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Pure  2%  and  4%  Ag-doped  ZnO  thin  films  have  been  synthesized  on  glass  substrates  by sol–gel  method.
The  structure,  morphology  and  optical  properties  of  the  samples  have  been  studied  by X-ray  diffractome-
ter  (XRD),  scanning  probe  microscope,  UV–vis  spectrophotometer,  respectively.  The  XRD  result  shows
that  the  pure  ZnO  has  a wurtzite  hexagonal  structure,  no  phase  segregation  is observed.  The  surface
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morphology  of  pure  ZnO  thin  film  shows  that  the  grains  are  growing  preferentially  along  the  c-axis  ori-
entation  perpendicular  to  the  substrates.  The  transmittance  spectra  reveal  that  all  samples  have high
transmittance  above  90%  in  visible  region.  With  Ag  doping  content  increase,  a  red  shift  is observed.  The
performance  of  Ag-doped  ZnO  films  using  in thin  film  solar  cells  are  simulated.  The  results  show  that  4%
Ag-doped  ZnO  thin  film  can  greatly  improve  the  absorption  of  the  cells.  Compare  to  pure  ZnO,  solar  cell’s
energy  conversion  efficiency  improvement  of  2.47%  is  obtained  with  4%  Ag doped  ZnO  thin  film.
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. Introduction

Zinc oxide, as an important semiconductor material, with a
ide band gap energy of 3.37 eV, high exciton binding energy

f 60 meV, a wide range resistivity, high electron Hall mobility
200 cm2 V s−1) and high transparency at room temperature [1].
hese unique properties make ZnO have many potential applica-
ions, such as ultraviolet (UV) photoconductive detectors [2], solar
ells [3], photocatalysts [4], light emitting diodes [5], especially for
olar cells. They have been growing research efforts to improve
he cell efficiency by optical absorption. For example, Ko and Yu [6]
ynthesized Ag doped ZnO nanorod arrays and found that Ag incor-
oration can greatly increase the optical absorption. Moreover, ZnO

s a cheap, abundant, chemically stable and no toxin material with
xcellent radiation hardness. Various techniques have been applied
o prepare ZnO thin films. For example, RF magnetron sputtering
7], chemical vapor deposition (CVD) [8], molecular beam epitaxy
MBE) [9], electrochemical deposition [10], pulse laser deposition
PLD) [11] and sol–gel method [12] are widely used. Among these
echniques, sol–gel method attracts much attention due to some
nique advantage including low cost, simple deposition equip-
ent, easy adjusting composition and dopants, and fabricating

www.sp
arge area films.
In  this article, Ag-doped ZnO thin films with various doping

oncentration are prepared by sol–gel method. The structure,
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optical transmittance, electronic property and its using as solar
cell’s windows material are investigated.

2. Experiment

Ag-doped ZnO films were synthesized via sol–gel method.
Commercially available zinc acetate 2-hydrate was  dissolved in
anhydrous ethanol to form ZnO solution. Ethanolamine was used
as stabilizer. The total concentration of metal ions was maintained
at 0.3 mol/L and the molar ratio of ethanolamine to the total metal
ions was 1:1. The Ag doping ratio defined by [Ag]/[Ag + Zn] varied
over a range of 0–4%. Before adding dopant, the pure ZnO solution
was stirred for an hours at 60 ◦C. Then the mixture was  stirred for
two hour. The films were prepared by spin-coating method. The
spin coating speeds were 1200 rpm for the first 10 s and 3000 rpm
for the next 20 s. After spin coating process, the samples were
dried at 300 ◦C for 8 min  to evaporate the solvent and organic
residuals. The process of spin coating and subsequent pre-heating
treatment was repeated several times to obtain a desired thick-
ness. At last, all the samples were annealing at 500 ◦C for an hour in
air.

The structure of Ag-doped ZnO thin films was studied by X-
ray diffractometer (Bruker D8 Advance). The surface morphologies
were observed by scanning probe microscope (CSPM4000). The

.

transmittance spectrum of Ag-doped ZnO thin films were measured
by UV-visible spectrophotometer (UV-1201). The current–voltage
(I–V) curve was  measured at dark and under UV light illumination
using a high pressure mercury lamp (175 W).
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Fig. 1. X-ray diffraction pattern of pure ZnO thin films.

. Results and discussion

.1.  The structure, optical and electrical properties of the samples

Fig.  1 shows X-ray diffraction patterns of pure ZnO thin films.
t can be seen that there is only one strong diffraction peak at
4.92 degree, which correspond to the (0 0 2) plane of ZnO with
urtzite hexagonal structure. The strong diffraction intensity and
arrow full-width at half-maximum (FWHM) of the diffraction
eak confirms that the ZnO is well crystallized.

The surface morphology of pure ZnO thin film measured by scan-

ing probe microscope is illustrated in Fig. 2. The 2D and 3D atom

orce microscope (AFM) images are showed in Fig. 2(a) and (b), (c)
nd (d) show the grain diameter distribution and height distribu-
ion. It exhibits that all samples have dense grains. The grains are

Fig. 2. AFM image of pu
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Fig. 3. Transmittance spectra of pure, 2% and 4% Ag doped ZnO thin films.

growing preferentially along the c-axis orientation perpendicular
to the substrates. The average grain size is about 200 nm and the
height is about 60 nm.  Besides, a few sharp columns are observed
on the surface of the film. This may  due to the reunion and growth
of grains during the annealing process.

The transmission spectra of pure, 2% and 4% Ag doped ZnO thin
films are measured by ultraviolet visible spectrophotometer. The
transmission spectra of all the samples are shown in Fig. 3. It can be
seen that all three samples have sharp absorption peaks at around
370 nm in ultraviolet region which represent intrinsic absorption
peaks of ZnO. Compare to pure and 2% Ag-doped ZnO, the absorp-om

.cn

tion is greatly increased by 4% Ag doping. The transmittance of all
samples in visible region is about 90%. There is no obvious chang-
ing with Ag doped. From the enlarge area of the absorption band
edges in the inset. It can be seen that with Ag doping concentration

re ZnO thin film.
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ig. 4. (a) I–V curve of pure, 2% and 4% Ag doped ZnO thin films under dark condition.
b)  I–V curve of pure, 2% and 4% Ag doped ZnO thin films under UV light illumination.

ncreases, the absorption band edge is shifted to long wavelength.
he red shift demonstrates that the band gap of ZnO decreases with
g doping density increases.

Fig.  4 shows the current–voltage curves of pure, 2% and 4% Ag
oped ZnO thin films under dark and UV light illumination (ultravi-
let high pressure mercury lamp, 175 W).  Under dark condition, it
an be seen that the current magnitude all three samples is 10−7 A,
nd increases with increasing applied voltage. When doping den-
ity of Ag is increasing, the current becomes larger and rise most
apidly while the Ag doping density is 4%. It is because the conduc-
ivity of ZnO is improved with the incorporation of Ag ions. Under
he UV light illumination, the current of all samples increases up to

 magnitude of 10−6 A. Compare the photocurrent with the current
nder dark condition. One can infer that all samples have strong
V response characteristics. 4% Ag-doped ZnO thin film exhibits

 stronger light response than pure and 2% Ag-doped ZnO thin
lms. This is attributed to that a proper Ag doping (4%) can greatly
nhance the separation of electron–hole pairs.

.2. Solar cells simulation

In  this article, the solar cells simulation is based on RCWA
ethod, which is a program based on rigorous coupled-wave

heory (RCWT) to analyze and design diffractive structures. It is
 rigorous solution of Maxwell’s equations with corresponding
oundary conditions for the electromagnetic diffraction properties
y periodic grating structures. And now we have applied the RCWA
or calculating the optical absorption of solar cell devices.

We  build the coupled wave equations in each layer, and after
hat, utilize electric and magnetic field boundary continuity con-

www.sp
itions to connect the electric and magnetic field of all layers
epending on the coupled wave equations. Finally, we  can get
he total reflectance R and transmittance T of the solar cells. The
bsorbance A can be calculated by A = 1 − R − T [13].
Fig. 5. The solar cell’s schematic structure.

The solar cell’s schematic structure is shown in Fig. 5. A thin
layer of Ag-doped ZnO thin films coated on the glass is acted as
the top transparent electrode and the antireflection coating. The
active layer is a-Si. The back aluminum triangle structure is used
as blazed gratings. The optimized geometrical parameters of the
structure are obtained by RCWA simulations performed for each set
of parameters. The thickness of glass t1 = 50 nm,  while the Ag-doped
ZnO layer t2 = 20 nm.  The thickness of the active layer t3 = 400 nm,
and the back blazed grating’s height t4 = 40 nm,  period p = 150 nm.
The plate part’s thickness t5 = 50 nm (Fig. 6).

Fig. 4 shows the total absorption of thin films solar cell with
various Ag-doped ZnO layers. It can be seen that in the wavelength
region from 0.65 �m to 1.1 �m,  there is no obvious changing among
pure, 2% and 4% Ag-doped ZnO thin films. But in the wavelength
region of 0.35–0.6 �m,  the device with 4% Ag-doped ZnO layer
has higher absorption than others, especially in UV  region. This is
well matching the experimental results. The solar cell efficiency is
calculated by:

� = JSCVOCFF

Pin
(1)

where JSC is the short-circuit density, VOC is the open-circuit volt-
age, FF is the filling factor, and Pin is the total incident power and is
defined as:

.co
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Fig. 6. The absorption of the solar cell device.
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Table  1
The  calculated parameters of the device.

Samples VOC (V) FF JSC (A/m2) � (%)

ZnO 0.791231 0.859305 −294.15 28.1416
2% Ag doped ZnO 0.791332 0.859318 −295.3 28.2557
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4% Ag doped ZnO 0.791839 0.859386 −301.147 28.8359

where S(�) is the incident spectrum of a standard AM1.5 solar
pectrum. The calculated parameters of the device, including cell
fficiency (�), filling factor (FF), open circuit voltage (VOC) and short
ircuit current (Jsc), are illustrated in Table 1. It can be seen that
g doping can effectively improve the performance of the device.
ompare to the device with pure ZnO, a improvement of 2.47% of
he device with 4% Ag-doped ZnO layer was obtained.

. Conclusion

Pure, 2% and 4% Ag-doped ZnO thin films have been successfully
ynthesized on glass substrates by sol–gel method. The structure,
orphology and optical properties of the samples have been stud-

ed by X-ray diffractonmeter (XRD), scanning probe microscope,
V–vis spectrophotometer, respectively. The XRD result shows that

he pure ZnO has a wurtzite hexagonal structure, no phase seg-
egation is observed. The surface morphology of pure ZnO thin
lm shows that the grains are growing preferentially along the
-axis orientation perpendicular to the substrates. The transmit-
ance spectra reveal that all samples have high transmittance above
0% in visible region. There is no obvious changing with Ag doping.
ith Ag doping content increase, a red shift is observed. The per-

ormance of Ag-doped ZnO films using in thin film solar cells are

imulated. Compare to pure ZnO, 4% Ag-doped ZnO thin film can
reatly improve the absorption of the cells. Energy conversion effi-
iency improvement of 2.47% is obtained with 4% Ag doped ZnO
hin film.

[
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