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Fabrication and Characterization of n-ZnS/p-Si
and n-ZnS: Al/p-Si Heterojunction

Eman M. Nasir

Abstract— A thin films of ZnS and ZnS:Al with various Al
concentration (0, 1, 2)%wt has been prepared successfully. Also
n-ZnS/p-Si and n-ZnS:Al/p-Si heterojunction detector(HJs) has
been fabricated by thermal evaporation at different Al
concentration. Structure of these films was characterized by X-
ray diffraction. The structures of these films are cubic zinc along
(111) plane The reverse bias capacitance was measured as a
function of bias voltage, and it is indicated that these HJs are
abrupt. The capacitance decreases with increasing the reverse
bias, and fixed at high value of reverse bias voltage. The
capacitance increases with increasing Al concentration. The
width of depletion layers decreases with increases Al
concentration. The value of highest built in potential varies
between (2-1.37V). The current-voltage characteristic of n-
ZnS/p-Si and n-ZnS:Al/p-Si  heterojunction show that the
forward current at dark condition varies approximately
exponentially with applied voltage and the junction was coincide
with recombination-tunneling model, and reverse current
exhibited a soft breakdown. The difference between forward and
reverse current with applied voltage indicates that the detector
has a high rectification characteristic. The value of ideality factor
was varies between 2.58-3.22, and the value of tunneling constant
(Ar) varies between 4.92-8.05V-l. From the I-V measurements
under illumination, the photocurrent increased with increasing
Al concentration. The energy band diagram for HJ has been
constructed

Index Terms— C-V measurements, heterojunction, vacuum
evaporation, Zinc sulfide.

I. INTRODUCTION

Zinc sulfide (ZnS) was one of the first semiconductors
discovered and is also an important semiconductor material
with direct wide band gaps for cubic and hexagonal phases of
3.72 and 3.77 eV, respectively. It has a high absorption
coefficient in the visible range of the optical spectrum and
reasonably good electrical properties . This property makes
ZnS very attractive as an absorber in heterojunction thin-film
solar cells . Furthermore, ZnS also offers the advantage of
being a nontoxic semiconductor material (without Cd and
Pb). These doped ZnS semiconductor materials have a wide
range of applications in electroluminescence devices,
phosphors, light emitting displays, and optical sensors.
Doped nanoparticles of dimensions below Bohr diameter
exhibit interesting optoelectronic properties due to quantum
size effect and are potential candidates for variety of
applications . The characteristics and concentrations of
dopants are responsible for particular luminescence emission
and efficiency of semiconductor nanoparticles.
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Hence investigation of the role of dopant concentration on
optical properties of doped semiconductor nanoparticles is
very important from the viewpoints of basic physics as well
as applications[1-5]. Recently, 2D nanostructure P-N
junctions have attracted a great deal of attention for their
potential applications in photovoltaic device .

In recent years, ZnS thin films have been grown by a variety
of deposition techniques, such as chemical bath deposition ,
evaporation , and solvothermal method Chemical bath
deposition is promising because of its low cost, arbitrary
substrate shapes, simplicity, and capability of large area
preparation. There are many reports of successful
fabrication of ZnS-based heterojunctionsolar cells by the
chemical bath deposition method, such as with CIGS used
for the n-type emitter layer [2-7]

ZnS/Si heterojunctions(HJ) have been extensively studied for
the wide extent of their application in electronic and
optoelectronic devices such as detector lasers and solar cells.
Anderson fabricated the first isotype and anisotype HJ in
1960, this is achieved by means of the HJ window effect
[3,4]. Anderson model is one of the earliest theoretical
models for the behavior of the abrupt HJ based on the
approximation, while the other models include the effect of
interface state, dipoles and tunneling. Indeed the properties of
the interface vary greatly due to variations in material
parameters and fabrication method [3-11]. Moreover, ZnS
also has the advantage of being perfectly lattice matched with
Si substrates (0.2%), which makes it a promising material for
the integration of optoelectronic devices onto Si substrates.
The most promising advantage of the ZnS/Si heterostructure
is the ability to combine the optoelectronic properties of ZnS
with the high-density circuit capabilities of Si. Up to now,
few investigations on the UV and visible photoresponse
properties of n-ZnS/p-Si heterojunction

are available. In this study, an n-ZnS/ p- Si heterojunction
diode was fabricated by depositing an n-type ZnS film on a
p-type Si substrate by using the rf magnetron sputtering
method. The optical and electrical properties of the
heterojunction are reported and discussed.[12].

The aim of this work is to fabricate ZnS/Si and ZnS:Al/Si
photovoltaic HJ by thermal evaporation technique, and
studying the effect of Al concentration on it is electrical,
and photovoltaic HJ properties.

Il. EXPERIMENTAL WORK

The ZnS and ZnS:Al thin films have been prepared by
vacuum evaporation technique on Si substrate using
Edward E306A under lower pressure of about 10-°mbar with
(0.8)um thickness, heat treatment has been used in vacuum
by electric furnace at 400K. n-ZnS/p-Si and n-ZnS:Al/p-Si
heterojunction detector are fabricated with different value of
Al concentration as shown in Fig. 1.
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The structure of these films grown on Si substrates was
examined by a phillips x-ray diffractometer with copper K,
radiation of the wavelength (A=1.541 A°). -V
characteristics with dark for PV (at forward and reverse
bias) and C-V characteristics have been measured with
different Al concentration (pure, 1%, 2%).

The C-V measurement is useful to determine the type of the
heterojunction (abrupt or graded), built-in potential (Vyi),
concentration and the width of junction by using LRC
meters model HP-R2CC4274A and 4275A, from measuring
the capacitance of n-ZnS/p-Si and n-ZnS:Al/p-Si
heterojunction films as a function of reverse bias(0-5)V, the
value of Vyi can be found from plots the relation between
1/C? and reverse bias, then the interception of the straight
line with voltage axis is represents the built-in voltage. The
concentration of carrier can be determined from the relation:

1/C?=[2(e1 Na1 + €2 Np2)/ g Np2 Na1 €1 £2] (Vii-Va) ()

Where [2(e1 Na1 + €2 Np2)/ g Np2 Nax €1 2] is represent the
slope. The current-voltage measurements in the dark have
been measured by using Keithly Digital Electrometer 616
and D.C power supply.

n-ZnS Al

p-Si Al

Figure 1: Schematic represent the n-ZnS/p-Si_heterojunction

I1l. RESULTS AND DISCUSSION

Fig. 2 shows the x-ray diffraction pattern of the n-ZnS/p-Si
heterojunction at Al concentration of (pure, 1%, 2%). Only
one XRD peak located at about 28.76- 28.58 corresponding
to the cubic (111) reflection was observed from these samples
(Joint Committee on Powder Diffraction Standard, JCPDS
Card No. 77-2100),, which indicates that the film is strongly
oriented.[8] The preferred orientation and peak with low
full-width at half-maximum (FWHM) (about 0.2-0.5) are
indicative of the good crystallinity of the ZnS film. Similar
results are reported by other researchers [5-8]. The intensity
of the diffraction peak is increased with doped with Al,
which illuminates the enhancement of crystallinity and grain
size of ZnS:Al thin films. With the increase of Al
concentration, The capacitance-voltage characteristics have
been studied. The variation of capacitance as a function of
reverse bias voltage (0-5)V for n-ZnS/p-Si and n-ZnS:Al/p-
Si at different Al concentration (pure, 1%, 2%)wt) are
shown in Fig. 3. It is observed that the capacitance decreases
with increasing the reverse bias, and this is in agreement
with equation

C/A=[ g Np2 Na1 &1 €2/ 2(g1 Na1 + €2 Np2) 1% (Vbi-Va) % (1)
This decreasing was non-linear as shown in Fig. 3. This
behavior was attributed to the increasing in the depletion
region width which leading to increasing the value of built-
in voltage according to the equation:.
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Figure 2: XRD patterns of pure ZnS/Si and ZnS:Al/Si thin films at Al
concentration of 1%, 2%

C=dQ/dVa =e/W @)

We can see from Fig. 3 that the capacitance increases with
increasing Al concentration from pure to 2% and this
attributed to increase the surface state which leading to the
decrease in the depletion layer and increasing in the
capacitance as in table I.

The width of the depletion layer (W) can be calculated by
the equation:

W=85/Co (3)
where C, is the capacitance at zero bias voltage and
(&s= enép len&p) (4)

where g, is the dielectric constant for Si and e, is the dielectric
constant for ZnS. table | shows the variation of the width of
the depletion layer for n-ZnS/p-Si and n-ZnS:Al/p-Si at
different Al

4

C(nF)

+Pure ZnS
0.04 = 1%Al
2%Al

o] 0.5 1 1.5 2

V{Volt)

Figure 3: The variation of capacitance as a function of reverse bias
voltage for nu doped and doped ZnS/Si HJ

concentration (pure, 1%, 2%)wt). We can see from this table
that the W decreases with Al concentration due to increase
the carrier concentration by doping, which leading to increase
the capacitance, therefore W decreases according to this
equation:

W=[2 &1 £2(Vbi-Va)( Na1 +Np2)%Np2 Na1 ( €1 Np2 +&2 Na1)]¥2  (5).
This behavior is nearly in agreement with[3,4],

The inverse capacitance squared was plotted against applied
reverse bias voltage for n-ZnS/p-Si and n-ZnS:Al/p-Si at
different Al concentration (pure, 1%, 2%)wt) as shown in
Fig. 4. The plots reveal a straight line relationship which
means that the junction was an abrupt type [4]. The
intersection (1/c2=0) of the straight line with the voltage axis
represents the built-in voltage [3], and table | represents the
value of built-in voltage. It is observed from this table that
the value of built in voltage is in general decreases with
increasing.
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Al concentration as a result of the increase in capacitance
value and the decrease of depletion width. Also from the
same figure, one can deduce the carrier concentration from
the slope of the straight line from the equation (1). table I
represents these values which increase with increasing Al
concentration and this value is in agreement with other
literatures. Also Salma et al [11] have found that the value
of barrier height is 1.9 for Au-ZnS from C-V measurements.

Table I: The variation of zero bias capacitance, depletion region width,
built in voltage and carrier concentrations for nu doped and doped

ZnS/Si HJ
Al Npx10¥®  Cox10° Vbi W
wt% cm® Farad Volt  um
Pure 1.542 0.113 18 0421
1 1.858 0.148 1.6 0.321
2 2.325 0.176 137 027

One of the important parameters of HJ measurement is
current- voltage characteristics which explains the behavior
of the resultant current with the applied forward and reverse
bias voltage. Fig. 5 shows I-V characteristics for un doped
and doped Zn$S/Si HJ at forward and reverse bias voltage for
different Al concentration. In general the forward dark
current is generated due to the flow of majority carriers and
the applied voltage inject majority carriers which leads to
decrease the value of built-in potential, and decrease the
width of the depletion layer. Then the majority and minority
carrier concentration is higher than the intrinsic carrier
concentration  (ni’<np) which leading to generate
recombination current at the low voltage region (0-0.3)V
because that the excitation electrons from V.B to C.B will
recombine with the holes which found at the V.B, and this is
observed by little increases in recombination current at low
voltage region. The tunneling current has been represented at
the high voltage region (>0.3V). After that there is a fast
exponential increase in the current magnitude with increasing
the voltage and this is called diffusion current, which is
dominated. Also the reverse bias current which also contain
two regions, in the first region (low voltages<0.3V) the
current slightly increases with increasing the applied voltage,
and the generation current dominates, while at the high
voltage region (>0.3V), the current is nearly constant and the
diffusion current dominates [3,4].

160
¢ pureZnS
120 ——1%Al
"-i_ —— 2%Al
£ 80
T,
40
0 t
-3 -2 -1 0 1 2 3
V{Valt)

Figure 4: The variation of 1/C? as a function of reverse bias voltage for
nu doped and doped ZnS/Si HJ

Also one can observe from this figure that the value of
forward current is increases with increasing of Al
concentration, which attributed to decrease in the depletion
width (as we see in c-v characteristics), and to improve in
crystal structure by increasing Al concentration which
attributes to increase in crystallite grain size. Because the
increasing of Al concentration will cause rearrangement the
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interface atoms and reduce the dangling bonds which leads
to improve the junction characteristics[5-8]. Fig. 5 shows a
clear rectification indicates that the junction is anisotype.
The rectification factor (R.F) indicates the ratio between
forward and reverse current at certain applied bias voltage,
and table Il explain the value of rectification factor at
(1Volt). The table also shows an increase in rectification
with increasing Al concentration, and this is attributed to
improve in crystal structure, and the diffusion increases
when Al concentration increased [5, 9], Also there is a
decrease in depletion width by doping with Al which
leading to increase in reverse saturation current, and this
value agreement with other literature Huang Jian et al [5,9].

-+

—+—un doped

—=—1% Al
2% Al 21

= 1

=<

¥

2 ‘ — S0 RS e

= E -1.5 -1 0.5 0.5 1 1.5

V(Volt)

Figure 5:The 1-V characteristics for for un doped and doped ZnS/Si HJ
at different Al concentratiom

This figure shows that forward current consists of two
regions. The first one represents recombination current, while
the second region represents tunneling current. The
mechanism of the forward current coincides to the tunneling -
recombination mechanism. This result is in agreement with
results of other researchers [5-10], One can calculate the
reverse saturation current from intercept the straight line with
the current axis at zero voltage bias, from this figure the
reverse saturation current increase with increasing Al
concentration. From the first region, the ideality factor (j3) of
un doped and doped ZnS/Si HJ can be calculated by the
relation [3.4]

ﬁ = (q/kBT)[\/F /In(IF/Is)] (6)
Where Ve is the forward bias voltage, Ir and Is are the
forward bias and the saturation currents respectively, the
ideality factor usually has a value greater than unity, and it
describes the deviation of the diode characteristics from those
of the ideal diode. table Il explains the value of ideality factor
for un doped and doped ZnS/Si HJ at different Al
concentration. The physical meanings of the ideality factor
are greater than (2) is that the tunneling play their role with
the recombination emission [3.4]. We can see that the value
of ideality factor was varies between 2.58-3.22. These B
values are in agreement with Huang Jian et al [5] ,they found
that the value of B varies between (1.9) for un doped ZnS/Si
HJ prepared by rf magnetron sputtering method. Wang et al[9
], has found that ideality factor is 77 for ZnS/porous Si HJ,
and this is due to the roughness of Si. Also Wang et all [10,
11] have found that ideality factor is 81 and 29 for
ZnS/porous Si HJ , and the large value of the ideality factor
indicates a high density of trap states. while from the second
region, we can find tunneling
constant (A:) by the relation:
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A=[d In(lx/1s2)]/dv (7
Where I, is the forward current for the tunneling region
(>0.3), Iz is the saturation current for this region. This value
varies between 4.92-8.05V-1, and these values are nearly in
agreement with result of [3,4]. The predomination one
mechanism on the others was depending on the surface
nature of the interface between ZnS and Si. That means, one
can observe fast increasing with bias voltage in
recombination mechanism, whereas, the variation of
tunneling current with voltage was small compared with
recombination current, and at high doping the recombination
current increases due to increase the carrier at low bias
voltage, also the tunneling current increases at high bias
voltage due to decrease the width of the depletion layer with
increasing bias voltage leads to increase the chance of
carrier tunneling.

Table 11: The values of rectification factor at (1volt) and ideality factor
and tunneling constant.

Al R.F B A
wt%
Pure 3.018 3.22 4.92

1 4347 293 7.14
2 5668 2.58 8.05

The photocurrent is considered as the important parameter,
which play an effective role in photodetectors and solar cells.
The prepared HJ strongly depends on the reverse bias
voltage[2]. Fig. 6 show the photocurrent of un doped and
doped ZnS/Si HJ at different Al concentration as a function to
reverse bias voltage under different incident light power
density. The current under reverse bias conditions is affected
by illumination [5]. Under UV illumination photons are
mainly absorbed in the ZnS layer and ZnS:Al (as seen from
the transmittance and absorption spectra [13] and good
response to UV illumination under the reverse biased
condition can be seen from Fig. 6 due to the photogeneration
of additional electron-hole pairs in the depleted ZnS region.
The magnitude of photocurrent increases with the increasing
applied reverse bias due to enhanced carrier collection. The
width of the depletion region increases with the increasing of
the applied reverse bias voltage, which leads to separation of
the electron-hole pairs and then increases the photocurrent.
The photocurrent is a function of the generation and diffusion
carriers [13-17]. Also from this figure, we can observe that
the photocurrent increases with increasing of the incident
light density due to the increasing of the number of incident
photon light. Also We can see from this figure that the
photocurrent increases with increasing of Al concentration,
and this is attributed to good crystalline for the films which
will decrease the grain boundary and after that the mobility
increases [13], and this is leading to increase the
photocurrent. Similar results have also been observed by
Mridha and Basak[18] and Jeong et al.[19]
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Figure 6: 1-V characteristics under illumination for un doped
and doped ZnS/Si HJ at different Al concentration

Energy band diagrams for ZnS/Si heterojunctions have been
introduced as shown in Fig. 7, by adopting the energy band
model of Anderson, neglecting the effects of interface state.
From the electrical and optical properties of these
heterojunctions [13], it is possible to propose energy band
diagrams that give a qualitative account of the experimental
results. The total band bending of these heterojunctions can
be quantified with the built in potential given by the
equation[14,15]:

Vbi = ¢p1— ¢p2 = (Egr + 1 — AEF1) — (32 + AEF2) 8)
Where

AEr =EF—-Ev ©9)
and

AEr2 = Ec—Er (10)

The values of ( Ec-Er) and(Er-Ey ) can be calculated from the
equations:
Ec-Er=KeT In(N</No) 11)
Er-Ev= KeT In(Nv/Np) (12)
Where
Nc=2(2rnme"KT/h?)¥2  and Nv=2(2rm,"KT/h?)%?
The wvalues of the conduction and valence band
discontinuities AEc and AEy have been evaluated by using
the following relationships [16,17]:
AEc = Ay (13)
AEv = AEg — AEc( 14)
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Figure 7: Energy band diagram of n-ZnS/p-Si heterojunction

CONCLUSIONS

ZnS/Si and ZnS:Al/Si heterojunction thin films have been
fabricated successfully by depositing a highly oriented n-type
ZnS nd ZnS:Al film (1, 2)%Al on a p-type single-crystalline
Si substrate using vacuum evaporation technique. The XRD
shows that the films exhibit cubic structure oriented in (111)
direction. The intensity of the diffraction peak is increased
with doed with Al, which illuminates the enhancement of
crystallinity and grain size of ZnS:Al thin flms. With the
increase of Al concentration, It is observed that the
capacitance decreases with increasing the reverse bias, while
it increases with increasing Al concentration. The width of
depletion layer decreases with increasing Al concentration.
From the inverse capacitance squared plot against applied
reverse bias voltage for un doped and doped ZnS/Si HJ at
different Al concentration .The plots reveal a straight line
relationship which means that the junction was an abrupt
type. It is found that the value of built in voltage is in general
decreases with increasing Al concentration. From C-V
measurements, We found that the carrier concentration
increases with increasing of Al concentration. We deduced
from the current voltage characteristics that the junction have
rectification characteristics, and the value of current increases
with increasing Al concentration. The mechanism of the
forward current coincides to the tunneling - recombination
mechanism The value of ideality factor varies between
2.58-3.22. The physical meanings of the ideality factor are
greater than 2 is that the tunneling play their role with the
recombination emission. And the value of tunneling constant
(A) varies between 4.92-8.05V1. Energy band diagram of
ZnS/Si HJ has been constricted.
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