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ABSTRACT

Heterojunction of n-ZnIn,Se4/p-Si was fabricated using thermal evaporation of ZnIn,Sey4 thin films of
thickness 473 nm onto p-Si substrate at room temperature. The characteristics of current—voltage (I-V)
for n-ZnIn,Se4/p-Si heterojunction were investigated at different temperatures ranged from 308 K to
363 K. The junction parameters namely are; rectification ratio (RR), series resistance (R;s), shunt resis-
tance (Rgh) and diode ideality factor (n) were calculated from the analysis of I-V curves. The forward
current showed two conduction mechanisms operating, which were the thermionic emission and the
single trap space charge limited current in low (0 < V < 0.5 V) and high (V > 0.7 V) ranges of voltage,
respectively. The reverse current was due to the generation through Si rather than the Znln,Sey film. The
built-in voltage and the width of the depletion region were determined from the capacitance-voltage (C-
V) measurements. The photovoltaic characteristics of the junction were also studied through the (I-V)
measurements under illumination of 40 mW/cm?. The cell parameters; the short-circuit current, the

open-circuit voltage and the fill factor were estimated at room temperature.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The heterojunctions based on a combination of amorphous and
crystalline semiconductors attract an attention [1] due to their
great potential in numerous applications [2—5]. There is an interest
for chalcogenide films that are related to device applications and
formation of interfaces of chalcogenide semiconductors with the
crystalline semiconductors such as germanium, silicon and IlI-V
compounds. Altering chalcogenide glasses lead to change the
electronic properties of the interfaces [6]. These semiconductors
are widely used in solid-state such as infrared detector, photovol-
taic cells, nuclear radiation detector and windows for infrared laser
[7].  Ternary chalcogenides belonging to the AByX4
(A:Zn,Cd,Hg,B:Al,Ga,In,X:S,Se,Te) are class of semiconductors that
cover many areas of fundamental and technological interest [8].
These compounds are defect chalcopyrites [9]. The crystal lattices
of these systems are characterized by a vacancy sublattice and a
distorted cationic sublattice, which can be occupied by metal atoms
A and B with a different degree of order that creates different
structural models. Thus, different types of the same compound can
be isolated [10]. The suitable elements that can occupy the
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vacancies at the cation lead to modify the physical properties of
these compounds [9]. The phonon anharmonicity is a substantial in
these compounds. A physical effect that requires phonon anhar-
monicity as a key ingredient is thermal conductivity. Hence, the
scattering of phonons from lattice defects would produce a finite
thermal conductivity. Also, the increased anharmonicity will
enhance the phonon-phonon scattering and thus reduces the
thermal conductivity [11].

Znln,Se4 semiconducting compound attracts the attention of
many researchers due to its potential application in various fields,
including photo-electronic, photo-voltaic and switching memory
devices [12—15]. The defect in ZnIn,Ses arises from some per-
centage vacancies of Zn sites and naturally disorder is produced
that causes the appearance of a large number of electronic levels in
the energy gap [16]. Every Se atom is tetrahedrally surrounded by a
vacancy and three cationic sites occupied by the metal atoms with
ratio 2/3 of In and 1/3 of Zn. The existence of a vacant site in the
tetrahedral coordination of the Se atom lets the anion to displace
far from the metal ions towards the vacancy [17]. Some studies on
structural and electronic properties of chalcopyrite semiconductors
are carried out using some methods depending on the density
functional theory (DFT), and compared its results with those ob-
tained experimentally [18—20].

In the present work, a heterojunction of Au/n-Znln,Se4/p-Si/Al
was fabricated by thermal evaporation technique. The
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characteristics of current —voltage (I-V) measurements of the het-
erojunction were studied in the dark condition at different tem-
peratures; ranged from 308 K to 363 K. The junction parameters
and the current transport mechanisms were deduced. The capaci-
tance — voltage (C-V) measurements were indexed at room tem-
perature to determine the built-in voltage and the width of
depletion region besides the type of the heterojunction. The
photovoltaic properties were also investigated to obtain the solar
cell parameters of n-ZnIn,Se4/p-Si heterojunction.

2. Experimental techniques

Znln,Se4 Ingot was prepared by fusion of stoichiometric quan-
tities of pure elements in evacuated sealed silica tubes, which were
left at 1323 K for 10 h. Then, the ingot cooled to room temperature
over 48 h. Thin films of ZnIn,Se4 were deposited onto etched Silicon
wafer (p-type) as substrates to fabricate n-ZnlnySes/p-Si hetero-
junction. The deposition was carried out by the thermal evapora-
tion technique using the vacuum coating unite (Edwards, E306A),
under a vacuum of about 10~4 Pa. The deposition was made at room
temperature with a rate of 2 nm/s. The deposition rate and ZnIn,Se4
film thickness were controlled utilizing quartz thickness monitor
(model FTM4 Edwards). In the fabrication of the heterojunction, a
polished p-Si crystal wafer with (100) orientation parallel to the
surface, holes concentration of 10'® cm~2 and thickness of 250 pm
was used. The p-Si wafer was chemically cleaned and etched by a
solution (HF:HNO3:CH3COOH in ratio 1:6:1) for 10 s. Then, it rinsed
with deionized water and isopropyl alcohol and oven-dried. The
bottom electrode was made by evaporating Aluminum (Al) onto
backside of Si. On the another side of Si, a ZnIn,Se4 film of thickness
473 nm was deposited. The top gold (Au) electrode was then
deposited in the form of mesh onto the ZnIn,Se4 film. The config-
uration of the resultant Au/n-Znln,Se4/p-Si/Al heterojunction was
depicted in Fig. 1. The measurements of current—voltage were
carried out using a high impedance programmable electrometer
(Keithley 2635A). The measurements were carried out in a dark
condition at temperature range 308—363 K. The temperature of the
heterojunction was measured using a Chromel-Alumel thermo-
couple connected to a digital thermometer. The capacitance-
voltage measurements of Au/n-Znln,Ses/p-Si/Al heterojunction
were made at 1 MHz using a computerized CV-410 meter (Solid
State Measurement, Inc., Pittsburgh) at room temperature. The
photovoltaic measurements of the cell were carried out under the
illumination of white light of a tungsten lamp with intensity of
40 mW/cm? at room temperature. The distance between the cell
and the tungsten lamp was 20 cm.

3. Results and discussion
Structural studies using X-ray diffraction are carried out for the

prepared ZnIn,Se4 in the powder and thin films forms in our pre-
vious work [21]. The results revealed that the powder of ZnIn,Se4

Mish grid Au electrode

ZnInySey layer
p-Si substrate

Al bottom electrode

Fig. 1. The configuration for the structure of n-Znln,Se,/p-Si heterojunction.

has a polycrystalline nature of tetragonal structure with lattice
parameters a = 5.5952 A and c = 11.9886 A.

The electrical properties of n-Znln,Se4/p-Si are investigated at
different temperatures; ranged from 308 K to 363 K. Fig. 2a rep-
resents [-V characteristics of n-Znln;Se4/p-Si heterojunction under
the applied voltage of range (-2 to 2 V) at different temperatures. It
is seen that the current increases with increasing voltage in the
forward and reverse bias conditions at different temperatures. The
[-V curves showed asymmetrical and non-linear behavior as
observed by Yadav et al. [22]. Thus the ZnIn,Sey4/Si heterojunction
exhibits diode-like behavior due to the formation of a depletion
region between Znln,Se4 and Si that limits the forward and reverse
carrier flowing across the junction [23]. The values of current in the
forward bias region is found to be higher than those of the reverse
one as seen in Fig. 2b. This indicates a rectifying nature of the n-
Znln,Se4/p-Si heterojunction [24]. The rectification ratio (RR) of the
heterojunction is the ratio of the forward to the reverse currents at
certain constant applied voltage. For the investigated n-Znln,Se4/p-
Si heterojunction, RR is calculated at + 1 V and it was found to be
26.74. The values of RR at different temperatures were calculated
and listed in Table 1. It was seen that the rectification ratio de-
creases with increasing temperature. This behavior can be due to
the increase in leakage current with increasing temperature [25].
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Fig. 2. a): |-V characteristics of n-ZnIn,Se4/p-Si heterojunction at different tempera-
ture and the voltage dependence of Inl inset it. b): Semilogarithmic plot of the forward
and reserve current of n-Znln,Ses/p-Si heterojunction against voltage at room
temperature.
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Table 1
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The estimated values of RR, R, Rsy, and n for n-Znln,Ses/p-Si heterojunction at
different temperatures.

T (K) RR R, (kQ) Ren (MQ) n
308 26.74 20 316 56
323 2335 142 42 547
343 14.58 12 23 528
363 538 11 0.62 534
[22] - 0.165 0.018 56
303 [33] 3455 x 103 0.30 0.146 1.281

The forward current of a p-n junction is given by the following
equation [26]:

V- IR
+ (1)

B (q(\i.iITRS))
[=1o {e -1 Re,

where q is the electronic charge, I, is the reverse saturation current
and it is a part of the reverse current in the junction caused by
diffusion of minority carriers from the neutral regions to the
depletion region [27], Rs is the series resistance, Ry is the shunt
resistance, n is the diode ideality factor, k is the Boltzmann’s con-
stant and T is the absolute temperature. Fig. 3 shows semi-
logarithmic plot of the dark forward current of n-ZnlnySes/p-Si
heterojunction against voltage at different temperatures. The for-
ward current increases linearly with the increases in voltage in the
range of (V < 0.7 V). After this range of voltage, (I-V) characteristics
curves deviate from linearity. This may be attributed to the series
resistance and interfacial states [28]. The value of series resistance
(Rg) for n-ZnIn,Sey4/p-Si heterojunction can be calculated using the
relation: AV = IR [29]. As seen from Fig. 4, for a given I, the hori-
zontal displacement between the actual curve and the extrapolated
linear part of it gives the voltage drop, AV. The inset of Fig. 4 shows
the plot of AV against I which gives a straight line. The value Rs was
calculated from the slope of this line and it was found to
be = 19 kQ at room temperature (308 K). In addition to, the
junction resistance (R;) can be determined from the (I-V) curves,
where R; = %’ [30]. Fig. 5 shows the plot of R;j against voltage. At
high forward bias, the junction resistance approaches a constant
value that gives the value of R¢ = 20 kQ which is in a good
consistent with that value calculated from Fig. 4. While at high
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Fig. 3. Semilogarithmic plot of the forward current of n-ZnIn,Se4/p-Si heterojunction
against voltage at different temperature.
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Fig. 4. Variation of Inl versus V at room temperature in forward bias. The inset shows
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Fig. 5. Plot of R; against voltage.

reverse bias, the junction resistance is also constant and is the value
of shunt resistance. Rg;, was found to be 31.6 MQ at room temper-
ature. The values of Rs and R, of n-Znln,Se4/p-Si heterojunction at
different temperatures were calculated in the same manner at
room temperature and tabulated in Table 1. The values of Rg and Rgp,
decrease as the temperature of the hetrojunction increases; this
may be referred to increases in the concentration of the free car-
riers at high temperatures.

Moreover, the [-V curves in Fig. 3 were divided into two regions
of voltages. The first region is at low forward bias (0 <V < 0.5 V),
and the second region at higher forward bias (V > 0.7 V). This
behavior suggests the existence of two different mechanisms that
were being responsible for the current transport mechanism in the
n-ZnlnySey/p-Si heterojunction. At low bias voltage region, the
current increases linearly with increasing applied voltage. The
diode ideality factor, describes the deviation of the diode charac-
teristics from those of the ideal diode [31], can be determined from
the slope of the forward bias In I versus voltage plot, see Fig. 3.
Table 1 shows that n values decrease as the temperature increase
from 308 K to 363 K. This result indicates that thermionic emission
conduction is the predominant conduction mechanism [32] in this
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region of voltage. This behavior is consistent with that obtained for
p-ZnlnySey/n-Si by Dhruv et al. [33]. According to thermionic
emission mechanism, the saturation current satisfies the following
equation [34,35]:

_de
lo = aazel ) (2)

where ¢ is the barrier height, A is the junction area (30 mm?) and
A" is the effective Richardson constant (32 x 10* Am~2K~2). The
saturation current of n-Znln,Se4/p-Si heterojunction was obtained
from the extrapolation of the forward-bias current to the Inl axis at
zero voltage. The barrier height (¢) was equalized the difference in
the work functions of the two materials of p-n junction [36]. The
value of the barrier height was obtained by drawing a relation
between In (Io/T%) against (1000/T) that gives a straight line as seen
in Fig. 6. Using the slope of this line, ¢ was calculated to be 0.3 eV.

At higher voltages (V > 0.7 V) the current showed dependence
on the applied voltage according to the power law I«<V™, as
observed in Fig. 7, where m = 2. This result indicates that the
predominant operating mechanism for the current transport is
space charge limited current (SCLC) with a single trap level [37]. For
this region, the forward current density J can be given by Child's law
[38,39] as:

1= a0 (%) 3)

where ¢, is the permittivity of ZnIn,Ses film, p is the electron
mobility, d is the thickness of ZnIn,Se4 film, and 0 is the trapping
factor which defined as the ratio of free to trapped charge carrier
density and given by the following relation [40]:

g - Nvo () (4)

Ny is the effective density of states at the valence band edge, N¢
is the total trap concentration at energy level E; above the valence
band edge. Fig. 8 shows the plot of Inl against 1000/TatV =1 V. The
relation is a straight line whose slope used to determine the value
of trap level E;, the calculated value of E; was 0.23 eV.

The reverse current (Igr) of n-ZnlnySe4/p-Si heterojunction is
illustrated as a function of temperature in Fig. 9. The Ig increases
with increase in temperature, indicating that this behavior is a
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Fig. 6. Variation of In (I,/T?) against (1000/T) of n-ZnIn,Se4/p-Si heterojunction.
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Fig. 8. Plot of Inl for the forward current in SCLC against 1000/T for n-Znln,Se4/p-Si
heterojunction.

thermally activated process [41] and the reverse current can be
expressed by the following equation [42]:

- #)

kT (5)
where Iy is a constant and AE is the thermal activation energy. The
value of AE is estimated from the slope of the straight line in Fig. 9
and it was found to be 0.47 eV. This value is nearly one half the
value of the energy gap (1.1 eV [43]) of Si, confirming that the
reverse current is due to the generation through Si rather than the
ZnIn,Se4 film. This suggests that the reverse current originates in Si
substrate and is controlled by generation and recombination pro-
cess of the carriers in the Si bulk rather than at the ZnInySe4/Si
interface or in the Znln,Sey4 film itself [44].

The characteristic of capacitance — voltage measurements for a
heterojunction is one of the most important tools since it de-
termines different parameters such as built-in potential, junction
capacitance, width of the depletion region and junction type [45].

Ir = I,re
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Fig. 9. Semilogarithmic plot of Ig versus 1000/T for n-ZnIn,Se4/p-Si heterojunction.

The dependence of capacitance on voltage was given by:

1 _ 2(Vp - V) 6)
c? qussoN

where ¢ is the dielectric constant of p-Si, g, is the free space
permittivity, Vy is the built-in potential at zero bias and N is the
doping carrier concentration. Fig. 10 shows the plot of 1/C? against
voltage for Au/n-ZnlnySe4/p-Si/Al heterojunction at room temper-
ature at 1 MHz. This high frequency is sufficient to prevent interface
states charges to contribute to the capacitance measurement [46].
As seen, (1/C?> —V) variation is a linear relation in the applied
voltage range, where 1/C? increases linearly with increasing reverse
bias indicating that the junction has an abrupt nature. That means
the carrier concentration will be constant at the depletion layer
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Fig. 10. Plot of 1/C? against voltage of n-ZnIn,Ses/p-Si heterojunction at room
temperature.

[45]. The built-in voltage was calculated by extrapolating the (1/C>-
V) curve to the V axis as shown Fig. 10. The value of carrier con-
centration was calculated from the straight-line slope in Fig. 10. The
values of V, and N of n-Znln,Se4/p-Si heterojunction were esti-
mated as 0.182 V and 2.26 x 10'® m~3 respectively. The capacitance
of the device at zero bias (C,) was determined and it was 0.337 nF.
The width of the depletion region (W) relates the C, by the relation
[46]:

egoA
Co

The calculated value of W was found to be 9.29 um. The barrier
height exists at the interface between n-ZnIn,Sejand the p-Si can
be also calculated in terms of the built-in voltages from the well-
known relationship [47,48]:

W= (7)

¢ =Vp+Vp ®)

where V), is the potential difference between the top of the valence
band in the neutral region of p-Si and the Fermi level. The value of
V) has been calculated as 0.228 eV [49,50]. According to Eq. (8), the
calculated value of ¢ was 0.41 eV, which is more than the calculated
one from (I-V) data. This result may be due to the inhomogeneity of
the barrier height [47,49], contamination in the interface and deep
impurity levels [33].

Fig. 11 shows a schematic presentation for energy band-diagram
of ZnIn,Se4 and Si semiconductors, which formed n-ZnIn,Se4/p-Si
heterojunction at thermal equilibrium. Thus, when two semi-
conductors with different electron affinities, band gaps and work
functions are brought together to form a heterojunction diode,
discontinuities form in the energy bands, thought to be due to the
Fermi level alignment [32].

The current-voltage (I-V) characteristics of Au/n-Znln;Se4/p-Si/
Al heterojunction solar cell in dark and under illumination of
tungsten incandescent light bulb of 40 mW/cm? with active area of
0.3 cm? at room temperature are shown in Fig. 12. The cell pa-
rameters, the short-circuit current Is., the open-circuit voltage Vg
and the fill factor FF were determined from the characterization
illustrated in Fig. 13 and found to be 5.98 x 107> mA, 0.1 V and 0.3,
respectively. The value of the fill factor which was obtained in the
present work in comparison with that values of other different
heterojunction based on Znln,Se4 are shown in Table 2. The fill

n-Znln,Se, p-Si
@
“..——-.-.--.———__......_____.._.E]I uj'“
) ®
é‘
o " J— —
N
LLT‘
W
< - & o
d (ZnIn>Ses) d (51)

Fig. 11. Schematic of the energy band diagram of n-ZnIn,Se4/p-Si heterojunction at
thermal equilibrium.
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Fig. 13. [-V characterization of the cell under illumination at room temperature; the
inset figure represents the variation of the output power versus voltage.

Table 2
Fill factor values for different heterojunction compared with the value obtained in
the present work.

n-Znln,Se,/p-Si
[Present work]

n-Znln,Se,/
polysulphide [22]

0.30 0.435 0.61

p-ZnIn,Sey/n-Si [33]

factor FF is defined as: FF = IpVu/IscVoe, Where Iy and Vy are the
current and potential at the maximum power point (Py). The
output power of the cell is shown in the inset of Fig. 13. The values
of Iy, Vi and Py were found to be as 3.42 x 10~ mA, 0.05 V and
1.71 x 10~% mW, respectively according to Fig. 13. The low value of
the fill factor is because of the effect of the high series resistance of
the Znln;,Se4 layer. In general, solar cells have a parasitic series and
parallel (shunt) resistance associated with them. These types of
parasitic resistance act to reduce the fill factor and subsequently the
maximum output power of the cell [51]. Fig. 14 shows the cur-
rent—voltage characteristics of n-Znln,Se4/p-Si heterojunction so-
lar cell at room temperature in dark and under illumination
conditions using an oscilloscope. A good diode with rectification
behavior can be seen for the investigated n-Znln,Ses/p-Si

Fig. 14. Dynamic I-V characteristics (a) in dark and (b) under illumination conditions.

heterojunction in a dark condition as shown in Fig. 14a. Fig. 14b
shows the photovoltaic effect of n-Znln,Se4/p-Si heterojunction.
The dynamic -V characteristics support the rectification, the
photovoltaic performance and the characterization of the investi-
gated device in dark and under illumination conditions.

4. Conclusion

Noticeable progress has made in the development of high-
efficiency solar cells. The components of the solar cell structure
require more investigation to improve the performance. Several Zn-
based chalcopyrite compounds can be used as buffer materials to
reduce the optical losses and for a better band alignment in sub-
strate of solar cells. In the present work, the electrical properties of
heterojunction based on Znln,Se4 were investigated at different
temperatures. n-Znln;Se4/p-Si heterojunction was fabricated using
thermal evaporation technique. The device showed rectification
behavior with a rectification ratio of 26.74 at room temperature.
The values of R and Rg,, were 20 kQ and 31.6 MQ, respectively at
room temperature. Values of Rg and R, decrease as increasing the
temperature of the heterojunction. Analysis of the -V curves in the
forward bias voltage suggests that the thermionic emission is the
dominant mechanism at low voltages. At high voltages, the single-
trap space charge limited current mechanism is the dominant one.
The calculated barrier height of n-ZnIn,Se4/p-Si heterojunction was
0.3 eV. Under the reverse bias, the reverse current was a thermally
activated process with an activation energy of 0.47 eV and the
current transport mechanism was controlled by generation and
recombination of carriers in p-Si. The dependence of 1/C? on
voltage is found to be linear indicating the abrupt nature for the
heterojnuction. The built-in voltage and carriers concentrations
were determined as 0.182 V and 2.26 x 10'® m~3, respectively. The
fabricated device exhibited a photovoltaic behavior and the cell
parameters were estimated at room temperature and under illu-
mination of 40 mW/cm?.
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