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Abstract:

Au nanoparticles doped CuznS (CZS) thin films were deposited by spray pyrolysis
method (SPD) onto glass and silicon substrates at temperature of 330 °C and annealed at
450°C. Cu:Zn:S content was 1:1:2 and Au NPs dopant ratio was 4%, 6% and 8%. The
structural, surface morphology, optical and photodetector properties were investigated with
respect to the dopant concentration. X—Ray diffraction patterns indicate that the films have
low crystallinity and polycrystalline structure nature with ZnS sphalerite cubic phase. The
intensity of diffraction peaks and the crystallite size increased with the increase of Au Np's
dopant ratio. The SEM images show a homogeneous and smooth uniform surface. Also AFM
images reveals that the roughness increased from1.95 nm for CZS (1:1:2) to 2.64 nm for
CZS:Au (4%), 4.86 nm for CZS:Au (6%) and 3.82 nm for CZS:Au (8%) thin films, these
increases could be probably due to the increasing concentration of atomic gold in the CZS
thin films, The average grain diameter was evaluated from the plane view images for 68.99
CZS 1:1:2 and CZS:Au NPs was (93.59-102.07 nm). Au Np's dopant ratio, the lower band
gap corresponds to Cu,S phase and double band gap confirms the alloy nature of material.
The decreased in energy band gap after increasing of Au Np's dopant ratio can be attributed to
the red shift of the absorption edge and to the improvement in the crystallinity, increase of Au
Np's ratio leads to decrease band gap from 2.5 eV to 2.39 eV. Photodetectors CuZnS: Au
Np's/Si were synthesized and |-V characteristics have been investigated, the results showed
that the photocurrent increased from 0.0 to (8.65x107 A, 5.62x10° A and 5.03 x10°® A) at
the bias voltage range of 0— 2V under illumination, and from 0.0 to (3.49 x10” A, 1.9 x10° A
and 3.14 x10°A) in the dark for CZS:Au NPs (4%, 6% and 8%) ratio, respectively. Under
applied voltage of 2V, the response time was (0.8, 0.5 and 1.5 sec) respectively; whereas the
recovery time was (0.6, 0.9 and 1.35 sec) and the sensitivity increased from 42.86% to
122.73%.
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In addition, ZnS is a well-known
semiconductor, which makes it solely
absorb UV light. Absorbing only 4% of the
total sunlight restricts its practical
application [11]. Thus, it is highly
desirable to combine ZnS semiconductor
with a semiconductor with narrow band
gap energy like CuS. Besides, CuS is
highly susceptible to photocorrosion and it

1. Introduction

CuznS is an alloy material having a
combined structure of CuyS and ZnS. It is a
promising absorber for solar cell and
photodetectors fabrication [1], Lower
bandgap films can act as good absorber
while higher band gap films as good
window layer for solar cells[2].

ZnS is an n-type semiconductor with
a wide band gap (~3.65 eV)[4-6], and CuS
is a p-type semiconductor with a band gap
of (1.63-1.87 eV [3]) 2.8 eV [7] (2.52-2.58
eV [8]). It is expected that alloys of these
two compounds can be either n- or p-type
and will have a wide band gap. [9,10].

is suggested to be protected by a large
band gap semiconductor [12]. Formation
of pn junction using CuS (p-type) and ZnS
(n-type) semiconductors increases electron
hole lifetime before recombination.

CuS/ZnS has been used for
photocatalytic application [13,14] and
photoelectrochemical hydrogen production
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[15,16]. Spray pyrolysis is a simple and
inexpensive method with the capability to
fabricate large area films and has been
used to deposit CZS thin films. In spray
pyrolysis method, the precursor solution is
sprayed by a stream of a gas onto the pre-
heated substrate, where upon the thermal
decomposition of the precursor an adherent
film forms. The most important parameters
including the initial solution, the substrate
surface temperature and the spray rate of
solution determine the quality of the thin
film [10].

In this study, the effect of Au NPs
dopant concentration on the structural,
optical energy gap and photodetector
properties of spray deposited of CZS thin
films. Also, the present work describes a
chemical method for deposition of CuzZnS
thin films at various ratios of Au NPs. The
characterization of CuznS films was
carried out by XRD and optical studies to
determine  their field of possible
applications. The optical properties studied
were; transmittance (T) and the band gap
energy of the as — grown films.

2. Experimental

Copper Zinc sulphide (CuznS) was
deposited by SPD method, the solution is
containing 0.1 M copper chloride
dehydrate (CuCl,.2H,0), 0.1 M zinc
chloride (ZnCl,.2H,0), 0.3 M thiourea
CS(NHy),, 0.01 M Chlorogoldsaure
(HAuCl4-xH,0) and distilled water in a
beaker. Preparation the solution of CuzZnS
thin films were carried out using 20 ml
glass beaker at an average room
temperature of 300K. Before the
deposition of the films, the substrates used
were degreased in acetone for 24 hours,
washed with detergent, rinsed in distilled
water and dried in air. The degreased
cleaned surface provide nucleation center
for the growth of the films onto the
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substrate surface hence will result to highly
adhesive and uniformly deposited films on
the surface of the substrates.

The deposition solution was added
and stirred to have a homogeneous
mixture, and sprayed onto the substrate
kept at temperature of 330 °C. The final
solution was stirred to have a
homogeneous mixture.

The vacuum thermal evaporation
system (Edward Auto 306) was use to
deposition of Al for photoetectors by using
the mask, which is usually formed by a
metal (Si), as for the cleaning of silicon
(Si), substrates are cleaned and degreased
with ethanol and distilled water. The
surface of the Si wafers is already
mechanically polished to mirror like
surface, Native oxides are removed by
using 1:10 HF:H,O solution. Before using,
the wafer was scribed by special diamond
cutter then cut into small samples with
appropriate sizes of about 1.5 x 1.5 cm?.
The masks are placed as closely as possible
to be the substrate on which the film is to
be deposited. For Photo detector
measurements, it is essential to specify the
form of film. For this purpose, a suitable
mask is used to get the desired shape as
shown in Fig.1.

10 mm
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3
3N
3
3

o

Fig.1: Grid geometry of front metal mask.

The chemical spray pyrolysis setup
has been used in deposition the CuzZnS:Au
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NPs films on glass and Si substrates. The
spray system is responsible for the spray
operation, and it is achieved in periods of
about 12 sec followed by ~2 mins wait,
with 5 ml/hour of flow rate air. In order to
deposit thin films with uniform thickness
the distance between the substrate and
spray nozzle was kept at 30 cm.

Then used for as metal contact
deposition of Al on Si substrates for
fabricating photodetcter. The silicon wafer
(n-type) used with an (1.5-4 Ohm-cm)
resistivity, thickness 508+15 and (111)-
orientation.

The structural of deposited films was
carried out using X-ray diffraction (XPert
Pro MPD PANalytical). Cu ka radiation
with wavelength 1.5406 A, the current 30
mA, voltage 40 KV, and scanning angle
varied in the range (10-70)°.

The surface morphology of the
samples is recorded by an AFM
(Nanoscope Il and Dimension 3100, by
Veeco Instruments Inc.) and SEM
(INSPECT-S50 by  FEI-Netherlands-
Holland) is normally carried out at 10 kV.

The optical measurements in the
wavelength range (200-1100) nm using
(Double Beam UV Spectrophotometer—
MEGA-2100- SCINCO Company—Kaorea).

Keithly source meter "Model 2430
Series Source meter"” tungsten lamp with
power of about 70 mW at the visible
incident wave length (500 nm) with 2V
applied bias.

3. Result and Discussion:

Fig.2 shows the XRD patterns of
pure and Au NPs doped CZS thin films
with different dopant ratio (4%, 6% and
8%). The diffraction patterns indicate that
the crystal structure of the prepared films
has low crystallinity and polycrystalline
nature. It was found that the diffraction
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peak of preferred orientation is along
[111] plan corresponding to the sphalerite
(cubic) phase appeared at 26 = 28.46°,
28.32° and 28.41° for and Au NPs 4,6and
8% doped CuZnS thin films respectively.

These results are good agreement
with the standard values of ICDD card file
data (JCPDS 02-565 ZnS). When adding a
low ratio of Au-dopant nanoparticle to
CZS (1:1:2), from the figure it is noted that
the intensity of the diffraction peaks of
CuznS films increased with the increase
of Au NPs dopant ratio, therefore the
doping process enhanced the crystallinity
of the CZS films.

The XRD pattern a secondary peaks
were appeared at 2 theta angles 23.31°,
26.71° and 47.64° related to the crystal
planes (221), (100) and (220) respectively
corresponding to Hexagonal CuS and
Monoclinic Cu,S phases as shown in fig. 2.
These results are in good agreement with
(JCPDS) card file data (26-1116 Cu,S),
(02-0820 CuS) and (33-0490 Cu,S).
Finally, all above results are in good
agreement with the Literatures [4, 5, 18]

Interplanar spacing (dn«) where
calculated by using Bragg's law:

nil = Zdhkl sin @ (1)

and shows good agreement with the
standard values as shown in table (1).

60 T : .
CuZnS:Au Np's | |
50 rﬁ CuZnS 1:1:2 .
N
- i CuZnS+4%Au NPs
*540 ':_ CuZnS+6%Au NPs |
) i CuZnS+8%Au NPs
e
4:§30
)
g 20 [ \4\4_‘-‘__\,_,1 } d
i [ I ¢ h o A | "
10 T L ] N N
0
20 30 40 50 60 70 80
26° (Deg.)
Fig.2: XRD Pattern of CZS:Au NPs thin
films.
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Table.1: XRD calculations for prepared thin films.

sample | 20° | hki | Yete dstaf‘d a=2=c FWHM Gm? ﬁ:;/?;
2235 |(004)| 398 | 397 | - 0.12 - -
2694 |(032)| 331 | 329 | - 0.08 - -
ff‘z 28466 | (111) | 3.14 | 3.12 |543863| 031 | 26.027 | 14.747
3414 | (315) | 263 | 263 | - 0.14 - -
4764 | (220)| 191 | 190 | - 0.47 - -
2331 |(221)| 382 | 376 | - 0.05 N N
C2SAU (284601 | (111) | 313624 | 312 | 54321 | 0.2362 | 34.716 | 8.2974
335 | (114)| 267 | 268 | - 0.12 N N
28.3155 | (111) | 3.1518 | 3.12 | 54321 | 0.3936 | 20.8264 | 23.055
COOAU 3362 |(042)| 267 | 268 - | 024 | - -
63.45 | o10)| 147 | 145 | - 0.07 N N
2671 |(100)| 334 | 232 | - | 0238 | - N
CzS:Au | 284083 | (111) | 3.14184 | 3.12 | 5.44182 | 0.2362 | 34.7120 | 8.2993
8% 47.42 | (110) | 1.92 1.89 - 0.22 - -
6129 |(104)| 151 | 149 | - | ooes | - -

After CZS thin film doped with
different Au dopant concentration (4%, 6%
and 8%), the SEM images [fig.3 a, b, ¢ and
d] shows a homogeneous and smooth
uniform surface with no detectable micro-
cracks and the morphology of the prepared
films indicates that the size of the particles

is increased with the increasing Au dopant
concentration, that’s clear in compare the
Fig.3 with others. It has having perfectly
spherical grains with well-defined grain
boundaries and this result conforms to
literature [20, 21].

11/10/2016 El | "
10:00:18 AM [12.50 kV|18 793 x| 7.7 mm | 10/11/2016 HV mag O WD
2:12:53 PM[15.00 kV[ 19 745 x|11.6 mm|

5pm
HiRes Gold on Carbon
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10M11/2016| HV |mag O| WD Spm
HiRes Gold on Carbon

2:20:06 PM |12.50 kV |20 327 x[11.0 mm

(©)

The EDX measurements of pure CZS
(1:1:2) and CZS:Au Nps thin film (4%, 6%
and 8%) respectively, which can confirm
the existence of elements (copper, Zinc,
Sulfur and Gold) which constitute thin film
structure. As shown in table (2), may be
can to observed ratios of these elements
and can be observed convergence in the
mixing ratios of Copper, Zinc, Sulfur and
Gold.

Table.2: EDX measurements of CZS:Au at
ratios (4%, 6% and 8% Au NPs).

Adel H. Omran Azhar Abdul Wahab Ali Abdulhussein Hameed

00572 12501 15 S5
10:05:25 AM [12.50 kV118 338 x| 8.2 mm HiRes Gold on Carbon

Fig.3: SEM images of a: pure, CZS doped Au NPs, b: 4%, c: 6% and d: 8% thin films.

Zinc 38.50 33.36

(8%) Sulfur 16.11 28.46
thinfilm ™ Gg|g 3.80 1.09

Total: 100% | 100%

normwt || atom at

Sample IEIementI % %

C7S Zinc 44.88 36.32

(1:1:2) Copper 44.61 39.81

thin film Sulfur 13.50 23.88

Total: 100% 100%

Copper 35.17 30.67

CZS:Au Zinc 43.08 36.51

(4%) Sulfur 1845 [ 31.89
thin film Gold 3.31 0.93
Total: 100% | 100%

Copper 33.92 31.40

CZS:Au Zinc 47.99 43.17

(6%) Sulfur | 13.05 | 23.93
thin film Gold 5.04 1.50
Total: 100% 100%

CZS:Au Copper 41.59 37.09

The surface morphology of Au Nps
doped CZS (1:1:2) thin films with different
ratios where illustrated in the (fig.4.a, b, c,
and d). it can be observe The surface
texture results showed that the roughness
(Sa) was increased from 2.64 nm for
CZS:Au NPs (4%) to 4.86 nm for CZS:Au
Nps (6%) thin films, these increases could
be probably due to the increasing
concentration of atomic gold Nps in the
CZS thin films. The root mean square
(RMS) (Sq) increased with increasing of
Au NPs ratio, which is accordance with the
findings of researcher [22]. The average
grain diameter was evaluated from the
plane view images for CZS:Au (94.51-
102.07 nm) as tabulated in table (3), where
the granularity accumulation distribution
shown in the (fig.5 a, b, ¢, and d). These
results were in good agreement with the
XRD results. The tilted image exposes
grain heights of a few tens of nanometers,
as shown in table (3).
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Table.3: AFM measurements

(b)
Fig.4: AFM images of a: pure, CZS doped Au NPs, b: 4%, c: 6% and d: 8% thin films.

Adel H. Omran Azhar Abdul Wahab Ali Abdulhussein Hameed

The  Granularity  accumulation

(accumulation) distribution charts in Fig.3
are showing the differentness before and
after doping process. By increase of ratio
of Au NPs, the highest average diameter is
decreasing from 160 nm (for 4% Au) to

150 nm (for 6% Au) and then 130 nm (for

8% Au).

Rough Root Ten
Thin | Ratios ness mean point | Average
. averag | square | height | diameter
Film | of CZS e Sa sq Sz (nm)
(hm) | (m) | (nm)
€25 1 1.95 | 247 | 126 | 68.99
CZs: )
AU a%Au | 264 | 33 | 17.3 | 9451
% | 6%Au | 4.86 | 5.75 | 12.7 | 102.0
8%Au | 3.82 | 455 | 9.69 | 93.59
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Fig.5: Granularity accumulation distribution chart for a: pure, CZS doped Au NPs, b: 4%, c:
6% and d: 8% thin films.

The optical measurement, noted that
the transmittance spectrum exhibits high
visible transmittance and decreases from
66% to 38% beyond the absorption edge.
From the fig.6 it can be seen that the
optical transmittance is influenced by
increasing ratio of Au-nanoparticle.

0.7

Transmision
© © © © o
N w D (9] (o)}

o
-

o

300 500 700 900 1100
A (nm)

Fig.6: Optical transmittance spectra of a:
pure, CZS doped Au NPs b: 4%, c: 6% and
d: 8% thin films.

Figure (7) shows the value of the
optical energy band gap for allowed direct
transition calculated by using Tauc relation
[23, 24]:

(ahv) = B, (hv — E;)" )

B, is a constant depend on nature of
material, E, is optical energy gap, hv is
energy of absorbed photon, and r is equal
(/2 or 3/2) for direct transitions, and (2 or
3) for indirect transitions.

The energy band is estimated from
the plot of (ahv)® versus hv which is
determined by extrapolating the straight
line portion of the Plot to the point a = 0.
The optical energy band gap of deposited
CuZnS/glass thin film was found to be
decreases from (2.5 to 2.39 eV) with
respect to Au NPs dopant ratio. The lower
band gap corresponds to CuxS phase and
double band gap confirms the alloy nature
of material. The decreased in energy band
gap after increasing of of Cu/Zn content
and Au NPs dopant ratio can be attributed
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to the red shift of the absorption edge and
to the improvement in the crystallinity,
where the crystallite size of the prepared
films is found to increase in the range of
(60-103) nm, resulting in the decrease of
the band gap of the samples. These
obtained optical band gaps for CuzZnS thin
films are consistent with those reported in
the literature [25].

100

90 e (01:01:02
80 —A4% Au
— 6% Au

70
60
50
40

(ahv)? [eV/em]2 x 109

30
20
10

0 =i
1 1.5 2 2.5 3

hv (eV)

Fig.7: Variation of (ahv)® vs. hv of CZS:Au
NPs thin films.
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The Photodetectors measurements, it
can be discuss the I-V Characteristics in
state of CZS:Au/Si at (4%, 6% and 8% Au
NPs) of the fabrication CZS:Au/Si
photodetector with Al electrodes which
is measured in under illumination
(photocurrent). The photocurrent measured
by using tungsten lamp with power of
70 mW/cm? at the visible incident
wavelength ~ with 2V applied bias
voltage. It is found that the photocurrent of
All samples in Fig.8 of photodetector in
the forward bias because of the
improvements made in the structural
properties of the thin film lead to a small
energy gap and therefore, the electrons
need low energy to cross the energy gap
consequently note that the photocurrent be
higher than it was after increasing the
ratios Au NPs.

4%Au Npls 9.50E-07

7.50E-07

~ 5.50E-07

3

E

g 3.50€-07

[

—

=)

&) 1.50E-07
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Fig.8: 1-V characteristics under dark and light conditions for a: CZS/Si, CZS:Au NPs/Si , b: 4%,
¢: 6% and d: 8% photodetector.

Figures (9) illustrates the time
dependence of the photodetector under bias
voltages (2V). The device was allowed to
stabilize and exposed to illumination of
500 nm chopped light with power density
of 70mW/cm? or (7W/m?. It can be
observed that the detector has a good
reproducibility.

There are some important parameters
to evaluate the performance of
photodetectors, these parameters are
responsivity R, sensitivity S, and quantum
efficiency QE [17,27];

_ _Ipn
R= AEopt (3)

Where I, is the photocurrent, A is
the illuminated area, and E,,, is the Light
power density.

The sensitivity is given by[17,27]:

S(%) = Iiight—Ildark % 100 (4)

ldark

Quantum efficiency is an important
parameter to evaluate the performance of
the device, It is given by [17,27,28]:

QE =R (5)

When a photodetector is exposed to a
pulsed light source, the device exhibits a
consecutive pulse current spectrum. Two
important terms have been introduced in
this state: The response time at 90% of the
saturation current from the initial value;
whereas the recovery time is 10% from it.

Photovoltaic behavior was observed
at 2 V. The Energy of photons of the
incident light is enough to generate an
electric field which in turn produces a
photocurrent. The saturation current in
Figures (9) was (30, 57 and 32 uA)
respectively. However, under applied
voltage of 2V, the electric field produces a
photocurrent that is added to the bias
current. Therefore, the saturation current
increased to be 57 uA.

Figures (9) shows response time is
shorter than the recovery time. The
response and recovery times of the device
are summarized in Table 3. The response
time under 2V was (0.8, 0.5 and 1.5 sec)
respectively; whereas the recovery time
was (0.6, 0.9 and 1.35 sec).

At comparing between ratios of Au
NPs, can be noted the responsivity,
sensitivity, and quantum efficiency are
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optimum for 6%Au NPs. These calculated tabulated in Table 4.
by use egs.(3, 4, and 5), and their result
1.40E-04 CZS 1:12 7.00E-05 - T
L.208-04 7 .N_\’—ll — 6.00E-05 - AuG%-NEy
1.00E-04 fl l\ |'I
g so0c0s | I,' II [Iu‘ R 5.00E-05 -
S 600805 ‘,J" ll‘ I||‘I ?2/ 4.00E-05 4
% 4.00E-05 4 ||' '1 ||‘ % 3.00E-05 1
D 200805 — L 5 2.00E-05 -
0.00E+00 e e
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4,00E-05 - A 40/ NP (C)
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Fig.9: Photocurrent response a: CZS/Si, CZS:Au NPs/Si b: 4%, c: 6% and d: 8%
photodetectors.
Table 4: Photodetecter measurements at 2V. 1. The crystalline is satisfied with a cubic
(sphalerite) for ZnS preferential
® 88| 2% s % orientation in the (111) direction,
==} n 1) = . . .
£ 8% 29| 2| € |3 while the CuS was crystallized in two
C o ~—~— [ .
N K E o E @ @ W crystallographic  forms  (hexagonal
CuS) and (monoclinic Cu,S). This
Pure | 2.09 13 | 0.09 | 263.64 | 0.22 result, show low crystalline, and then
4% 0.8 0.6 |0.01| 42.86 | 0.02 increasing of crystalline material by
6% 0.5 0.9 0.03 | 12273 | 0.07 Au-doping. The crystallite size
8% 15 135 | 001l 5278 | 003 increased with the increasing of Au
' : : : Np's ratio.

2. A uniform granular surface shows

4. Conclusions morphology of the atomic force

From preparing Au-doped CZS thin microscope (AFM) images of thin
films and CZS: Au NPs /AIl/Si films. The roughness average and the
photodetecter by spray pyrolysis technique root mean square (RMS) are increased
it can be concluded: with the increasing of Au NPs ratio.
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3.

The optical properties results show
that the transmittance is decreased
with the increasing of Au NPs ratios in
the wavelength range 600-750 nm.

The optical measurement shows that
the pure and Au-doped CZS thin films
have allowed direct energy gap (Eg)
that decreased from 2.5 to 2.39 eV, the
fundamental absorption edge shifted
towards long wavelength and the
optical energy gap decreases to low
values towards the middle of the
visible region which make it suitable
for solar cell and photodetector
applications.

I-V characteristics of the fabrication,
CZS:Au/Si  detectors with Al
electrodes which is measured in the
dark (dark current) under 2V applied
bias voltage.
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