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The conditions for the fabrication of n-NiS2/n-CdTe isotype heterojunctions with diode properties by
spray pyrolysis of n-NiS2 thin films on n-CdTe crystalline substrates have been studied. The tempera-
ture dependence of the current–voltage characteristics is analyzed, and the mechanisms of the current
generation at the heterojunction at forward and reverse voltages are determined. Based on the analysis
of the capacitance–voltage characteristics, a model of a double Schottky diode for the studied hetero-
junction is presented, which well describes the observed electrophysical phenomena.
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1. Introduction

Recently, much attention has been paid to nanos-
tructured transition metal sulfides due to their
unique optical, electrical, magnetic, and catalytic
properties [1]. The properties of these materials
largely depend on the dimensions, volumes, meth-
ods, and modes of manufacture [2, 3]. Transition
metal sulfides are promising for use in supercapac-
itors [4], lithium-ion batteries [5], hydrogen evolu-
tion reactions [6], and solar cells [7–10].

Nickel sulfides stand out for their low cost, non-
toxicity, and chemical stability among transition
metal sulfides. Nickel with sulfur forms numerous
phases, such as NiS, NiS2, Ni3S2, Ni3S4, Ni7S6,
and Ni9S8, suitable for various applications. Nickel
disulfide NiS2 has a band gap Eg ≈ 1.3 eV [11, 12],
which is in the optimal energy range for photo-
electric energy conversion [13]. Nickel sulfide films
are prepared using hydrothermal [12] and solvother-
mal methods [14], decomposition of precursors [15],
microwave-assisted synthesis [16], spray pyroly-
sis [17], and others.

Cadmium telluride with a band gap Eg = 1.5 eV
and a high absorption coefficient α = 105 cm−1

is successfully used in photovoltaics. Heterojunc-
tions with films of transition metal sulfide MnS
and FeS2 were fabricated on CdTe substrates by
an inexpensive spray pyrolysis method [18, 19]. The
use of a semiconductor solid solution CdSexTe1−x

(0.3 < x < 0.4) with a band gap Eg ≈ 1.4 eV in the
design of solar cells based on cadmium telluride was
one of the factors in obtaining energy conversion ef-
ficiency of more than 22% [20]. This inspired the
study of the pyrolysis spray fabrication conditions

and the physical properties of the NiS2 semicon-
ductor heterocontact with Eg ≈ 1.3 eV (lower than
that of CdSeTe) with cadmium telluride, which is
presented in this paper.

2. Experimental details

CdTe plates with a thickness of d ≈ 1 mm and
a surface area of S ≈ 3 × 4 mm2 were used to
fabricate the n-NiS2/n-CdTe isotype heterojunc-
tion by spray pyrolysis. The substrates were ob-
tained by cleavage from crystalline ingots grown
by the vertical Bridgman method. CdTe samples
had electronic conductivity. Their specific conduc-
tivity was σ = 3.3 Ω−1 cm−1, electron concentra-
tion n = 2.7 × 1016 cm−3, and Hall mobility was
µH = 760 cm2 V−1 s−1 at a temperature of 300 K.

When fabricating n-NiS2/n-CdTe heterojunc-
tions, n-NiS2 films (thickness ' 0.17 µm) were
deposited on freshly chipped n-CdTe substrates
by spray pyrolysis. The pyrolysis temperature was
TS = 350◦C. A pneumatic sprayer was used to
obtain an aerosol of salt solutions. Aerosol solu-
tions were prepared by dissolving NiCl2 · 2H2O and
(NH2)2CS salts in double-distilled water. The 0.1 M
solution was mixed with the 0.1 M (NH2)2CS solu-
tion in a volume ratio (at which [S]/[Ni] = 2) before
aerosol formation. Stirring for three hours at room
temperature with a magnetic stirrer was carried out
to homogenize the resulting mixture. The solution
was heated to a temperature of ' 70◦C, and a few
drops of hydrochloric acid were added after stirring.
The solution was clear and remained stable for sev-
eral days.
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Fig. 1. I–V -characteristics of the n-NiS2/n-CdTe
heterojunction at temperatures from 296 K to 336 K
and energy diagram of the heterojunction (inset).

In addition to CdTe substrates, in the prepara-
tion of n-NiS2 films, in one technological process,
soda-lime glass (for the study of optical properties)
and crystalline glass-ceramic (for the study of elec-
trical properties of films) substrates were used. The
optical band gap of the films was Eg ≈ 1.3 eV ac-
cording to the study of the transmission spectra of
nickel disulfide films on glass and the calculation
of the absorption coefficient. The resistivity of n-
NiS2 films (which are made on the sital) was quite
low ρ ≈ 1.7 × 10−4 Ω cm according to studies by
the four-probe method. External contacts of the n-
NiS2/n-CdTe structure on the side of low-resistance
n-NiS2 films were fabricated using silver-based con-
ductive paste, and on the side of n-type CdTe sub-
strates — by melting indium. The current–voltage
(I–V ) characteristics of n-NiS2/n-CdTe heterojunc-
tions at different temperatures were measured on
a setup using Shch300 and V7-16A devices. The sta-
bility of the electrical properties of the n-NiS2/n-
CdTe heterojunctions was controlled by an L2-56
curve tracer. The measurements of capacitance–
voltage (C–V ) characteristics of structures in a wide
range of frequencies of the measurement signal were
carried out by an LCR Meter BR2876.

3. Results and discussion

I–V -characteristics of n-NiS2/n-CdTe hetero-
junctions measured at temperatures from T =
293 K to T = 336 K are shown in Fig. 1. Forward
bias of the heterojunction, at which there is a sharp
increase in current, is observed at a positive poten-
tial on the n-NiS2 film. This indicates that a built-in
electric field formed by the positive charge of donors
in the n-CdTe near-contact region is present in the
fabricated structure.

The current rectification ratio was 2 × 102 (at
|V | = 1 V) at T = 297 K in the fabricated n-
NiS2/n-CdTe heterojunctions. The voltage ϕk (cor-

Fig. 2. Temperature dependences ln I=f(V−IRS)
at forward voltage at the n-NiS2/n-CdTe hetero-
junction.

responding to a rapid increase in forward current)
was estimated by extrapolation to the voltage axis
of the linear sections of the I–V -characteristic at
forward bias. The voltage ϕk makes it possible to
estimate, in the first approximation, the value of the
potential built into the heterojunction Vb ≈ 0.75 V
(at T = 296 K).

The forward branches of the I–V -characteristics
in the coordinates ln(I) = f(V ) were used to de-
termine the methods of forming forward currents
through the n-NiS2/n-CdTe heterojunction. The
dependencies ln(I) = f(V IRS) (Fig. 2) were con-
structed in order to avoid affecting the results of
the analysis of the current generation mechanisms
of the series resistance (which in the n-NiS2/n-CdTe
structure is RS ≈ 300 Ω).

The slope of the linear dependencies ln(I) = f(V )
corresponds to the value of the diode coefficient
n ≈ 1.4 at forward voltages 3kBT/q < V < 0.25 V.
The slope ln(I) = f(V ) decreases with increasing
temperature, which indicates the over-barrier mech-
anism of current flow, which is described by the for-
mula [21]

I = I0 exp

(
qV

nkBT

)
, (1)

where n is the diode coefficient, and I0 is given by

I0 = A∗∗T 2 exp

(
− qVb
kBT

)
, (2)

where A ∗ ∗ is the Richardson constant, and qVb is
the height of the potential barrier at the electrical
junction.

It was found that ln(I0) determines the height
of the potential barrier qVb at the n-NiS2/n-
CdTe isotype heterojunction. Note that ln(I0)
at each temperature T was found by extrapo-
lation of the dependencies ln(I) = f(V ) (with
diode coefficient n = 1.4) to the ln I axis. The
value qVb = 0.75 eV was obtained from the tan-
gent of the angle of inclination of the dependence
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Fig. 3. Determination of the height of the poten-
tial barrier qVb at the n-NiS2/n-CdTe heterojunc-
tion from the dependence ln(I0/T

2) = f(103/T )
and the activation energy EA of the forward tun-
neling current (inset).

Fig. 4. Linear temperature dependences of
the reverse I–V -characteristics for the n-
NiS2/n-CdTe heterojunction at voltages of
−0.3 V < V < −3kBT/q.

ln(I0/T
2) = f(103/T ) (Fig. 3) according to (2). The

value of qVb correlates well with the value of the con-
tact potential difference Vb (estimated from forward
I–V -characteristics (Fig. 1)).

Diode coefficient is n ≈ 7 at forward voltages
0.25 V < V < 0.7 V. In this case, the absence of the
temperature dependence of the tangent of the an-
gle of inclination ln(I) = f(V ) indicates the tunnel-
ing mechanism of forward current, which for isotype
junction is described by the expression [22]

I(V ) = I0 exp(α(Vb − V )), (3)
where I0 = B exp(EA/kBT ), B and α are constants,
and EA is the activation energy of the tunneling
current.

The activation energy of the forward tunneling
current at the n-NiS2/n-CdTe heterojunction was
determined according to (3) from the tangent of

Fig. 5. Linear temperature dependences of the
reverse I–V -characteristics of the n-NiS2/n-
CdTe heterojunction in the voltage range
−3 V < V < −0.3 V.

the angle of inclination of the dependence ln(I0) =
f(103/T ) in the voltage range 0.25 V < V < 0.7 V
and was EA = 0.22 eV. The obtained value agrees
well with Fig. 2, in which the transition from the
over-barrier current to the tunneling current occurs
at forward biases V ≈ 0.25 V (when the electron en-
ergy in n-CdTe increases by 0.25 eV). The thickness
of the barrier at the n-NiS2/n-CdTe heterojunc-
tion, as estimated from capacitance measurements
at zero bias, is about 800 nm, which indicates the
impossibility of direct electron tunneling from the
n-CdTe conduction band to the n-NiS2 conduction
band. With such a barrier thickness, the tunneling
mechanism is implemented with the participation
of energy states in the band gap in the near-contact
region on the n-CdTe side (multistage tunneling).

The voltage dependence of the reverse current
for the n-NiS2/n-CdTe heterojunction indicates
the generation mechanism of current generation
at reverse biases in the range -0.3 V < V <
−3kBT/q [23]

I =
qnid2
τ

=
ni
τ

√
2q

Nd
(VB − V ), (4)

where ni is the intrinsic concentration of charge car-
riers in n-CdTe, d2 is the thickness of the electron-
depletion region in n-CdTe, τ is the lifetime of
charge carriers in the depletion region, and Nd is
the donor concentration.

The I–V -characteristic is linear in the coordi-
nates I = f((Vb − V )1/2) (Fig. 4) at reverse biases
−0.3 V < V < −3kBT/q, according to (4). Charge
carriers are generated in the depletion n-CdTe re-
gion of the heterojunction.

The reverse current is formed by the transfer of
a negative charge of electrons in the conduction
band to the bulk part of the n-CdTe region and the
movement of the positive charge of holes to the het-
erojunction boundary and their recombination with
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Fig. 6. C–V -characteristics of the n-NiS2/n-CdTe
heterojunction in the measuring signal frequency
range from 10 kHz < f < 100 kHz and equivalent
parallel (b) and series (c) circuits (inset).

the electrons of the conduction band of the n-NiS2
film with the participation of states in the band gap
at the heterojunction boundary.

The I–V -characteristic of the n-NiS2/n-CdTe
heterojunction at reverse voltages V < −0.3 V is
described by the expression for the tunneling cur-
rent [22]

I = a0 exp
(
−b0 (Vb − V )

−1/2
)
, (5)

where a0 is a parameter that depends on the proba-
bility of filling the energy levels from which electron
tunneling occurs, and b0 is determined by the dy-
namics of current change from voltage.

The I–V -characteristic of the n-NiS2/n-CdTe
heterojunction in the coordinates ln(I) = f((Vb −
V )−1/2) according to (5) is linear (Fig. 5).

The C–V -characteristics of the n-NiS2/n-CdTe
heterojunction in the measuring signal frequency
ranges from 10 kHz to 100 kHz (Fig. 6) and
200 kHz < f < 1000 kHz (Fig. 7) have a form that
is typical for isotype heterojunctions formed by par-
ticipation of a negative charge energy states at the
semiconductor interface. In this case, the Schottky
double diode model [24] is used to analyze the prop-
erties. In this model, the heterojunction is repre-
sented as two diodes that are connected to each
other. The energy diagram of the n-NiS2/n-CdTe
heterojunction based on this model is shown in in
the insert in Fig. 1. The C–V -characteristics of the
heterojunction are determined by the ratio of the
series-connected capacitors C1 of the depletion re-
gion on the n-NiS2 side, and C2 of the depletion
region on the n-CdTe side.

The equivalent parallel circuit of the n-NiS2/n-
CdTe heterojunction, which also contains differen-
tial resistances of the electrical junction R1 and R2

(in addition to capacitors C1 and C2) is shown in
Fig. 6, inset a, and a series circuit is shown in Fig. 6,
inset b. The connection of these equivalent circuits

Fig. 7. C–V -characteristics of the n-NiS2/n-CdTe
heterojunction at frequencies 200 kHz <
f < 1 MHz.

makes it possible to establish the dependence of ca-
pacitances and differential resistances on the fre-
quency ω of the measuring signal [25]

C1S =
C1

(
1 + (ωτ1)

2
)

(ωτ1)
2 , (6)

C2S =
C2

(
1 + (ωτ2)

2
)

(ωτ2)
2 , (7)

R1S =
R1

1 + (ωτ1)
2 , (8)

R2S =
R2

1 + (ωτ2)
2 , (9)

where τ1 = R1C1 , τ2 = R2C2.
The differential resistance R2 � R1 and capac-

itance C1 at reverse biases of the n-NiS2/n-CdTe
heterojunction (positive potential at n-CdTe) are
shunted. The variable signal is applied to C2, and
the capacitance of the heterojunction is determined
by the capacitance C = C2. With forward biases,
R1 increases and R2 decreases. The variable sig-
nal is fully applied to C1, and the total capaci-
tance C = C1 at a frequency f = 10 kHz at a for-
ward voltage V ≈ 0.4 V, R2 � R1. The switch-
ing voltage of the variable signal to measure the
capacitance C1 decreases with increasing frequency
of the measuring signal since it occurs at higher
differential resistance, which for the variable signal
is small enough due to a decrease with frequency
(according to (7)). The capacitance in the volt-
age range 0.25 V < V < 0.5 V is determined by the
capacitance of the depletion region in the n-NiS2
film for frequencies f = 200–1000 kHz (Fig. 7).
The total capacitance C decreases as the electri-
cal junction in n-NiS2 is reverse-biased and expands
with forward voltage applied to the n-NiS2/n-CdTe
structure.
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Fig. 8. Dependence C−2 = f(V ) for
n-NiS2/n-CdTe heterojunction at frequen-
cies 10 kHz < f < 100 kHz and dependence
V0 = f($2) (inset).

The capacitance of the n-NiS2/n-CdTe het-
erojunction is determined by the capacitance of
the electron-depletion region in n-CdTe at nega-
tive voltages. The dependences 1/C2 = f(V ) in
the range of reverse voltages when the frequency
changes from 10 to 100 kHz are characterized by
a shift in the characteristics 1/C2 = f(V ) along
the y-axis (Fig. 8) due to the effect of series resis-
tance RS . The total capacitance C, according to the
Goodman model [26], is described by the expression

C−2 = C−2
0 + 2$2R2

S , (10)
where C0 is the capacitance of the charge carriers
depletion region.

The values of V0 were found by extrapolation to
the voltage axis of the linear dependences 1/C2 =
f(V ) at different frequencies to determine the
contact potential difference Vb according to C–
V -characteristics (Fig. 8). The dependence V0 =
f($2) was constructed (Fig. 8, inset), which at
ω2 = 0 indicates the value of the contact potential
difference Vb ≈ 0.76 V.

The obtained value agrees well with the value
Vb ≈ 0.75 V, obtained according to the methods
shown in Figs. 1 and 3.

Two linear regions are observed for the depen-
dences 1/C2 = f(V ) at reverse voltage, which cor-
respond to different concentrations ND1 and ND2

of the electrically active donor impurity in n-CdTe.
The rate of change in the capacitance of the hetero-
junction from the voltage at voltages from V = 0 V
to V ≈ −0.6 V is higher than the rate of change
in capacitance at V < −0.6 V. The impurity con-
centrations ND2 in the near-contact region of the
heterojunction and ND1 in the depth of the n-CdTe
base region are determined by the expressions [27]

tan(α1) =
2

qεSε0ND1S2
, (11)

tan(α2) =
2

qεSε0ND2S2
, (12)

where q is the electron charge, S = 9 mm2 is
the electrical junction area, εS = 10 is the rela-
tive permittivity of the semiconductor, ε0 = 8.85×
10−12 F/m — electric constant. The calculated
values of donor concentration are ND1 = 2.62 ×
1016 cm−3 and ND2 = 1.57 × 1016 cm−3. A re-
gion with a lower ND concentration is formed in
n-CdTe on the side of contact with the n-NiS2 film
due to cadmium atom vacancies that appear during
the fabrication of the heterojunction.

4. Conclusions

The n-NiS2/n-CdTe isotype heterojunction with
a rectification ratio of ' 102 was fabricated by spray
pyrolysis of a mixture of 0.1 M aqueous solutions
of NiCl2 · 2H2O and (NH2)2CS salts at the tem-
perature of n-CdTe substrates TS = 350◦C. The
diode properties of the heterojunction are deter-
mined by the energy barrier ' 0.75 eV, which is
formed in the near-contact region of n-CdTe. The
over-barrier current flows in the heterojunction at
a forward bias of up to 0.25 V. The current is
formed by tunneling electrons from the n-CdTe con-
duction band to the n-NiS2 conduction band with
the participation of energy states in the band gap
at V > 0.4 V. The reverse current in the voltage
range −0.3 V < V < −3kBT/q V is formed as a re-
sult of the thermal generation of charge carriers in
the depletion region of n-CdTe. Tunneling of elec-
trons through the barrier with the participation of
energy states in the n-CdTe band gap, which are lo-
calized in the near-contact region of the heterojunc-
tion, predominates with increasing reverse voltage
(−3 V < V < −0.3 V). The C–V -characteristics of
the n-NiS2/n-CdTe heterojunction are described by
the model of a double Schottky diode based on
the dynamics of changes in the properties of two
electrical junctions upon application of an external
voltage.
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