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1. Introduction

Nowadays, the fascinating thin films for photovoltaic generation
are Cu(In,Ga)Se, (CIGS) thin film2!, perovskite thin film 4,
GaAs thin film'), and so on. Compared with other films, poly-
crystalline CIGS thin film is more attractive because of its high-
power conversion efficiency!™?, high stability of heat and
damp!®”), and low cost of manufacturing process'®®). Typical
efficient CIGS thin films are usually prepared at a substrate tem-
perature of over 550°C™>'), but the deformation of the soda-
lime glass (SLG) substrate and high cost of the manufacturing
process can restrict the process of industrial production of
CIGS thin film solar cells""). A low-temperature deposition
process, which is growing CIGS films at temperatures below
450°C, provides feasibility for the reduction of energy consump-
tion and the application of flexible CIGS solar cells on a non-
heat-resistance substrate, such as polyimide foil (PT)!*'],
However, a low-temperature deposition process often produ-
ces an inferior device performance due to the poor crystallinity
of CIGS films with the absence of the Cu,_,Se liquid phases dur-
ing the deposition process'>~'*), When the substrate tempera-
ture is below 523°C, the excess Cu,_,Se phases during the second
stage will be transformed to the solid phases!®), which cannot
assist the CIGS grain growth and yield fine grains''”). The fine
grains of CIGS film contain a large amount of grain boundaries,
increasing the recombination losses and resulting in lower con-
version efficiency!'"'®. Recently, the incorporation of silver
(Ag) into CIGS films has become the hot topic to address the
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Chalcopyrite Cu(In,Ga)Se, (CIGS) thin films deposited in a low-temperature process (450°C) usually produce fine grains and
poor crystallinity. Herein, different Ag treatment processes, which can decrease the melting temperature and enlarge band
gap of the CIGS films, were employed to enhance the quality of thin films in a low-temperature deposition process. It is
demonstrated that both the Ag precursor and Ag surface treatment process can heighten the crystallinity of CIGS films and
the device efficiency. The former is more obvious than the latter. Furthermore, the Urbach energy is also reduced with Ag
doping. This work aims to provide a feasible Ag-doping process for the high-quality CIGS films in a low-temperature process.

Keywords: Cu(In,Ga)Se, thin film; low-temperature deposition process; Ag doping; crystallinity; Urbach energy.

poor crystallinity issue because the incorporation of silver into
CIGS films to form (Ag,Cu)(In,Ga)Se, (ACIGS) can lower the
melting temperature and enlarge the band gap of absorber
layers"**”), Usually, there are many methods used to deposit
the Ag-based compounds on the substrate, such as the evapora-
tion process[w], sputtering processm, spin-coating processm],
ligand mediated colloidal sol-gel method”*), and laser abla-
tion!***4], According to the deposition process of the absorber
layer, the appropriate method can be selected to add the Ag
element into the CIGS films. Many researches have improved
the device performance of CIGS solar cell by Ag doping with
suitable deposition methods. Zhao et al. achieved high-efficiency
CIGS solar cells through Ag passivating the bulk defect by the
spin-coating process®!!. Both Kihwan Kim and Gayeon Kim
deposited the thin Ag precursor layer to assist the growth of
CIGS thin film in a low-temperature co-evaporation process
and improved the device efficiency!'®**!. In addition, our pre-
vious work used Ag surface-treated CIGS thin films to passivate
bulk defects of the CIGS/CdS heterojunction interface and real-
ized a device efficiency of 17.4%*°.. To further improve the
device performance of low-temperature deposited CIGS solar
cells, it is very useful to research the diffusion mechanism of
Ag in CIGS thin films at this process.

In this work, we investigate the effects of different Ag treat-
ment processes (the Ag precursor and the Ag surface treatment
process) on the material and the corresponding device proper-
ties during low-temperature processes. First, the material prop-
erties of different Ag treatment processes are investigated.
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Subsequently, the correlation with device performance, such as
short-circuit current density (Jsc) and open-circuit voltage
(Voc), is also addressed systematically. Finally, combining the
analysis of the material properties and the device measurement
data, the comprehension of the growth mechanism of different
Ag treatment processes is obtained. Herein, we aim at providing
a simple and effective way to deposit high-quality CIGS film at
low temperature.

2. Experimental Methods

2.1. Preparation of CIGS films and solar cells

In this study, the solar cell has a Ni-Al/Al-ZnO/i-ZnO/CdS/
CIGS/Mo/SLG structure with the active area of 0.34 cm??7 2],
First, the molybdenum (Mo) layer (about 800 nm) was grown
onto the SLG substrate with a direct current (DC) sputtering.
Afterwards, we brought the Mo-coated SLG substrate into a vac-
uum chamber to deposit absorber layers in a low-temperature
deposition process (450°C). As depicted in Fig. 1, to form the
Ag-Se precursor films, Ag was evaporated at a evaporator
temperature of 1000°C with a high Se ambient condition of
3.5% 107 Pa. The growth rate of the Ag-Se precursor films
was 25nm - min~!. Then, three-stage deposition process was
applied to growing high-quality CIGS films. In the first stage,
the precursor layer (In,;,Ga,3),Se; with a thickness of 1.2 pm
was deposited by co-evaporating In, Ga, and Se elements at the
substrate temperature of 450°C for 20 min. In the second stage,
keeping the substrate temperature constant, the CIGS film was
formed by evaporating Cu and Se on the precursor layer. The
second stage was ended until the film had a transition to a
Cu-rich composition, and it took 25 min. In the third stage,
In, Ga, and Se elements were again evaporated for 15 min to
make the CIGS film convert from Cu-poor to Cu-rich and

1600 T — T T
1400 | PRE-Ag Cu FDT:
o 1200 Ga Ga
o 1000 In i
2 i
s 800 Stage 1 Stage 2 Stage
o - >
g' 600
° Substrate
= 400
200
0 i 1 i | - s 1 s 1 i
0 10 20 30 40 50
Time (min)

Fig. 1. Sketch diagram of the absorber layer deposition process. The PRE-Ag
process is referring to the Ag-Se precursor deposition process, which was
prepared before the CIGS deposition process. In addition, the Ag surface treat-
ment process carried out on the surface of CIGS films is denoted as the
PDT-Ag process.
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Table 1. Deposition Conditions of Different Samples with Ag®.

Sample PRE-Ag (50 nm) PDT-Ag (50 nm)
A No No
B Yes No
C No Yes

““Yes” represents this process carried out during the deposition process, while
“No” represents this process not being carried out.

obtain CIGS film with a stoichiometric ratio. In addition, the
Ag surface treatment process was carried on the surface of
CIGS films, which was the same as the deposition process of
the precursor films. More details about the deposition of
absorber layers can be observed in Fig. 1. After the CIGS depo-
sition process, a 50 nm n-type CdS was prepared by a chemical
bath deposition (CBD) process. Subsequently, the ZnO (50 nm)
and Al-doped ZnO (400 nm) were grown by a radio frequency
(RF) sputtering method. Lastly, the Ni-Al grids were evaporated
with a mask by the electron beam evaporation process.

In this work, three group samples were prepared to study the
characteristics of Ag-doped CIGS films in a low-temperature
deposition process. The detailed deposition conditions of differ-
ent samples are supplied in Table 1. Here, the CIGS sample with-
out any treatment was used as the reference sample. Then, the
influence of Ag on CIGS material properties was compared by
the samples, A, B, and C. For all samples, the molar ratio of Ga
and In 4+ Ga (GGI) is in the range of 0.32-0.33. In addition, the
thickness of all films ranges from 2.0 to 2.2 pm.

2.2. Characterization

The integral compositions of CIGS films with Ag were deter-
mined by X-ray fluorescence spectroscopy (XRF), which was
calibrated by inductively coupled plasma (ICP). A scanning elec-
tron microscope (SEM) was used to show the cross sections of
Ag-treated films. The crystallinities of absorber layers were char-
acterized by a Philips X-pert pro X-ray diffractometer (XRD)
with a Cu Ko A 2420 source meter under air mass (AM) 1.5 illu-
mination (100 mW - cm~2) was employed to determine the cur-
rent-voltage (J-V) curves of solar cells. An HP 4284A
inductance, capacitance, resistance (LCR) meter was applied
on ACIGS films to determine defect concentrations and its dis-
tributions (capacitance-voltage, CV; admittance spectroscopy
characterizations, AS). Furthermore, the external quantum effi-
ciency (EQE) of different samples was measured in the range of
350-1300 nm.

3. Result and Discussion
3.1. Independently controlling material properties of CIGS
films with Ag

Figure 2(a) shows the XRD patterns of CIGS films to explore the
phase transition of Ag-treated CIGS films. Except for the Mo
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Fig. 2. (a) XRD patterns of the CIGS films with Ag. (b) The corresponding
grazing incident X-ray diffraction (GIXRD) patterns of absorber layers.

peak (about 40°), all XRD patterns of the three samples (A, B,
and C) are consistent with chalcopyrite CIGS phases'*!), which
means that Ag was well synthesized into the CIGS films. The
reference CIGS sample (A) exhibits an obvious (220/204) pre-
ferred orientation, while Ag-treated samples (B and C) have a
strong (112) preferred orientation. In fact, the (112) peak in
chalcopyrite film has the lowest surface energy''®). When Ag
is incorporated into CIGS film, the melting temperature of
the absorber layer is reduced obviously, leading to the enhanced
element diffusion. As a result, the film has a lower surface
energy. Therefore, ACIGS films show different preferred orien-
tation (112) in contrast with the reference CIGS sample. The
corresponding grazing incident X-ray diffraction (GIXRD) pat-
terns of CIGS films with the incident angle of 0.3° are presented
in Fig. 2(b). The significant shift to a lower degree in ACIGS
films indicates the successful substitution of Ag for Cu. In addi-
tion, the peak of sample C [post deposition treatment (PDT)-Ag
process] is slightly lower than that of the sample B [precursor
deposition treatment (PRE)-Ag process], which suggests that
the Ag content of the sample C is a little higher on the CIGS sur-
face. It is known that the diffusion of the Ag element in CIGS
films deposited at the high substrate temperature is uniform,
which is not affected by the different Ag treatment processes.
Therefore, the Ag content on the surface of CIGS thin films with
different Ag treatment processes should be equivalent at the
high substrate temperature. In this low-temperature deposition
process, the Ag content of sample C (PDT-Ag process) is a little
higher on the CIGS surface than that of sample B (PRE-Ag proc-
ess), although they possesses almost the same Ag content as
sample C. Therefore, it is likely that the low substrate temper-
ature limits the diffusion of the Ag element in CIGS films.
According to the standard equation of the tetragonal lattice
(% = % + %)[26], the lattice constants of CIGS films can be
calculated: sample A, 5.7120A (1 A = 107'° m) for a and
11.3315 A for ¢; sample B, 5.7398 A for a and 11.4235 A for ¢
and sample C, 5.7319 A for a and 11.5409 A for c. These results
indicate that substituting Ag for Cu can increase the lattice con-
stants of CIGS films. Besides, the corresponding values of ¢/2a
of different samples (A, B, and C) are 0.9919, 0.9951, and 1.0006,
respectively. Considering that the CIGS film is chalcopyrite
structure, the ideal lattice constant ¢/2a is one!*”. It is found that
the incorporation of Ag into CIGS film could address lattice dis-
tortions, which also verifies our previous work!?!,
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Fig. 3. Cross-sectional SEM images of CIGS films of (a) A, (b) B, and (c) C.

Cross-sectional SEM images of CIGS films are given in Fig. 3.
Clearly, the crystallinity of the reference CIGS film, grown in a
low-temperature process, is poor in Fig. 3(a). The grain sizes in
the upper part of the film are larger than that near the Mo layer
owing to the Ga distribution in the absorber layer. For the Ag
precursor-treated sample B, its crystallinity is improved obvi-
ously, and the fine grain layer near the Mo layer disappears.
In addition, the grains in the upper part of sample B also become
better. Currently, two possible explanations can be considered
for this phenomenon. First, the melting temperature of the
whole films is decreased after the incorporation of Ag, which
can enhance the recrystallization. In addition, it has been dem-
onstrated that the Cu-Se phases are also observed in the
Cu-poor condition during the second stage®'!. Given the fact
that the bond dissociation energy of the Ag-Se phases is lower
than that of the Cu—Se phases'>****], we can deduce that more
Agatoms of sample C with the PDT-Ag process can be separated
to the lattice of Cu to improve the quality of CIGS films.
Compared with the reference CIGS sample A, sample C pos-
sesses similar crystal quality (the poor microstructure near the
Mo layer). The increased grain size in the upper part of sample
C means that the Ag surface process in a low-temperature proc-
ess mainly improves the upper CIGS crystallization, which
agrees with the XRD results in Fig. 2(b). In combination with
the result of sample C, it is obvious that both the Ag precursor
and the Ag surface process can heighten the crystallinity of CIGS
film, and the former is more obvious than the latter. Therefore,
incorporating Ag into CIGS films can contribute to improving
the crystallization of the absorber layers.

3.2. Device performance of Ag-treated CIGS solar cells

The photovoltaic parameters of Ag-treated CIGS films are
shown in Fig. 4. It can be observed that the conversion efficiency
of Ag-treated CIGS samples increases from 14.0% to 15.1%,
mostly because of the enhanced short-circuit current density
(Jsc)- In order to give an explanation for the changed Jsc,
EQE results are exhibited in Fig. 5(a). Compared with the refer-
ence CIGS sample, the Ag-treated samples have a blue shift of
the band-edge wavelength, leading to the reduction of Jyc.
This is related to the enlarged band gap caused by Ag doping.
The band gap values of different samples were obtained by
EQE curve fitting. As shown in Fig. 5(b), after adding Ag into
CIGS films, values of the band gap increase slightly. Besides,
the improved spectral response of the near-infrared wavelengths
(600-900 nm) of Ag-treated CIGS films indicates that Ag can
improve the minority carrier collection of the bulk of CIGS
films due to the enhanced recrystallization!"®!. Therefore, the
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improved Jsc mainly benefits from the increased minority
carrier collection.

In addition, adding Ag into CIGS films also increases the V¢
slightly, as shown in Figure 4(b). This result can be attributed to
the enlarged band gap, the reduced defect concentration, and the
enhanced CdS/CIGS heterojunction, which have been discussed
in detail in our previous work®”**. It is well known that the
Urbach energy (Ey) of CIGS films, which is calculated by the
EQE results in the long-wavelength edge, can be used to measure
the change in Vo ger (Vocdet = Eq /9 — Voc)- Here, a decreased
Vocder corresponds to an improved Voc. In order to further
explore the reason for the changed Vg, the Ey of different
samples should be calculated by the following equation:

Chinese Optics Letters

In(EQE) = ¢ + g—v (1)
U

where hv and ¢ are photon energy and constant, respectively.
The corresponding Ey results are shown in Fig. 5(d). Clearly,
with the Ag precursor layers, the E; values of CIGS thin films
are decreased from 36.2 to 22.7 meV, mainly due to the enlarge-
ment of grain sizes, as shown in Figs. 3(a) and 3(b). It is evident
that the Ag surface treatment process also induces the reduction
of the E; value (21.5 meV), which does not seem to be related
to the crystallinity of CIGS films in Figs. 3(a) and 3(c).
According to the result of Kim et al. and our previous work,
Ag surface treatment can passivate the defect at the CIGS/CdS
heterojunction effectively'®**!. This result manifests that the
Ey of solar cells also can be used to reflect the quality of the
CIGS/CdS heterojunction.

From previous work®”), the decrease in the E;; value of the
CIGS films by 1 meV corresponds to the reduction of V¢ ger
by 8.6 mV. This result indicates that when the Ey; value reduces
1 meV, the V¢ of solar cells should increase about 8.6 mV. As
shown in Table 2, to get clearer comparison, we calculated the
AEy (the reduced Urbach energy) and AV (the increased
Voc) of different samples. The AEy for samples B and C is
13.5 and 14.7 meV, respectively, while their AV are both
12 mV. It suggests that the reduced Ey; does not contribute suf-
ficiently to the increased V.

Exploring the reason for the slightly improved Vg, CV
results of different samples are provided in Fig. 5(c). The doping
concentrations (N,) are 2.14 X 10'%, 4.02 x 10'4, and 1.32 x
10" cm™ for samples A, B, and C, respectively. From the pre-
vious studies*****”), the relationship between the Vo and N,
can be expressed as follows:

AVoc=Voc — Voc1 =

"Tln(N “2), @)
q Nul

where k, T, and q are the Boltzmann constant, temperature, and
elementary charge, respectively. A higher N, brings a higher
Voc*". However, when Ag was incorporated into CIGS thin
film, the carrier concentration decreased significantly. We
attribute the slightly improved Vo to the low p-type conduc-
tivity of the absorber layers. It can be observed that the series
resistance (Rg) of different samples is sample A > sample C >
sample B at the same test temperature (from 120 K to 300 K).
This difference determines the fill factor of solar cells. The larger

Table 2. Statistics of Different CIGS Samples in the AE, and A Vye?.

Ag-Treated Sample AEy (meV) AVoc (mV)
B 13.5 12
C 14.7 12

“AEy is the reduced Urbach energy compared with reference sample A, while
AV is the increased open circuit voltage.
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R of solar cells is often determined by the contact and bulk resis-
tances of the stack layers, and it obviously affects the transport of
the carrier. Furthermore, the charge barrier height ®, of each
sample is also calculated in Fig. 6. It shows that the values of
barrier height of samples A, B, and C are 80, 74, and 78 meV,
respectively. The hole concentrations of all samples from
CV results are found to be 2.14 X 10'°, 4.02 x 10", and
1.32 X 10" cm™3, respectively. These results are in accordance
with the investigation of Zhang et al., where the back-contact
barrier may be attributed to the carrier density'**!. For reference
sample A, the crystallinity is poor, and many fine grains are
carried throughout the film in Fig. 3(a). The grain boundary
recombination is serious. When it comes to sample C, the Ag
surface treatment improves the surface quality of CIGS films
in Fig. 3(c) and promotes the carrier transport at the front sur-
face. However, the crystallinity of sample C near the Mo layer is
still poor. Thus, the decreased barrier height is not obvious.
When Ag was introduced before the CIGS process (sample B),
the enhanced crystallinity further induces the barrier height
from 78 meV to 74 meV. This phenomenon indicates that the
incorporation of Ag enhances CIGS films’ crystallinity, which is
the reason for the varied carrier concentration and the changed
carrier transport from the active layer to the back electrode
in Figs. 5(c) and 6. Therefore, the enlarged Vo of Ag-treated
CIGS solar cell is largely thanks to the improvement of the qual-
ities of CIGS films and the CIGS/CdS heterojunction. However,
the low carrier concentration of the absorber layers limits the
increase of V. To enhance the p-type conductivity of the
CIGS films, PDT for N, should be a simple method, which
deserves further investigation.

4. Conclusion

In this paper, different Ag treatment processes were utilized to
improve the CIGS material properties and the corresponding
device performance in a low-temperature process. The incorpo-
ration of Ag into CIGS films can not only reduce the melting
temperature of the absorber layer but also enhance the element
diffusion. Simultaneously, it leads to a lower surface energy and
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generates a strong (112) preferred orientation. Furthermore,
according to the XRD results, we can observe the larger lattice
constant of the CIGS films compared with the reference sample,
which suggests that the addition of Ag can increase the lattice
constant of CIGS films. In contrast to the reference film, the val-
ues of ¢/2a of Ag-doping CIGS films are closer to one (the ideal
lattice constant of CIGS film). It is demonstrated that both the
Ag precursor and the Ag surface process can heighten the crys-
tallinity of CIGS film, and the former is more obvious than the
latter. The enhanced crystallinity of CIGS films is beneficial to
the collection of minority carriers and the improvement of Jgc.
Furthermore, Ey; is also reduced with Ag doping: the Ag precur-
sor process decreases the Ey value from 36.2 to 22.7 meV
because of the enhanced crystallinity, and, for sample C, the
Ey; value decreases from 36.2 to 21.5 meV, which attributes to
the passivation of the defect at the CIGS/CdS heterojunction.
However, the reduced E; does not make sufficient contributions
to the increased Vo for the CIGS thin films with Ag doping,
which is ascribed to the decreased carrier concentration.
Besides, compared with the reference CIGS films, the values
of charge barrier height @, from the absorber layers to Mo back
electrodes of Ag-treated CIGS films decrease slightly, which may
be attributed to the carrier density and affect the transport of the
carrier. Therefore, additional N,,, not in the SLG substrate, can
be introduced into CIGS thin films to improve the carrier con-
centration. Herein, we expect to provide a simple and effective
Ag treatment process for the CIGS film in a low-temperature
process.
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