the electrical proper-
ties [7]. Stacking faults, dislocation grids placed in the
(0001) plane, create additional energy barriers Es for
the movement of charge carriers along the ¢ axis, which
causes large values of electrical conductivity anisotro-
py. Due to the existence of vacancies and dislocations,
localized states appear near the Fermi level [8].

Transparent conductive oxides are materials with
high electrical conductivity and low optical absorption
of visible light. Thin films of transparent conductive
oxides are widely used in various devices such as flat
panel displays, touch panels and solar panels. It is
known that heterojunctions based on such oxides and
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InSe have good rectifying properties and photosensitiv-
ity [4, 9, 10]. Delafossites are triple oxides of copper
and iron with the basic formula ABO2, where A repre-
sents monovalent cations, such as Cu or Ag, and B rep-
resents trivalent metals from Al to La. CuFeOz2 delafos-
site is a p-type semiconductor, the band gap of which
can vary from 0.91 to 3.35 eV [11]. CuFeOz has a rela-
tively high electrical conductivity compared to other
delafossites, only CuCrOz is higher. CuFeOz can exhibit
both the properties of multipheroism and spintronics.
Investigation of magnetic and magnetoelectric proper-
ties of CuFeOz is intensively studied [12, 13].

This paper presents the results of the study of the
electrical  properties and  photosensitivity  of
CuFeOs/n-InSe heterojunction fabricated by spray py-
rolysis of pyrite thin films on n-InSe substrates.

2. EXPERIMENTAL

Monocrystalline n-InSe grown by the Bridgman
method was used to make heterojunctions. Plane-
parallel plates 5 x 5 x 1.2 mm3, which had perfect mir-
ror surfaces, were chipped from the InSe crystal ingot
along the cleavage plane. Chipping was performed in
air.

Thin films of CuFeO2 p-type conductivity with a
thickness of ~ 0.3 um were made by spray pyrolysis of
0.1 M aqueous solutions of salts of copper dichloride
CuClz':2H20 and iron chloride FeCls:6H20. When dis-
solving metal salts, double-distilled water was used.
Separately prepared solutions of copper and iron salts
before application were mixed in a ratio of 1:1 by vol-
ume using a magnetic stirrer for 30 min at room tem-
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perature. The pyrolysis temperature when obtaining
samples of CuFeOz thin films on substrates of sodium-
calcium glass, sitall and indium selenide was
Ts=623 K. Compressed air was used as the carrier
gas. Glass and sieve substrates were degreased in am-
monia-peroxide solution H202:(NH2)OH:H20 before
treatment with CuFeOq films, treated with a 5 % solu-
tion of potassium dichromate K2Cr207 in sulfuric acid
and washed in double-distilled water. Samples of
CuFeO: films made on 18 x 18 mm? glass were used to
study the optical transmission spectrum. Optical band
gap of manufactured CuFeO: films was Eg=2.6eV.
The process of spray pyrolysis allowed simultaneous
deposition of films on different substrates. Specially
made masks were used to obtain the film steps used in
determining the thickness. The thickness of CuFeO:2
films was measured with a MII-4 Linnik microinterfer-
ometer. The surface electrical resistance of CuFeO:2
films on dielectric sieve substrates immediately after
the manufacturing process was monitored by the four-
probe method and was ps = 10* Q/square.

Contacts to the InSe base material and to the
CuFeO: film were formed using a silver-based conduc-
tive paste. The I-V characteristics of CuFeO2/n-InSe
heterojunctions were studied on a Solartron 1255
measuring complex in the temperature range from 295
to 336 K. The photosensitivity spectra of heterojunc-
tions were measured at room temperature on a mono-
chromator MDR-3 with a resolution of 2.6 nm/mm. For
the spectra, normalization was performed with respect
to the photon flux.

3. RESULTS AND DISCUSSION

Fig. 1 shows the forward I-V characteristics of
CuFeOz2/n-InSe heterojunctions measured at different
temperatures. They are well described by the formula
within the model, which takes into account the influ-
ence of series (Rs) and shunt resistances (Rsn) [14]:

I=1, {exp(e(‘;kfl{Rs)J—l} +

where I is the reverse saturation current, which can be
found by extrapolation to zero voltage, n is the diode
coefficient.

Curves in Fig. 1 represent the results of the I-V
characteristics approximation by formula (1). The fit-
ting parameters are given in Table. 1.

The values of the potential barrier height ¢ of the
heterostructure at different temperatures are deter-
mined by extrapolating the linear sections of the I-V
characteristics to the intersection with the voltage axis.
It is established that the temperature dependence of
oo(T) for CuFeOz/n-InSe heterojunctions is well de-
scribed by the equation (Fig. 2):

Do (T) =® (0) _ﬁ(pT )

where £,=5.5-10-3eV-K-1 is the temperature coeffi-
cient of the potential barrier height, and ¢o(0) = 2.56 eV
is the value of the potential barrier height of the stud-
ied heterostructure at absolute zero temperature.
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Fig. 1 — Forward I-V characteristics of the CuFeOs/n-InSe
heterojunction at different temperatures (points are experi-
mental data, curves are approximation by formula (1))

Table 1 — Fitting parameters
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Fig. 2 — Temperature dependence of the potential barrier
height of the CuFeOs/n-InSe heterojunction

The large value of B, compared to the temperature co-
efficient of the band gap for InSe (Br;=2.3-10-%eV/K)
may be due to the high concentration of surface defects Nss
at the CuFeO2/n-InSe interface, which is a consequence of
a significant difference between the constant lattice and
materials heterojunction.

In the first approximation Nss oo x~2 [14], where the
distance between the dislocations of the mismatch x is
determined from the following expression:

x = aInSeaCuF902 /(aInSe - aCuFeOZ ) . (3)

For amse=4.24 A and acureoz = 5.43 A, we obtain
x=19.3 A and Ny = 2.67-1013 cm~2. At this density, sur-
face states can play the role of effective centers of cap-
ture or recombination, and significantly affect the elec-
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trical properties of heterostructures.

Fig. 3 shows the dependence of the differential re-
sistance Rair on the voltage V, on the basis of which it is
possible to determine the value of the series resistance
of the heterostructure Rs. It is seen that in the voltage
region greater than the potential barrier height, curves
Raif(V) reach saturation. This indicates that the voltage
in the barrier region of the diode ceases to change, i.e.,
the barrier is almost open, and the current through the
heterojunction is limited by its series resistance Rs,
which is determined by extrapolating the saturation
region to the intersection with the differential re-
sistance axis.
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Fig. 3 - Dependence of differential resistance of the CuFeOs/
n-InSe heterojunction on voltage at different temperatures
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Fig. 4 — Forward I-V characteristics of the CuFeO2/n-InSe
heterojunction at different temperatures

The series resistance of the heterojunction is de-
termined by the resistance of the substrate (InSe). At
room temperature pe(InSe)~ 103 Om-cm. Then for a
sample of size 5x5x1.2mm? we can estimate
Rs = pS/l =480 Om-cm, which correlates with the data
of Fig. 3.

The forward I-V characteristics of the heterojunc-
tion in semi-logarithmic coordinates at different tem-
peratures are shown in Fig. 4. As can be seen from the
figure, in the area of direct bias V >3kT/e rectilinear
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sections are observed.

Analysis of the forward I-V characteristics of the
CuFeOq/n-InSe heterojunction constructed on a semi-
logarithmic scale showed that dependence In(J) = f(V)
consists of two rectilinear sections, which indicates the
exponential dependence of current on voltage. The de-
termined values of the diode coefficient (Aln(l)/AV =
e/nkT) aren=3(V<0.6V)andn=8(V>0.6V).

The large value of the diode coefficient and the
weak slope of the dependences In(J) = f(V) at different
temperatures is evidence of the tunneling nature of the
current transfer mechanism. At small displacements,
the space charge region is too thin for direct tunneling,
which is described by Newman's formula. Therefore,
given the above-assessed high concentration of Ngs
mismatch dislocations, multistage tunneling-
recombination processes involving surface states at the
CuFeO2/n-InSe interface can be considered the only
mechanism of current transfer. The forward bias cur-
rent is defined by the following expression [14]:

I=Bexp(-a(p,(T)-e€V)), @

where B is a value that is weakly dependent on tem-
perature, and ¢o is the potential barrier height.
Rewrite expression (4) in another form:

I= Bexp(—a(po (T)) exp(aeV) =1 exp(aeV), (5)

where o = B-exp(—ago(T)) is the cut-off current, which
does not depend on the applied voltage.

From expression (5), it follows that the slope
Aln(I)/AV of the initial sections of the forward I-V char-
acteristics determines the coefficient «, which takes the
value of * 10 eV -1,

Substituting this formula into an expression for the
cut-off current, we obtain the following expression:

I, = Bexp(_a (% (0)—ﬁ¢T)) -

(6)
= Bexp(-ag, (O)) exp(aﬂ(pT) =1, exp(aﬂ(/,T),
where Ic is a constant.

The coefficient « can be determined from the slope
of the rectilinear dependence In(lo)=f(T): a=p,"*
(Aln(I)/T) = 10.5 eV -1. The close values of the coeffi-
cient ¢, determined from different dependences (formu-
las (5) and (6)), confirm the reliability of the analysis of
the initial I-V characteristics of CuFeOgz/n-InSe hetero-
junction characteristics within the multistage tunnel
recombination current transfer mechanism with the
participation of surface states at the n-InSe/InFez in-
terface.

In the voltage range V> 0.5V, the dependence of
I(V) is well described by Newman's formula for tunnel
current [14]:

I=1Iexp(pT)exp(yV)=1,exp(yV), (7

where I; = I;°exp(ST) is cut-off current, y and S are con-
stants.

From the last expression, it is seen that the slope of
Aln(I)/AV of the forward I-V characteristics determines
the coefficient y (formula (7)), which takes the value of
58V-1
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At a reverse bias in the case of a sharp transition,
the expression for the tunnel current has the form [14]:

by

—_ |, 8
¢O(T)—eV ®

t ~
I, ~a,exp

where ao and bo are voltage-independent parameters.

The fact that the reverse I-V characteristics in
Fig. 5 are straight lines in In(Ite0) = f(go — eV) ~ 12 coor-
dinates, according to equation (8), confirms the domi-
nance of the tunneling mechanism of current transfer
in the region of inverse bias | V| > 3kT/e.
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states with a uniform energy distribution.

The spectral dependence of the quantum efficiency
of the CuFeO2/n-InSe heterostructure irradiated from
the side of the CuFeO: film is in the range of photon
energies from 1.2 to 3.2 eV with a maximum at 2.3 eV
(Fig. 6). The long-wavelength edge of photosensitivity
at hv~ 1.2 eV is due to the edge of fundamental ab-
sorption in n-InSe. CuFeOz thin films are polycrystal-
line, as a result of which the intrinsic absorption edge
is blurred due to partial absorption at grain boundaries
compared to monocrystalline materials. At energies
hv< Eg=2.4¢V, a part of the radiation is absorbed at
grain boundaries. In this case, light that is able to be

.12 ¢ : ) . . absorbed in n-InSe does not penetrate into the base
region due to the absorption in CuFeOgz. The spectral
characteristic shows a decrease in photosensitivity. At
a quantum energy hAv> 2.4 eV, free minor charge carri-
ers are generated in the CuFeOq film, which diffuse to

-14 . the heterojunction and form a current. Photosensitivity

» increases. The full width at half height di2 of the rela-
o tive quantum efficiency spectrum is equal to 1.78.
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Fig. 5 — Reverse IV characteristics of the CuFeOz/n-InSe
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with increasing temperature is associated with a de- 1 2 3
crease in the parameter bo, which is determined from v B3

the following expression:
3/2
by =CW, (T)% (T) > )

where C is a constant, Wi is the width of the space
charge region at o —eV =1 ¢eV.

For an asymmetric sharp heterojunction, the width
of the space charge region is determined from the fol-
lowing expression [14]:

W= 2gogp(¢)0 -eV) ’ (10)
\l e(N,-Np)

where & is the absolute dielectric constant of vacuum,
&p 1s the relative dielectric constant.

The parameter ao is determined by the probability
of filling the energy level from which the tunneling
occurs during the reverse displacement. From the en-
ergy slope of the temperature dependence
In(ao) = f(10%/7) it is possible to determine the depth of
its occurrence. But the obtained experimental data in-
dicate the temperature independence of the parameter
ao. This situation is typical of a metal-semiconductor
contact when tunneling from metal levels. The temper-
ature independence of the parameter ao may indicate
participation in the processes of tunneling of surface

Fig. 6 — Spectral dependence of the relative quantum efficien-
cy of the CuFeOq/n-InSe heterojunction

It is known that when InSe is heated in air to tem-
peratures of 573+773 K, InaSes and In2(SeO4)s phases
are formed, and In203 at higher temperatures [15, 16].
These phases can cause changes in the photosensitivity
spectra. In [17], it was shown that the band gap of o-
InsSes films increases with decreasing thickness and
can reach 2.8 eV for 3.1 nm. Since, in the manufacture
of a heterojunction, the substrate is heated to 623 K,
we can assume that a thin film of In2Ses is formed on
the surface of InSe, which determines the maximum on
the curve.

4. CONCLUSIONS

It is shown that CuFeOgz/n-InSe heterojunctions
made by low-temperature spray pyrolysis of CuFeO:2
thin films onto n-InSe crystalline substrates have recti-
fying properties and good photosensitivity. The charac-
ter of the temperature dependences of the I-V charac-
teristics does not change in the temperature range
from 295 to 336 K. The deviation of the I-V characteris-
tics from the ideal diode model due to the influence of
series and shunt resistances is discussed. It is estab-
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lished that a tunneling-recombination mechanism of
current transfer is dominant in CuFeOs/n-InSe hetero-
junctions. In a logarithmic scale, the direct I-V charac-
teristics have two straight sections with different val-
ues of the diode coefficient: n =3 for V< 0.6 Vand n=8
for V> 0.6 V. The high values of n are evidence of the
tunneling nature of the current transfer.
CuFeOz2/n-InSe heterojunctions are photosensitive
in the range of photon energies from 1.2 to 3.2 eV with
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®@otouytausi rerepomnepexoau CuFeO:/n-InSe

I.T. Trauyk!, I.I'. Opnenpruii2, B.1. Isanos?!, A.B. 3acinouxin!, 3./1. Koamox!

1 Incmumym npobnem mamepianosnascmaa imerni I M. Opanuyesuua HAH YVrpainu, Yepriseupke 8100iieHHA,
eya. I. Binwoe, 5, 58001 Yepnisui, Yrpaina
2 Yepuiseupkulli HayloHavHull yHisepcumem imeni IOpis @edvrosuua, eyn. Kouwburncovroeo, 2,
58012 Yeprisui, Yrpaina

MeTomoM HHU3BPKOTEMIIEPATYPHOIO CIPEH-IIiPOoJIidy BUTOTOBJIEHO (POTOUYT/INB] AHI30THIIHI reTeporepexo-
nmiB CuFeOgz/n-InSe. Ha marpity no 623 K migrmagky InSe posmuaoBaBes BOIHUM PO3YWH COJIEH TBOXJIOPHC-
ol mimi CuCle-2H:20 1 tpuxsiopucroro 3amiza FeCls6H:20. B pesynbrari orpumysasmcsk mwiiBku CuFeOq
p-Tuily 13 ToBIMHOWL ~ 0,3 MKM Ta IIIUPUHOIL 3aboporeHol 3ouu 2,6 eB. Konrakrtu dopmysasmcsa 3 BUKopuc-
TaHHSM CTPYMOIIPOBiTHOI mmactu Ha ocHOBI cpibia. IlpoBeneno mocaimxenus BAX mpm temmeparypax Bix
295 no 336 K. [lokasaHo, mo TemmeparypHa 3aJIesKHICTh BHCOTH IIOTEHINAIBHOTO Oap'epy e siHiiHON. Ha
OCHOBI aHAJII3y TeMIEPATYPHHUX 3aJIEsKHOCTEeH MpAMHUX Ta obepHeHuX BAX BCTAHOBJIEHO NMHAMIKY 3MIiHH
€HepPreTUYHUX IIapaMeTpiB Ta 3'SICOBAHO POJIb EHePreTUYHUX CTAHIB HA MEKI reTeporepexony y hopMyBaHHI
KOHTAKTHOI pisHuil moreHiaiis. IIposemeno amporcumaitiio BAX B pamiax mopelti, 0 BpaxoBye BILIUB
TOCJIIIOBHOTO TA IIYHTYIOUOTO OMOPiB. SHANWIEHO 3HAUYEHHS TIOJHOTO KOe(IIieHTy, TOCIiOBHOIO Ta IIYHTY-
F0YOT0 OIOPIB reTeporepexo/y. BusHaueHo mexaHiaMu (POPMyBAHHS IIPSIMOTO T4 3BOPOTHOTO CTPYMIB depe3
enepreruunuit 6ap'ep CuFeOz/n-InSe. MocmimkeHo crekTpasabHy 3ajIeKHICTH KBAHTOBOI e(eKTHUBHOCTI
onpominenoi 3 6oky CuFeOz rerepoctpykrypu B miamasoni enepriit dorouie Big 1,2 mo 3,2 eB. IIpoanasizo-
BAHO BIUIMB IOTJIMHAHHS CBITJIA B MaTepiajax reTepoCTPYKTYPH Ha ii 3arasbHy dorouyriausicrs. OTpuMani
pe3yJIbTaTy HMiATBEP/KYIOTH epcreKTuBHICTH rerepocTpykTyp CuFeOs/n-InSe nist poroenexrponim.

Knrouogi ciosa: Ceneniy iupito, CuFeOs, Enexrponposinaicts, GoToUy TIHBICTS.
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