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The electrical and photoelectric properties of an n-CoFe2O4/p-InSe anisotype heterojunction formed on the
basis of thin films of cobalt ferrite and a layered indium selenide have been investigated. CoFe20s films were
obtained by the spray pyrolysis method. The p-InSe substrates were fabricated from single crystals grown by
the Bridgman method. The I-V characteristics of the heterostructures were measured in the temperature
range of 244 +~ 317 K. The potential barrier height was evaluated. The influence of series resistance on the
shape of the forward I-V characteristics was analyzed, and the main factors determining it were identified.
Based on the analysis of experimental dependences, the charge transport mechanisms through the hetero-
junction under forward and reverse bias were studied. The experimental data were approximated within the
framework of appropriate theoretical models. The main regularities governing the formation of the spectral
response in the photon energy range of 1.2 + 3.2 eV were established. The obtained results can be used in the
development of electronic devices based on heterostructures of this type.
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1. INTRODUCTION

The fabrication of semiconductor structures based
on materials with different types of conductivity opens
up broad prospects for the creation of advanced elec-
tronic and spintronic devices. Of particular interest are
heterojunctions formed using materials with different
electronic and magnetic properties, in particular lay-
ered semiconductors [1, 2] and ferromagnetic oxides [3]
with a high degree of spin polarization. Such systems
enable the realization of new functionalities associated
with the control of both charge and spin degrees of
freedom of charge carriers.

One of the promising classes of materials for the fab-
rication of such heterostructures is layered chalcogeni-
des, in particular InSe, which is characterized by high
carrier mobility, anisotropy of electrophysical properties,
and the possibility of effective control of the conductivity
type [4]. Due to weak van der Waals bonding between
the layers, these materials are convenient for forming
high-quality interfaces with a low density of structural
defects. Another important advantage of indium selenide
is the ease of substrate fabrication for film deposition.
Owing to the weak van der Waals bonding, no additional
cutting processes are required, as the ingots cleave easi-
ly and do not require chemical treatment.

On the other hand, spinel ferrites, in particular
CoFe20s4, attract considerable attention due to their
unique magnetic, electronic, and optical properties, such
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as high coercivity, chemical stability, and stable magnet-
ic characteristics at room temperature [5, 6]. These ma-
terials are widely studied in the context of applications
in sensors, spintronics, data storage devices, and energy
systems [7]. In recent years, significant attention has
been paid to the investigation of CoFe204 thin films. It
has been established that their physical properties
strongly depend on the growth conditions [8-10]. Film
parameters such as grain size, defect structure, and
morphology significantly affect the charge transport
mechanisms and magnetic properties of the material.

The combination of layered semiconductors with
ferromagnetic oxides in the form of heterojunctions
opens up the possibility of studying new physical ef-
fects at the interface, in particular the features of ener-
gy band alignment, charge transport mechanisms, and
the influence of spin polarization on electrical charac-
teristics. In this regard, the investigation of the elec-
trophysical and photoelectric properties of
n-CoFe204/p-InSe heterojunctions, as well as the de-
termination of the main charge transport mechanisms
and the formation of photosensitivity in such struc-
tures, is of considerable interest and relevance.

2. EXPERIMENTAL

Anisotype n-CoFe2O4/p-InSe heterojunctions were
fabricated wusing substrates with dimensions of
30 x 30 x 5 mm, cleaved from p-type indium monose-
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lenide (p-InSe) single crystals grown by the Bridgman
method. Hole conductivity was achieved by cadmium
doping (0.1 wt. %). The carrier concentration, deter-
mined from Hall measurements, was p =~ 104 cm~-3 at
room temperature. The hole mobility perpendicular to
the crystallographic c-axis was p,z = 55 cm?/(V ).

Thin films of cobalt ferrite CoFe204 were deposited
by spray pyrolysis from an aqueous solution containing
cobalt (IT) chloride hexahydrate (CoClz 6H20) and iron
(III) chloride hexahydrate (FeCls6H20) with a total
concentration of 0.1M and a component ratio
FeCls 6H20/CoCl2 ‘6H20 = 2. The InSe substrates were
heated to 623 K during deposition. Compressed air was
used as the carrier gas, and the solution spray rate was
3+5 ml/min. Bidistilled water was used for solution
preparation. Separately prepared 0.1 M salt solutions
were mixed using a magnetic stirrer for 1 hour at room
temperature. Dielectric glass-ceramic  substrates
(1 x 2 cm) and transparent soda-lime glass substrates
(2 x 2 cm) were used to study the electrical and optical
properties of the films. Prior to deposition, both types of
substrates were cleaned of possible organic contami-
nants in an ammonia-peroxide solution
H202:(NH2)OH:H20 = 2:1:4. After degreasing, the sub-
strates were treated with a 5 % K2Cr207 solution in sul-
furic acid (H2SO4, 85 %). Finally, the substrates were
rinsed in bidistilled water and dried in a flow of nitro-
gen gas. The deposition time for CoFe204 films with a
thickness of 0.3 um was about 10 minutes.

Film thickness was measured using a Linnik micro-
interferometer MII-4. For this purpose, areas without
film were formed on ceramic substrates using shadow
masks to create a step between the film and substrate.
The measured film thickness was approximately
0.4 um. After deposition on ceramic substrates, the elec-
trical resistivity of the CoFe204 films was measured at
room temperature using the four-probe method and was
found to be p= 107 Ohm cm. The conductivity type was
determined from the thermoelectric power (Seebeck
effect) polarity, indicating n-type conductivity in the
CoFe204 films. Optical studies of CoFe204 thin films
deposited by spray pyrolysis were carried out using an
SF-2000 spectrophotometer in the wavelength range of
0.4+1.1 pum. The transmittance of the CoFe204 layer was
found to be 50+70 %. It was also established that direct
optical transitions occur in the films, with a bandgap
energy of Eg=1.95 eV.

Electrical contacts to the InSe substrates and
CoFez204 films were fabricated using a conductive paste
containing finely dispersed silver particles. The I-V
characteristics of the n-CoFe204/p-InSe heterojunctions
were measured using a SOLARTRON 1255 system in
the temperature range of 244+317 K. The spectral pho-
tosensitivity of the heterojunctions was investigated at
room temperature using an MDR-3 monochromator
with a spectral resolution of 2.6 nm/mm.

3. RESULTS AND DISCUSSION

Fig.1 shows the I-V characteristics of the n-
CoFe204/p-InSe heterojunctions measured at different
temperatures. The potential barrier height (¢o) was
estimated by extrapolating the linear regions of the
forward I-V characteristics to the voltage axis. It was
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found that within the investigated temperature range,
the barrier height remains nearly constant and is ap-
proximately 0.3 eV.

The analysis of the forward I-V characteristics of the
n-CoFe204/p-InSe heterostructure reveals the influence
of series resistance, which leads to a decrease in the
slope of the forward I-V curves at voltages exceeding ¢v.
In this case, the I-V characteristics under forward bias
are described by the following equation [11]:

eifof T
nkT

where I is the saturation current, n is the ideality factor,
and R, is the series resistance.
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Fig. 1 — IV characteristics of CoFe204/InSe heterojunction (points
are experimental data, curves are approximation by Egs. 1-2)

We performed an approximation of the experimental
data using equation (1). The results are shown by solid
curves in Fig. 1. The obtained parameters I, n, and R, are
presented in Table 1. It can be seen that the value of n
does not depend on temperature, while R, decreases with
increasing temperature. The main contribution to R; aris-
es from the resistance of relatively thick InSe.

Based on the large values of the ideality factor n
and literature data on similar heterojunctions fabricat-
ed by spray pyrolysis on InSe substrates [12, 13], it can
be assumed that in n-CoFe204/p-InSe heterojunctions
the dominant current transport mechanism under for-
ward bias is tunneling.

Table 1 — Fitting Parameters

T, K n Is, mkA Rs, kOm
244 0.38 7.3
260 3 0.58 3.9
297 1.0 2.1
317 7.5 0.72

Under reverse bias, the current flow in the hetero-
junctions has a tunneling nature. The reverse I-V char-
acteristics, in the case of a tunneling transport mecha-
nism of charge carriers through the barrier, are de-
scribed by the following equation [11]:

I=aq, exp(— bl - V)_llz) @
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where ¢o is the potential barrier height, ao and b are
constants.

The results of the approximation of the reverse I-V
characteristics using equation (2) are shown in Fig. 1
(solid curves). In the calculations, the value ¢ = 0.3 eV,
obtained from the forward I-V characteristics, was
used. It can be seen that the theoretical curves agree
well with the experimental data, confirming the tun-
neling mechanism of reverse current transport.

The performed analysis shows that equations (1-2)
describe the experimental I-V data under both forward
and reverse bias with sufficient accuracy and can be
used for the analysis of experimental results.
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Fig. 2 — Relative quantum efficiency of CoFe204InSe heterojunction

The spectral dependence of the quantum efficiency of
the heterostructure n-CoFe204/p-InSe, irradiated from
the CoFe20s film side, was studied in the photon energy
range of 1.2+3.2 eV. The maximum occurs at approxi-
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I'erepocTpykrypu CoFe:04/InSe na ocHori mapyeaTux Kpucrasis:
eJIeKTPUYHi Ta (POTOCJIEKTPHUYIHI BJIACTUBOCTI
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JocmimxeHo enekTpuyHi Ta (POTOEJIEKTPUYHI BJIACTHBOCTI aHizormmHOro reteporepexony n-CoFezOs/
p-InSe, chopmoBaHOro Ha 0CHOBI TOHKHX ILTIBOK (PePUTY KOOAJIBTY TA MIAPYBATOTO HAMIBIIPOBIIHUKA CeJie-
uiny iggio. [Tmisku CoFe204 orpumano metomom cupeii-mmiposidy. [linkmanku p-InSe BurorossieHo 3 MOHOK-
pucrais, Bupomenux mertonom bpimxmena. [IpuBeneso pesysibraTé BUMIPIOBAHB BOJIBT-aMIEPHUX Xapak-
TEPUCTUK TeTePOCTPYKTYP B iHTepBasi Temmeparyp 244+317 K. [IpoBemeHo OIiHKY BHCOTH IIOTEHITIAIBLHOTO
Gap’epa. PosrisHyTO BIIME MOCITIIMOBHOTO OMOPY HA (GOPMY MPSIMUX TiJIOK BOJIBT-aMIIEPHUX XaPAKTEPUCTHK
Ta BU3HAYEHO OCHOBHI YMHHUKH, 1110 HOr0 00yMOBIIOIOTE. Ha 0CHOBI aHAaIi3y eKCIePUMEHTATbHUX 3aJIEIKHO-
CTel JOCIIIKeHO MEeXaHI3MU IIePeHOCY 3apsiiy Jyeped reTeporepexis Mpy MpsiMoOMY T4 3BOPOTHBOMY 3MIIeH-
Hax. [IpoBeeHo alpoKCUMAIIi0 eKCIIEPUMEHTAIBHUX JAHUX ¥ PAMKAX BIIOBIIHUX TEOPETUUYHUX MOJIEJICH.
BceranoBieHo ocHOBHI 3aKoHOMIpHOCTI hOPMYBAHHS CIIEKTPAJIHHOIO BIATYKY B Jlala3oHl eHepriit doToHIB
1.2+3.2 eB. Orpumani pe3ysbraté MOKYTH OyTH BUKOPHCTAHI IIPU PO3POOII €JIEKTPOHHUX IIPUCTPOIB HA OC-
HOBI1 FeTePOCTPYKTYP JAHOI'O THUILY.

Kmiouosi cnosa: Cenenin Immito, 'erepocrpykrypu, Crpeii-miposis, BoJsbT-aMmepHi XapaKTepUCTHUKH,
DOoTOUYTIINBICTD.
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