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Abstract. In recent years, the device performance of Cu(In,Ga)Se2 (CIGS) solar cells has been
improved by heavy alkali element post-deposition treatment (Alkali-PDT). Therefore, it is of great
significance to study the mechanism of enhancing CIGS device performance through Alkali-PDT.
One aspect to be studied is the distribution of heavy alkali elements in the absorber. In this work,
the distribution of the heavy alkali element Cs in the absorber after post deposition treatment of
CsF (CsF-PDT) and its effect on the device performance are investigated. The experimental results
indicate that Cs can enter both the grain interior (GI) and grain boundaries (GB) via the Cu
vacancy (Vcu). By comparing the distribution of Na and Cs in the film, it can be noticed that Na
is mainly distributed at the GB, while Cs is not differently distributed between the GB and GI.
This is mainly due to the fact that the presence of Na at GB inhibits the accumulation of Cs there.
The distribution of Cs is beneficial in improving the device’s performance by passivating defects,
such as Incy.

Keywords: solar energy materials, diffusion, grain boundary.
1. Introduction

In recent years, the efficiency of CIGS solar cells has been greatly improved through post-
deposition treatment of heavy alkali elements (Alkali-PDT). For example, the world record
efficiency of CIGS solar cells has been raised to 20.4 % [1], 20.8 % [2], and 21.7 % [3] by using
post-deposition treatment of KF (KF-PDT). The post-deposition treatment of RbF (RbF-PDT) has
further increased the world record efficiency of CIGS solar cells to 22.6 % [4]. The higher world
record efficiency of 23.35 % of CIGS solar cells has been achieved by exploiting post-deposition
treatment of CsF (CsF-PDT) [5]. There are numerous investigations into the mechanism of
improving CIGS device performance through KF/RbF-PDT. One aspect that enhances device
performance is the fact K and Rb (similar to Na) distribute at the grain boundary (GB) and grain
interior (GI) of absorbers after KF-PDT and RbF-PDT. This is beneficial for passivating the
defects at GB and GI, thereby improving device performance [1, 6-9]. Although CsF-PDT can
also aid in improving device performance, its mechanism has been less studied. Cs is an alkali
atom with a larger atomic radius compared to Na, K, and Rb. Thus, whether the distribution of Cs
and its effect on the device performance after CsF-PDT is similar to that of K and Rb after
KF/RbF-PDT merits further investigation. Regarding the distribution of Cs, Lin et al. believe that
Cs is distributed at the grain boundary (GB) after CsF-PDT, which can help reduce the
recombination of minority carriers at GB, thereby improving device efficiency [10]. However,
Khatri et al. suggest that the distribution of Cs in the absorber is related to V. vacancies,
di-vacancies (Vcyu-Vse), and vacancy clusters, and thus it should not be limited to GB [11].
Meanwhile, Lee et al. believe that Cs can be distributed at both GB and GI, but with a greater
concentration at GB [12]. The main reason for the improvement of device performance in the
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above Cs distribution is that Cs can help reduce the number of deep donor-like defects (such as
Vs. and Ing,) and deep-level acceptor-like defects (such as Vi, or Cun), which is conducive to
improving the p-type characteristics of CIGS film as well as the Voc of the devices. Since the
distribution of Cs is controversial, this work focuses on the distribution of Cs in the absorber after
CsF-PDT and its effect on device performance. Due to the existence of Na, which may influence
the distribution of Cs in the film, the Na distribution is also investigated. Based on measurements
of Cs distribution within the absorber after CsF-PDT, it is evident that Cs can penetrate both the
GI and GB of the film via the V¢,. However, the existence of Na can hinder Cs distribution in GB
and GI, leading to similar Cs distribution in GB and GI. Meanwhile, Cs that enters the film may
serve to passivate defects in both GI and GB, for instance, by consuming Inc, compensating
donors to form Csc, neutral defects, thereby enhancing device performance.

2. Material and methods

The CIGS thin films were prepared on Mo-covered soda-lime glass substrates by a three-step
co-evaporation process, involving the co-evaporation of In, Ga, Cu, and Se [1-2]. The substrate
temperature in the first step was 350 °C, and in the second and third steps was 560°C. In the first
step, the (In, Ga),Ses; layer with a thickness of Ium was deposited. In the second step,
Cu(In, Ga)Se; and a small amount of Cu,.xSe were formed by co-evaporation of Cu and Se on the
surface of the (In, Ga),Se; layer. In the third step, In, Ga, and Se were co-evaporated to the surface
of Cu(In, Ga)Se; layers with Cu-rich properties, to transform it into a Cu-poor layer. The thickness
of the finished Cu(In, Ga)Se, (CIGS) films was about 2 pm. Based on the above method, we
prepared a set of CIGS films, which contained three samples. We selected one sample without
CsF-PDT (No-PDT) and the other two samples with CsF-PDT. In the process of CsF-PDT, the
CsF was evaporated under the Se atmosphere for 5 min with a substrate temperature of 450 °C.
The doping amount of CsF was controlled by adjusting the evaporation source temperature
(360 °C and 420 °C). After the completion of CsF-PDT, the samples were cleaned in ammonia
water with a concentration of 0.5 M for 5 minutes to remove the CsF remaining on the surface of
the absorber. Then the absorbers were covered with 50 nm CdS by chemical bath deposition.
Finally, the solar cells were finished by depositing an rf-sputtered i-ZnO/ZnO: Al bi-layer front
contact with a thickness of 90 nm and 430 nm respectively. The composition of the CIGS film
and the related device characteristics are shown in Table 1.

In order to obtain the compositional depth profile of the film, secondary ion mass spectroscopy
using SIMS (Cameca, Ims7f) was conducted. The sputtering primary beam was O," with an impact
energy of 10 keV and the beam current of 100 nA. The scanning area was 250x250 pm?, and the
analysis area was a circular area with a diameter of 63 um. Besides, the structure and cross-section
of the CIGS layers were characterized in a Hitachi S-4800 SEM using in-lens detectors with 5 keV
acceleration voltage. High-angle annular dark field (HAADF) and element-mapping images were
acquired with FEI Talos F200S transmission electron microscope (TEM) at 200 kV. Micro-probe
energy dispersive X-ray analysis (EDX) was performed in the scanning mode. The TEM
specimens were made using a focused ion beam (FIB) with a micro-sampling system (FEI
Dual-Beam Helios 450S) and the thickness of the TEM lamella is around 100 nm. Current
density-voltage(J-V) characteristics of the solar cells were obtained under simulated standard test
condition (25 °C, 1000W/m?, AM 1.5G illumination).

3. Results and discussion

In order to investigate the distribution of Cs in the CIGS film after CsF-PDT, we conduct SIMS
measurement and the results are shown in Fig. 1. As can be seen from Fig. 1(a), Cs gradually
diffuses from the surface of the absorber to its interior in a gradient form with the increase of CsF
deposition. Finally, when CsF evaporation is sufficient (CsF-PDT (420 °C)), Cs will be evenly
distributed within the film. This indicates that the distribution of Cs in the film is related to its
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doping amount, and Cs can enter the GI and GB of the film. Besides, according to Malitckaya’s
first-principles calculation, Cs should diffuse into the film through a copper vacancy (Vcu) [13].
Therefore, its distribution should be related to the amount of V.. To verify the relationship
between V¢, and distribution of Cs by experiment, we prepare CIGS films (CGI
(Cu/(In+Ga))~0.5) containing a large amount of V¢, Then, the CsF-PDT and TEM tests are
performed. TEM-EDX measurements show that Cs is distributed in GI and GB. When Cu content
in GI and GB is less, Cs content is more (Fig. 2(b-g)). The experiment results above are consistent
with Malitckaya's calculation [11].

1GS

IGS Mo Mo
c A No-PDT A No-PDT AA
S A CsF-PDT(360 -C) Na A CsF-PDT(360 -C) o
a A CsF-PDT(420 -C)
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Fig. 2. a) TEM image of the CIGS film and b)-c) TEM-EDX maps of Cs and Cu obtained from the CIGS
film. The & and B circles represent enlarged maps of the distribution of d)-e) Cs and f)-g) Cu within the GI

Since CIGS thin films are deposited on the substrate of Mo-coated soda lime glass, a large
amount of Na will diffuse from the substrate into it. Therefore, in order to study the distribution
of Cs in more detail, we compare it with that of Na. As can be seen from Fig. 1(b), Na can enter
the GI and GB of the film and it is more located at about 700 nm near the surface of the absorber
before and after CsF-PDT. The further SEM measurement displays that there is a large amount of
GB near 700 nm on the surface of the film (Fig. 3). Therefore, we conclude that Na can enter the
GB and GI of the film, but it mainly distributes in GB. This is consistent with the result of many
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researches [14-16]. For instance, F. Couzinie-Devy [15], O. Cojocaru-Miredin[14], and Anke et
al. [16]. suggest that Na segregates at GB and GI.

Based on the measurement results above, it can be found that the distribution of Cs is different
from that of Na. Na and Cs can both distribute GI and GB. However, Na is mainly distributed in
the GB of the film, while Cs is not significant different in the GI and GB (Fig. 1(a)).

Fig. 3. Cross-sectional scanning electron microscopy photographs of CIGS film

Cs and Na are both alkali elements, but their distribution in the film is quite different. To clarify
this question, we will study the distribution of Na and Cs from two aspects: the way they diffusing
into the film and the relationship between them and the defects. It is known that a large number
of defects (such as Vse, Vcu, Incy, (CunntIney) and (2Vey+Iney)) are formed during the growth of
CIGS films. They are distributed in GI and GB, but mainly at GB [17]. Na diffuses from the
sodium-lime glass substrate into the film and reacts with these defects during the film growth.
Thus, Na is largely distributed at GB [15, 16]. On the contrary, Cs is doped after the CIGS film
prepared [18]. According to the measurements above, Cs diffuses into the film through Vc,.
Therefore, its distribution should be related to the amount of V¢,. Since both Na and Cs can occupy
Vcy and the formation enthalpy of Csc, is higher than that of Nac, [12], the presence of Nac, will
hinder the formation of Csc,. By this way, the existence of Na at GI and GB can affect the
distribution of Cs [19]. Therefore, GB has more V¢, but Cs can only take up a part of it. This may
be the reason why there is no significant difference in Cs distribution between GI and GB after
CsF-PDT. According to the analysis above, it can be inferred that Cs can enter into the CIGS film
through the V¢, vacancy and distribute at GI and GB. However, as a large number of V¢, at GB
is occupied by Na, the accumulation of Cs at GB decreases.

Table 1. Composition of CIGS thin film and photovoltaic parameters
of Solar cells with different CsF-PDT in this work

Sample (CIGS) Thickness CGI GGI Voc Jsc FF n
(um) (+0.05) | (£0.02) | (mV) (mA) (%) (%)
No-PDT#1 2 um 0.91 0.38 62248 | 334+0.2 | 66.2+0.8 | 13.6+0.3
CsF-PDT(360°C)#2 2 um 091 0.38 69446 | 33.1+0.2 | 73.4+0.4 | 16.9+0.2
CsF-PDT(420°C)#3 2 um 091 0.38 60349 | 29.7+0.4 | 62.34£0.6 | 11.2+0.3

Cs can enter the film after CsF-PDT, thus it will affect the performance of CIGS devices. As
can be seen from Table 1, when the temperature of the CsF source is 360 °C, the open voltage
open-circuit Voltage (Voc), fill Factor (FF), and efficiency (1) of the device are significantly
improved. However, in the case of the CsF source temperature of 420 °C, the Voc, short-circuit
current density (Js¢), FF, and i of the devices all decrease. The influence of Cs doping on the
device performance above may be related to the amount of Cs entering the film and the role it
plays. Firstly, Cs entered into the film mainly via V¢,, thus in addition to occupying the V¢, they
may also consume Inc, compensating donors to produce Cscy, neutral defects. This is beneficial
for improving the hole carrier concentration, thereby enhancing the device’s performance [12].
Secondly, a large number of Cs entering GI may lead to lattice distortion of the film (CsF-
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PDT(420°C)), which in turn deteriorates the device performance. Therefore, to balance the
beneficial and harmful effects of Cs doping, it is necessary to control the doping amount of Cs
reasonably.

4. Conclusions

In this paper, the distribution of the heavy alkaline element Cs in the absorber after CsF-PDT
and its influence on device performance have been studied. According to the measurement results,
it can be found that Cs can enter the grain interiors (GI) and grain boundaries (GB) of the film via
vacancies (V) after CsF-PDT. By comparing the Na and Cs distributions after CsF-PDT, it can
be noticed that Na can distribute at GBs and Gls, but it mainly distributes at GB. It is distributed
there by reacting with defects (such as Incy,Vcu) at GBs during the growth of the film. Since Cs is
doped after the film finished and the formation enthalpy of Csc, is higher than that of Nac,, the
presence of Na will hinder the Cs accumulation. This results in a smaller difference in the
distribution of Cs at GBs and GIs in CIGS films. In terms of the effect of Cs doping on device
performance, it can be found that Cs can help to passivate defects, such as donor-like Inc, defects,
thereby improving device performance. However, if a large number of Cs enter the GI, it may
cause lattice distortion, which is harmful to device performance. Therefore, it is necessary to
reasonably control the doping amount of Cs in the film.
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