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The AgCuInGa alloy precursors with different Ag concentrations are fabricated by sputtering an Ag target
and a CuInGa target. The precursors are selenized in the H2Se-containing atmosphere to prepare (Ag,Cu)
(In,Ga)Se2 (ACIGS) absorbers. The beneficial effects of Ag doping are demonstrated and their mechanism
is explained. It is found that Ag doping significantly improves the films crystallinity. This is believed to be
due to the lower melting point of chalcopyrite phase obtained by the Ag doping. This leads to a higher
migration ability of the atoms that in turn promotes grain boundary migration and improves the film
crystallinity. The Ga enrichment at the interface between the absorber and the back electrode is also alle-
viated during the selenization annealing. It is found that Ag doping within a specific range can passivate
the band tail and improve the quality of the films. Therefore, carrier recombination is reduced and carrier
transport is improved. The negative effects of excessive Ag are also demonstrated and their origin is
revealed. Because the atomic size of Ag is different from that of Cu, for the Ag/(Ag + Cu) ratio
(AAC) � 0.030, lattice distortion is aggravated, and significant micro-strain appears. The atomic radius
of Ag is close to those of In and Ga, so that the continued increase in AAC will give rise to the AgIn or
AgGa defects. Both the structural and compositional defects degrade the quality of the absorbers and
the device performance. An excellent absorber can be obtained at AAC of 0.015.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Cu(In,Ga)Se2 (CIGS-based) solar cell has been a key member in
the family of thin film solar cells. In recent years, great progress
has been achieved in the field of CIGS cells for both small-area lab-
oratory cells and modules, resulting in ongoing performance
improvement and increasing commercialization of these devices
[1–5].

The concentration of Cu in the CIGS absorber strongly affects
the quality of the absorber and the device performance and must
be controlled to be in the appropriate range. Specifically, it should
be slightly lower than the stoichiometric ratio in order to obtain
the desired conduction type because CIGS films require Cu vacan-
cies (VCu) to form a p-type semiconductor [6]. However, InCu or
GaCu substitution defects may appear if the Cu concentration is
too low. These defects then can form defect pairs with VCu and give
rise to carrier loss [7,8]. On the other hand, a Cu-rich absorber is
favorable for improving the crystallinity of the CIGS absorber,
resulting in the reduction of boundary defects [9]. However, exces-
sive Cu will not only reduce the concentration of VCu, but also leads
to the formation of the Cu-Se secondary phase in the film [10]. The
phase acts as a carrier recombination center and may even change
the conduction type of the films if the Cu concentration is too high
[10,11]. Therefore, Cu concentration is a key parameter and should
be controlled in a narrow range in order to obtain a high-quality
absorber. If the concentration deviates from this range, the film
performance will deteriorate rapidly. In the actual film fabrication
process, the grains are generally still not sufficiently large when
the negative effects caused by excessive Cu begin to appear [10–
12].

In the very early studies on the fabrication of CIGS absorbers by
the co-evaporation method, KCN has been usually used to etch the
film with a specific Cu distribution [13]. This method can simulta-
neously remove the Cu-Se phase and obtain large grains. Compared
reserved.
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to the co-evaporation method, sputtering is a more straightforward
and less expensive production process and can achieve better com-
position uniformity for large-area films [14]. However, in contrast
to the co-evaporation method, it is difficult to control the Cu distri-
bution of the films fabricated by sputtering. Due to its high toxicity,
the use of KCN is restricted so that KCN etching cannot be used to
control the Cu distribution in industrial production of CIGS films.
Therefore, to enable low-cost industrial production of CIGS films
using the sputtering method, it is necessary to increase the grain
size of the films.

It is well-known that elements belonging to the same group
have the same number of valence electrons, and therefore often
have similar chemical properties. Both Cu and Ag belong to the
IB group, so that AgInSe and CuInSe are both semiconductor mate-
rials that can be used as photovoltaic absorber films [1,15]. How-
ever, since Ag and Cu belong to different periods, the properties
of the AgInSe and CuInSe compounds differ in some aspects.

Ag-doped CIGS has attracted intense attention of several
research groups [16–20]. According to the reports in the literature,
the partial substitution of Cu by Ag can improve the performances
of the absorbers. The use of different amounts of Ag doping in dif-
ferent studies reported in the literature has led to large variations
in the film properties. Such large variation may be caused by the
different methods used for film fabrication.

Many studies on the Ag-doped CIGS fabricated by the co-
evaporation [16,17], solution methods [19] and by annealing CIGS
precursors deposited by the sputtering of CIGS ceramic targets [20]
have been reported. Comparison of the solution method and the
annealing of ceramic precursors shows that selenization annealing
of the CuInGa precursors can obtain films with relatively larger
grains [21]. Therefore, this method may require less Ag, reducing
the cost of the films. However, to date, there have been few reports
on the Ag-doped CIGS absorbers fabricated by selenization anneal-
ing of the Ag-doped CuInGa precursors deposited by the sputtering
alloy targets.

In addition, most reports in the literature [16,19] discuss the
beneficial effects of Ag by comparing the samples with and without
added Ag. Many reports only consider the changes due to Ag dop-
ing but ignore the difference between the effects of Ag and Cu. In
fact, increasing the Cu concentration within an appropriate range
can also improve the quality of the film. Therefore, a comparative
study of the effects of the two elements is necessary to further
explore effects of Ag doping and obtain more accurate conclusions.

Most reported films in literature also suffer from the adverse
effects of excessive Ag doping and the appropriate Ag doping range
has not been specified. To determine the appropriate Ag doping
range, it is necessary to conduct a more thorough study and anal-
ysis of the effects of the Ag doping amount.

In this work, precursors with different Ag concentrations were
fabricated by sputtering CuInGa and Ag targets followed by anneal-
ing in the H2Se/Ar atmosphere. The film quality and device perfor-
mances were characterized. For some films, Cu was used to replace
the added Ag to further explore the effects of Ag on film quality.
Table 1
The I/III and AAC of the fabricated samples.

Sample ID I/III AAC

A0 0.843 0
A1 0.849 0.008
A2 0.856 0.015
A4 0.869 0.030
A6 0.881 0.044
C6 0.881 0
A20 0.971 0.132
C20 0.971 0
2. Experimental

2.1. Preparation of absorbers and devices

Molybdenum films (thickness of approximately 800 nm) were
deposited on soda-lime glass (SLG) by DC-sputtering, followed by
the deposition of precursor films. The precursor films were fabri-
cated in two steps. In the first step, Ag or Cu was sputtered onto
the Mo-coated SLG substrate layer. Then in the second step, CuInGa
films (thickness of approximately 600 nm) were deposited by sput-
tering a CuInGa alloy target. Thus, the films with different compo-
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sitions can be obtained by controlling the amount of Ag or Cu in the
first step. As a whole, the value of Ga/(In + Ga) in films is about
0.30. In this work, I/III is used to represent the ratio of the concen-
tration of group I element to the concentration of group III element
in both the precursors and absorbers. AAC is the abbreviation of
Ag/(Ag + Cu). Table 1 shows the fabricated samples and their cor-
responding samples ID, I/III, and AAC. A in sample ID indicates that
the samples were fabricated by growing the Ag film in the first
step, while C indicates that the samples were fabricated by grow-
ing the Cu film in the step.

The precursor films were annealed in a selenization furnace.
The furnace chamber was evacuated to a base vacuum of
2.0�10�3 Pa prior to selenization. Then, H2Se as the Se source
and balance Ar as the carrier gas were introduced into the furnace
to form the selenization atmosphere during the annealing process.
The H2Se concentration was 5.0 vol%. The samples were first
heated to the temperature of 300 ℃ at a rate of 20 ℃/min and were
kept for 40 min at this temperature to carry out preliminary sel-
enization that is a key process for homogeneous selenization. Then,
the temperature was raised to 540 ℃ for the final selenization for
40 min. Then, the samples were cooled by furnace cooling after
the completion of the final selenization.

The deposition of other layers and the fabrication of solar cell
devices are the same as in our previous works [22]. CdS (thickness
of approximately 50 nm) films were fabricated by chemical bath
deposition (CBD), followed by i-ZnO (80 nm)/AZO (350 nm) win-
dow layers that were manufactured by sputtering the targets at
200℃. No metal grid and anti-reflective coating were used in this
work. The devices were divided into separate cells by mechanical
scribing with an effective area of 0.25 cm2.
2.2. Characterization

Field emission scanning electronic microscopy (FE-SEM, Zeiss
Sigma, Germany) equipped with EDS accessory was used to inves-
tigate the morphologies of the samples. A differential scanning
calorimeter (DSC, Netzsch STA 449F3, Germany) was used to deter-
mine the melting temperature. The phases were determined by
Raman spectroscopy (Horiba LabRAM HR Evolution) with a
532 nm wavelength laser and by X-ray diffraction (XRD, Rigaku
Smartlab, Japan) using Cu Ka radiation (k = 1.5418 Å) in h-2hmode.
The photoluminescence (PL) spectra were recorded using a spec-
trophotometer excited by a 900 nm laser at room temperature.
Urbach energy (EU) was estimated from the external quantum effi-
ciency (EQE) data that were measured using the QTest Station
2000ADI system (Crowntech Inc., USA). The system was calibrated
by the standard Si and the In-Ga-As photodiodes. Electrochemical
impedance spectroscopy (EIS) measurements were carried out
using an electrochemical workstation (Zahner IM6) at the frequen-
cies from 10 Hz to 8 MHz. The current density–voltage (J-V) curves
were measured with a solar simulator (Class AAA, Newport) under
AM 1.5G illumination (1000 W/m2) after calibration with a refer-
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ence Si solar cell under the same conditions. All of the experiments
were performed at room temperature.

3. Results and discussion

Large grains are beneficial for the performances of CIGS thin
film solar cells [23–25]. Small grains lead to a greater amount of
grain boundaries that give rise to the scattering of the carriers dur-
ing charge carrier transport. In addition, the structure and phase
composition at the grain boundaries are relatively complex, and
the presence of many grain boundaries will increase the carrier
recombination rate. Fig. 1 shows the SEM images of the ACIGS films
with different Ag concentrations that were used to evaluate the
influence of Ag addition on grain growth. The results show that
the grain sizes increase monotonically with the AAC increasing
from 0 to 0.044. The growth of the grains is the result of the grain
boundary migration. Since grain boundary migration strongly
depends on the diffusion of atoms, the diffusion ability of atoms
has a significant impact on grain growth.

It has been reported that Cu can combine with Se to form the
Cu-Se phase [10,13]. During the annealing process, Cu-Se will exist
as the liquid phase due to its low melting point. The liquid phase
can promote the diffusion of atoms, thereby promoting the growth
of crystal grains. This also shows that Cu promotes increased grain
size. To explore the effects of Ag doping on grain growth and com-
pare the difference between Ag and Cu in promoting grain growth,
the Ag added in the sample A6 was replaced by the same amount
of Cu. Comparison of Fig. 1(a and f) shows that the Cu-added film
has larger grains than the film without added Cu, but its crys-
tallinity is not better than that of the A6 film.

To further explore the difference between Cu and Ag in promot-
ing grain growth, CuSe, CuInSe2, Ag2Se and AgInSe2 were examined
by DSC. The results of the DSC measurements are shown in Fig. 2.
Fig. 1. The surface and cross-sectional SEM images of absorbers with different AAC of (a)
sectional SEM images of the sample C6, in which the Ag in A6 is replaced with the equi
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Fig. 2(a-1) shows the DSC curve of CuSe. Two endothermic peaks
are observed, with the endothermic peak at low temperature cor-
responding to the decomposition of CuSe to Cu2Se and Se and the
broader peak at a higher temperature corresponding to the melting
peak of the remaining CuSe. The melting point of CuSe reported in
related literature is approximately 550 �C [26], which is within the
broad peak range observed in Fig. 2(a-1). In addition, the CuSe
sample after high-temperature heating was subjected to the same
DSC test again, with the results shown in Fig. 2(a-2). It is found that
the sample has been completely changed, and the peaks observed
in the first DSC test did not appear in the second test. A new peak
appeared at 1127 �C that corresponds to the melting point of Cu2-
Se. This shows that the CuSe decomposes more easily. Neverthe-
less, some CuSe was still present in the relatively low-
temperature range during the heating process. The DSC results
for the Ag2Se powder are shown in Fig. 2(b). The endothermic peak
at approximately 887 �C corresponds to the melting peak of Ag2Se.
The melting point of Ag2Se is much higher than that of CuSe. Fig. 2
(c and d) shows the DSC results for CuInSe2 and AgInSe2, respec-
tively. Two endothermic peaks are observed for both CuInSe2 and
AgInSe2. The endothermic peak located at the lower temperature
is the phase transition peak, and the peak at the higher tempera-
ture is the endothermic melting peak. It is observed that the melt-
ing point of AgInSe2 of 633 �C is significantly lower than that of
CuInSe2 (932 �C), and is also lower than that of Ag2Se. It appears
that the melting point for AgInSe2 of 633 �C is slightly higher than
the annealing temperature. Considering low gas pressure in the
annealing process, the actual melting point for AgInSe2 should be
lower than the annealing temperature. In addition, since the reac-
tion of the metal precursors with Se is a typical exothermic com-
pound reaction, the temperature of the films will rise during the
reaction. This means that although the formation of CuSe with a
low melting point is the origin of the promotion of grain growth
A0, (b) A1, (c) A2, (d) A4, and (e) A6, respectively. (f) presents the surface and cross-
valent amount of Cu.



Fig. 2. DSC patterns of (a-1) CuSe, (b) Ag2Se, (c) CuInSe2, (d) AgInSe2, (a-2) Cu2Se.
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by Cu, for the Ag addition the most important liquid phase to pro-
mote grain growth is not the Ag2Se phase but rather the AgInSe2
phase.

The speed of the grain boundary migration (V) can be expressed
by the following formula,

V ¼ D
k

�Dl
kT

� �

where D is the diffusion coefficient of the atom, k is the distance of
the atom migration, 4l is the free energy difference between the
adjacent grains, k is the Boltzmann constant, and T is the tempera-
ture [27]. The values of -4l/kT in the samples are similar when the
addition of Cu or Ag is used as the control variable. In the samples
with added Cu, some additional low-melting CuSe will appear. The
Cu and Se atoms in liquid CuSe phase have high diffusion coeffi-
cients. Simultaneously, some other atoms can also migrate and dif-
fuse through the liquid phase, and have a higher diffusion
coefficient than that in the solid-phase state. In the samples with
Ag doping, additional AgInSe2 or Ag(In,Ga)Se2 phases with a low
melting point are present. Similarly, the Ag, In, Ga, and Se atoms
in the liquid phase will also show stronger diffusion. Compared to
the sample with additional Cu, the low melting point phase in the
sample with Ag is composed of more elements. This means that
221
more atoms have a high diffusion coefficient. Fig. 3 shows the sim-
ulation diagram of atom migration. It is known that other atoms in
the Cu-added sample must migrate from one crystal grain to
another. In this process, they are scattered by Cu and Se atoms,
and thus have a larger k. For the atoms in the Ag-doped sample,
since the atoms in the crystal grains are also present in the liquid
phase, simple replacement can realize the migration of the atoms
from one crystal grain to another. The k values for the atoms in
Ag-doped samples are much smaller. Therefore, according to the
above formula for V, the Ag-doped samples have the higher grain
boundary migration speed, and finally show larger grains. In other
words, the sample with Ag doping can obtain a similar grain size
to that of the sample without Ag doping but at a lower annealing
temperature or for a shorter annealing time. This means that the
Ag doping process is highly advantageous and beneficial due to
reduced energy consumption, enabling the use of low melting-
point substrates for the preparation of flexible solar cells, and
obtaining improved production efficiency.

It is well-known that the grains of a CIGS film can grow further
through the increase in the Cu concentration. However, excessive
Cu will lead to the Cu-Se binary phase becoming a stable final pro-
duct in the film rather than only an intermediate product of the
annealing reaction [10]. This residual Cu-Se phase will act as a
recombination center of excited charge carriers. Therefore, the Cu



Fig. 3. Schematic diagram of atomic diffusion and grain boundary movement in (a) Cu-added samples and (b) Ag-doped samples. The blue dashed arrows represent the path
of atoms diffusion. The solid black arrows represent the direction of the grain boundary movement.
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concentration in CIGS cannot be too high. Although the mechanism
of Ag doping for the promotion of grain growth is different from
that of Cu addition, the residual phase may also occur in the Ag-
doped films. Therefore, films with the I/III group element ratio of
0.97 were obtained by sputtering a Cu target or an Ag target based
on the CGI = 0.84 target. Fig. 4(a) shows the Raman spectra of the
samples. Residual Cu-Se phases were observed in the Cu-added
sample, while Ag-Se and Cu-Se phases were absent in the Ag-
doped sample treated with the same annealing process. The peak
frequency of sample A20 is lower than that of sample C20 due to
Ag doping [28]. Combined with the previous analysis, these results
provide additional support for the mechanism of Ag promoting
grain growth and indicate that Ag promotion of grain growth is
mainly due to the effect of the AIGS phase.

According to the XRD patterns shown in Fig. 4(b), Ag doping did
not cause a significant shift in the peak position. This is because
only a small amount of Ag was doped into the samples. In addition,
it is observed from Fig. 4(b) that all of the samples are composed of
the pure chalcopyrite phase. Combined with the Raman results,
these results suggest that the addition of Ag does not introduce
impurity phases. The full width at half-maximum (FWHM) of the
main peak shown in Fig. 4(c) changes with the increase of AAC.
Fig. 1 shows that grains growwith increasing Ag amount. However,
unlike the grain size, the FWHM did not change monotonically but
rather first decreased and then increased. The addition of Ag can
significantly improve the crystallinity of the film. Therefore, with
the increase of Ag, the FWHM decreased within a specific range.
Fig. 4. (a) The Raman spectra of the sample A20 and sample C20. (b) The XRD patt
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As the Ag amount continue to increase, although the grain size con-
tinues to increase, the FWHM increases. This is because the
replacement of Cu with excessive Ag will introduce lattice distor-
tion. The microscopic strain and microscopic stress generated by
the lattice distortion eventually lead to the increase of the FWHM.
The excessive microscopic strain will cause non-negligible struc-
tural defect that will affect the device performance similar to the
grain boundaries. However, this phenomenon appears to have
been rarely noticed in the study of Ag doping.

In addition to the aggravation of lattice distortion, AgIn (or AgGa)
substitution defects may be generated due to excessive Ag doping.
Similar defects have been explored in the study of films with high
Cu concentration [29,30]. However, the Ag-related substitution
defects have not been reported to date. In this work, PL measure-
ments were used to study the effects of Ag doping on the defect
energy levels.

The obtained PL spectra are presented in Fig. 5(a) and show sig-
nificant changes due to Ag doping. With increasing Ag concentra-
tion, the intrinsic PL peak position gradually shifts towards
higher energy. PL is a surface characterization technique, and the
shift of its intrinsic peak position is strongly related to the change
of the near-surface band gap (Eg) of the film. In this work, both AAC
and GGI will affect the value of Eg. The composition at the film sur-
face was examined by EDS measurements. Based on the composi-
tion obtained, the Eg of (Agw,Cu1-w)(In1-x,Gax)Se2 can be calculated
as Eg[eV] = 0.25w2 + 0.03w + 0.08x2 + 0.16x-0.11xw + 1.01 [31].
Fig. 5(c) shows the relationship between the AAC, GGI and Eg. First,
erns of the sample A0–A6, respectively. (c) FWHM values calculated from (b).



Fig. 5. (a) PL spectra of the absorbers with different AAC of A0–A6, respectively. (b) The PL spectrum of sample C6, in which the Ag in A6 is replaced with the equivalent
amount of Cu. (c) The value of GGI and Eg with different AAC.
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the calculated Eg value is close to the position of the intrinsic PL
peak. The origin of the PL peak shift to higher energy was con-
firmed. On the other hand, it is clear that the more critical factor
causing the change in near-surface Eg is the change in the GGI of
the film surface. While the substitution of Ag itself can increase
the Eg of the absorber, due to the small amount of Ag doping, it
cannot cause significant changes in Eg.

The origin of the gradual increase of GGI on the surface with the
doping of Ag is analyzed next. It is related to ability of Ag to pro-
mote the diffusion of Se atoms and Ga atoms as described above.
Since the formation energy of CIS is smaller than that of CGS, Ga
will be driven to the interface between the absorber and the Mo
layer. Therefore, a gradient distribution of Ga appears with lower
Ga content at the surface and greater Ga content at the back sur-
face in the samples examined in this work. The promotion of the
Se atom diffusion means that Se can enter the bottom layer from
the surface of the absorption layer more quickly, and the com-
pound reaction of Se can be completed more rapidly. Therefore,
the driving force for Ga enrichment toward the back of the CIGS
absorber disappears more quickly. After the reaction is completed,
another driving force appears for Ga to return to the surface due to
the concentration gradient of Ga. With the increase of AAC, the dif-
fusion ability of Ga atoms gradually increases. Therefore, the distri-
bution of Ga will be more uniform in the same time. Finally, the
near-surface Ga-poor phenomenon is gradually alleviated, and
GGI gradually increases. This confirms the origin of the PL peak
position shift to the higher energies. Moreover, for a small amount
of doped Ag, the intensity and integrated area of the PL peak
increase. This indicates a reduction in non-radiative
recombination.

For AAC >0.44, the PL spectrum changed dramatically. Not only
the intensity of the intrinsic excitation peak is significantly
reduced, but a new PL peak appears at the lower energy position.
The difference between the intrinsic peak and the lower energy
peak is approximately 0.3 eV. This deep-level defect was caused
by the increase in the Ag concentration. To further determine the
defect level, a sample with the same Cu addition was also exam-
ined by PL measurements. The PL peak of the defect level does
not appear in the Cu-added sample. Based on the position of the
energy level and experimental conditions, it is concluded that the
defect is AgIn (or AgGa) substitution defect [28]. Since the difference
between the atomic radius of Ag and the atomic radius of In or Ga
is smaller than that of Cu atoms, AgIn (or AgGa) defects are easier to
form. AgIn (or AgGa) is a deep-level recombination center that will
degrade carrier transport and thus its presence will degrade device
performance.
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In addition to the AgIn (or AgGa) recombination center that neg-
atively impacts the carriers transport, changes in the grain size and
micro strain will also affect the transport and lifetime of the carri-
ers. To characterize the quality of the film more comprehensively,
Urbach energy (EU) and EIS measurements were performed with
the results presented in Fig. 6.

EU is an interesting physical property of the absorber that can be
estimated from the external quantum efficiency (EQE) at the long
wavelength’s edge [32] and can be used to characterize the transi-
tions between Urbach tails. The transitions are affected by sub-gap
absorption of the absorber. Therefore, many studies have shown
that the EU can reflect the band tailing states of the device that
can be used to evaluate the device quality [32,33]. With the addi-
tion of Ag, the EU of the sample changed. When the Ag concentra-
tion is low, the value of EU gradually decreases with the addition of
Ag as shown in Fig. 6(a) and (b). This means that the quality of the
film is improved, and the lifetime of the carriers is enhanced. This
is mainly due to the contribution of Ag to grain growth and the
passivation of non-radiative recombination. However, the EU of
the film increases drastically when Ag doping is excessive. This is
primarily due to the non-negligible micro strain and AgIn (or AgGa)
recombination centers caused by excessive Ag. All of these effects
lead to band tailing and performance degradation. In addition, an
examination of the open-circuit voltage deficit (VOC, def) presented
in Fig. 7(c) shows that the VOC, def is close related to EU. For samples
with larger EU, the saturation current density (J0) is larger, resulting
in larger VOC, def. Finally, the EU of sample A2 reached 11.7 meV,
which is the minimum value obtained in this work. At the same
time, sample A2 exhibited the smallest VOC, def.

Generally, the classic Nyquist chart is composed of one or more
semicircular arcs with a specific diameter along the Z’ axis. The
semicircle has two intercepts with Z’ axis, and the smaller intercept
can characterize the series resistance (Rs) of the device. According
to Fig. 6(d), Ag doping will cause a slight increase in Rs. The diam-
eters represent the carrier recombination resistance (Rc) [34,35].
As the Ag concentration increases, the largest change is observed
in the diameters of the semicircles. This indicates that Ag doping
has a significant effect on carrier recombination. As shown in
Fig. 6(d), the diameter first increases and then decreases with
increasing Ag concentration. This also implies that the Rc and car-
rier lifetime first increase and then decline. According to the work
of Bisquert [36], the minority carrier lifetime is equal to the pro-
duct of the Rc and the composite capacitance (C). The values of
Rc and C can be obtained by fitting the EIS curve. Based on the cal-
culation, the minority carrier lifetimes of the samples can be
obtained as 0.262, 49.5, 51.4, 28.3, 0.213 ls, respectively. This



Fig. 6. (a) ln(EQE) in the long-wavelength edge (near the band edge) and (b) EU values of solar cells with different AAC of A0–A6, respectively. (c) Model circuit appropriate
with the experimental impedance data for the samples. (d) Electrochemical impedance spectra of devices A0–A6.

Fig. 7. (a) Typical J-V characteristics of the representative solar cells with different AAC of A0–A6. (b) EQE spectra of the solar cells with different AAC of A0–A6. (c) VOC, def of
the cells with various AAC of A0–A6. VOC, def is the value of Eg/q-VOC, and the Eg is obtained by PL measurement. Every boxplot was based on more than five cells.
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means that appropriate Ag doping can increase the diffusion length
of minority carriers which is beneficial for their collection. How-
ever, the beneficial effect of Ag doping decreases when
AAC >0.030. For AAC >0.044, Ag doping will degrade the transport
and collection of carriers. This is consistent with the results of EU
measurements and other characterizations.

The quality of the absorber strongly affects device performance.
Fig. 7(a) shows the J-V curves of the devices fabricated using sam-
ples with different Ag concentrations. Inevitably, there are differ-
ences between the samples. Overall, JSC is reduced upon Ag
doping because Ag doping enhances atom diffusion and inhibits
the enrichment of Ga at the interface between the absorber and
the back electrode. Additionally, the presence of Ag also increases
Eg. Thus, the Eg of the superficial layer is increased. Correspond-
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ingly, the cutoff wavelength of the EQE shifts toward shorter wave-
lengths in Fig. 7(b). The EQE difference in the long-wavelength
range is also due to this effect. The increase in the grain size and
the improvement of film quality caused by Ag doping increase
the EQE values of samples A1, A2 and A4 in the 500–1000 nm
wavelength range. The quality of the absorber and device of sample
A6 is poor, so that its EQE value is lower. Although the increase in
crystallinity is beneficial for increasing EQE within a certain range
and reduces the scattering of carrier transport, the increase in Eg
appears to give rise to a greater reduction in JSC. Moreover, the
increasing series resistance with Ag doping also reduces JSC. The
increase in Eg also increases the VOC. In addition to being affected
by Eg, VOC is also affected by the aforementioned structural defects,
namely the AgIn (or AgGa) substitution defects, and the band tailing
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states. Therefore, VOC changes did not show a single trend change
and achieved the highest VOC value was achieved for AAC of
0.015 (sample A2). The device with the best device performance
in the work was also obtained at AAC of 0.015.

4. Conclusions

In this work, the CIGS samples with different concentration of
Ag doping were fabricated. The effects of Ag on film quality and
device performances were explored. It was found that Ag doping
can lower the melting point of the absorbers. This promotes the
diffusion of elements and grain boundary migration, and leads to
improved crystallinity. The phenomenon of Ga enrichment at the
interface between the absorber and the back electrode is also sup-
pressed. The non-radiative recombination of the film gradually
decreases with the increase in the Ag amount for AAC � 0.015.
The band tail absorption is also suppressed, and the film quality
is gradually improved, leading to reduced recombination and
improved carrier transport. However, a too high amount of doped
Ag will have negative effects on the film properties. For
AAC � 0.030, micro strain appears and increases in the film due
to Ag doping. The EU value will also gradually increase. For
AAC � 0.044, AgIn (AgGa) defects appear in the films. Therefore,
the excessive addition of Ag will increase the carrier recombination
rate and VOC, def. In this compositional range, the performance of
the device is even lower than that of the un-doped sample. For
the CIGS fabricated by the annealing of the CuInGa precursor films
in this work, the optimal value of AAC is approximately 0.015.
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