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The introduction of a rubidium fluoride post deposition treatment (RbF-PDT) for Cu(In,Ga)Se,
(CIGS) absorber layers has led to a record efficiency up to 22.6% for thin-film solar cell technology.
In the present work, high efficiency CIGS samples with RbF-PDT have been investigated by atom
probe tomography (APT) to reveal the atomic distribution of all alkali elements present in CIGS
layers and compared with non-treated samples. A Scanning Electron Microscopy Dual beam station
(Focused Ton Beam—Gas Injection System) as well as Transmission Kikuchi diffraction is used for
atom probe sample preparation and localization of the grain boundaries (GBs) in the area of interest.
The analysis of the 3D atomic scale APT reconstructions of CIGS samples with RbF-PDT shows that
inside grains, Rb is under the detection limit, but the Na concentration is enhanced as compared to
the reference sample without Rb. At the GBs, a high concentration of Rb reaching 1.5at. % was
found, and Na and K (diffusing from the glass substrate) are also segregated at GBs but at lower con-
centrations as compared to Rb. The intentional introduction of Rb leads to significant changes in the
chemical composition of CIGS matrix and at GBs, which might contribute to improve device
efficiency. © 2018 Author(s). All article content, except where otherwise noted, is licensed under a

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1063/1.5020805

Recent progress has been made to polycrystalline
Cu(In,Ga)Se, (CIGS) thin film solar cell efficiency, pushing the
record above 22% with heavy alkali metal post deposition treat-
ment (PDT) of the CIGS absorber layer' and molybdenum-
coated alkali-aluminosilicate glass substrate (Na and K).! These
alkali elements are known to diffuse into the polycrystalline
CIGS absorber through the Mo back contact during CIGS
growth at elevated temperatures,z’3 enhancing photovoltaic
properties of CIGS solar cells.* Tt has been recently demon-
strated, using atom probe tomography (APT), that Na accumu-
lates at grain boundaries (GBs) of polycrystalline CIGS layers.”
A segregation level (or Gibbsian interfacial excess, I') of 2.2
atoms/nm? in average at the GB has been measured.® Besides,
a very small optimum amount of Na is necessary for better per-
formances, whereas an overdose of its incorporation might
result in degraded device performance.” A Na amount of
60 ppm diffuses into the grain interiors.® Concerning potassium,
APT investigations revealed® ' an increased concentration at
GBs.

Having now in addition RbF-PDT in the process, an
updated picture of the chemical composition of alkali metals
at the GBs and inside the grains is needed. In this letter, we
present a comparative atomic scale study of CIGS thin films
with and without RbF-PDT, allowing the compositional dis-
tribution of the alkali metals within the grains and at GBs to
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be obtained and quantified. APT results are also compared
with density functional theory (DFT) modeling in the litera-
ture, and the effect of alkali segregation at GBs and on the
overall GB chemistry is also discussed.

CIGS solar cells studied in this work were fabricated by a
co-evaporation technique using a multistage process. After the
synthesis of CIGS thin films, two series of samples were pre-
pared: (i) with RbF-PDT similar to the procedure employed in
Ref. 11 and (ii) with no-PDT. Completion of the solar cell was
identical in both cases, and more details about different layers
and their preparation can be found in the work of Jackson ez al.'

Samples in the shape of tips were prepared using a
Scanning Electron Microscopy (SEM) dual beam station
[Focused Ton Beam—Gas Injection System (FIB-GIS)-Zeiss
Nvision40] for correlative APT/transmission Kikuchi dif-
fraction (TKD). In order to analyze the CIGS absorber by
APT, tips were extracted parallel to the Mo/Glass substrate
increasing the probability of observing GBs by standard
FIB-based lift out and annular milling protocols.'* Low kV
(2kV) ion cleaning was performed at the end to minimize
FIB-induced damages.

In order to ensure the analysis of a GB interface and to
determine the misorientation angle between two grains, TKD
measurements were performed directly on the tip after annular
milling at an acceleration voltage of 20kV and a SEM probe
current of 1 nA. TKD maps were recorded using 2 x 2 binning
with an exposure time of 43 ms and a step size of 50nm. In
order to localize the GB within the first 100—150 nm of the tip,

© Author(s) 2018.
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Grain 2

Grain 1

FIG. 1. Overview (a) SEM image of the CIGS atom probe tip (RbF-PDT
sample) prepared by FIB milling from a region of the CIGS absorber close
to the Mo back contact of a complete solar cell stack. (b) TKD inverse pole
figure map plotted along the z-axis (legend on the right) showing the pres-
ence of a high-angle GB.

the tip apex was milled by imaging the sample with a 2kV-Ga
beam until the GB interface reaches the desired location.

APT was performed using a laser assisted wide angle
tomographic atom probe (LaWaTAP) with a flight length of

15 nm

Appl. Phys. Lett. 112, 103105 (2018)

10cm."* Atom probe specimens were analyzed at a tempera-
ture of 60K and field evaporated using femtosecond laser
pulses (A=515nm) with a repetition rate of 100kHz and a
laser energy of 10 nJ. The 3D reconstructions and data min-
ing were performed using home built GPM3Dsoft software.
After atom probe tip sample preparation as depicted in
Fig. 1(a), TKD has been used to determine the precise loca-
tion and misorientation of the GB. The Inverse Pole Figure
(in the Z direction, i.e., the tip axis) map (IPFZ) shows the
existence of two grains (Grain 1 and Grain 2) with different
crystallographic orientations by appearing in different colors
[refer to the color legend in Fig. 1(b)]. The misorientation
between both grains in Fig. 1(b) indicates the presence of a
high-angle GB. Note that the misorientation is 51° here.
Figure 2(a) (multimedia view) depicts a 3D distribution
map resulting from the APT analysis of a RbF-PDT sample that
contains a GB (see video associated). Only the distribution of
alkali metal atoms is shown for clarity (**Rb": orange, ¥K*:
purple, and *’Na™: black). This atomic map clearly reveals the
presence of the GB where a strong planar segregation of Rb
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FIG. 2. (a) Reconstructed atom probe tip depicted in Fig. 1 after analysis (RbF-PDT sample). Only **Rb", *K*, and **Na ™ are shown for better visualization
of the GB. Each dot represents an individual atom and the different colors represent the respective chemical species. The mass spectrum from 84 to 91 a.m.u
depicts the presence of Rb in two regions: (b) at the GB and (c) within the grain. (d)—(f) Line across the GB from the parallelepiped in (a) showing the alkali
metals Rb, K, and Na, respectively. Multimedia view: https://doi.org/10.1063/1.5020805.1
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TABLE I. Power conversion efficiencies, mean Gibbsian interfacial excess (I') values at GBs, and chemical composition inside the grains for the alkali metals
(RbF-PDT and no-PDT samples). APT tips of the RbF-PDT sample were prepared from a complete solar cell stack and for the no-PDT sample from a glass/
Mo/CIGS/CdS stack, i.e., all samples were exposed to an ammonia-containing CdS chemical bath deposition. ARC: anti-reflective coating.

At GBs-T (at/nm?)

Chemical composition inside the grains (ppm)

Sample Efficiency (%) Rb Na K Rb Na K
RbF-PDT 21.1 (w/ARC) 1.6 04 0.4 *+0.1 04 *0.1 u.d.l? 394 u.d.l
No-PDT 19.5 (w/o ARC) 1.2+04 0.5%0.2 15*5 u.d.l

“u.d.1. under the detection limit. K below 20 ppm, Na below 5 ppm, and Rb below 10 ppm.

atoms is highlighted. Figure 2(a) (multimedia view) shows the
location where sampling boxes were used to extract the concen-
tration profiles. Figures 2(b) and 2(c) (multimedia view) allow
direct comparison of isotope distribution at the GB and within
the “Grain 2,” respectively. Mass spectra are restricted to the
84-91 atomic mass units (a.m.u.) area of interest. Indeed, Rb
exists with two isotopes (85a.m.u. and 87 a.m.u.) and usually
appears to these both mass to charge ratios (85 and 87) being
mostly ionized as singly charged. It must be noted that the latter
peak at 87 is convoluted with the complex Ga(H,0)" peak [see
Fig. 2(b) (multimedia view)]. A standard correction based on the
isotopic ratio distribution has been applied on the composition
profile and quantification of compositions. The peak at 23 a.m.u.
was assigned to Na and that at 39 a.m.u and 41 a.m.u. was attrib-
uted to K (mass spectrum not shown). However, it must be
noted that the peak at 39 a.m.u. and 41 a.m.u. might also be a
consequence of the detection of Se*" or the molecular ion NaO.
To resolve this issue, an isotopic peak deconvolution was done
to determine the amount of K. Due to this overlap, the detection
limit for K is only about 20 ppm. Oxygen segregation was not
found at the GBs.

In order to calculate the concentration profile of elements
across the GB, a sampling volume of 10 x 10 x 25nm® was
moved in steps of 0.1 nm in a direction perpendicular to the
GB interface. The resulting concentration profile of alkali ele-
ments is displayed in Figs. 2(d)-2(f) (multimedia view). The
maximum Rb content is about 1.5 at. %, while Na and K con-
tents are both of the order of 0.4 at. %. In addition, as seen in
Fig. 2 (multimedia view), a linear segregation of alkali ele-
ments was also observed inside Grain 2. This feature typically
refers to the presence of a dislocation line in the analyzed vol-
ume, and the calculated Rb concentration is 0.5 at. % and for
lighter alkali elements (Na and K) are 0.2 at. %. In the image,
the artificial presence, Fig. 2(a) (multimedia view), of alkali
atoms inside the grains is attributed to the background noise
signal in these mass to charge windows as shown in Figs. 2(b)
and 2(c) (multimedia view). Two separate 3D sampling vol-
umes containing an equal number of atoms, one containing a
GB [Fig. 2(b) (multimedia view)] and the other one inside the
matrix [Fig. 2(c) (multimedia view)], clearly show detection
of Rb and no detection of Rb above the background noise,
respectively. As far as the grain interior is concerned, the Rb
and K concentrations are under the detection limit (u.d.l.: K
below 20 ppm and Rb below 10 ppm).

The Gibbsian interfacial excess I'; of an alkali i is calcu-
lated for several GBs. In total, seven GBs have been analyzed
for RbF-PDT samples and three GBs for no-PDT samples.
The excess is determined from a diagram along the analyzed
volume, which presents a plot of the cumulative number of

alkali atoms with respect to the cumulative number of total
atoms. An increase in the slope marks the segregation.
Furthermore, the excess is normalized to the interface area.'*

Table I highlights differences between the Gibbsian
interfacial excesses of alkali elements at the GBs for RbF-
PDT and no-PDT samples: (i) for the RbF-PDT, the amount
of Na and K is similar (0.4 + 0.1 at/nm?), whilst for the no-
PDT, the Na amount (1.2 * 0.4 at/nm?) is higher than the
amount of K (0.5+ 0.2 at/nm?). This finding clearly indi-
cates the replacement of the lighter alkali element (Na) by
heavier (Rb) at GB when a PDT is performed.

Due to the atomic convolution at peak 39 a.m.u., it is not
very conclusive whether K is driven out of the GB or not,
but overall, the resulting general observation is that the
heavier Rb alkali element, which is intentionally introduced
during the PDT process into the as-grown CIGS absorber,
tends to push out the Na already present in the GBs. This
result is supported by secondary ion mass spectrometry
experiments'"'> and by recent density functional theory
(DFT) modeling16 where heavier alkali elements drive out
Na from the thin films. Our results show that these lighter
alkali elements normally reside at the GBs, but the introduc-
tion of a heavier alkali element (Rb in this case) drives out
and replaces a part of the lighter alkali elements at the GBs.
Concerning Na, a higher concentration was found inside the
grain (~40 ppm) for the RbF-PDT CIGS, as compared to the
no-PDT (~15 ppm) sample. One of the reasons for this phe-
nomenon could be the higher ionic radius of Rb as compared
to K and Na which might be more energetically favorable to
segregate at GBs, following observations from Sutton et al."”

Figure 3 shows the overall GB chemistry considering all
elements present in the CIGS thin film. A Cu depletion and

60 6 ——Na
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FIG. 3. Composition profile of CIGS matrix elements (left y-axis) and alkali
elements (right y-axis) in the vicinity of the GB in Fig. 2 (multimedia view)
(sample with RbF-PDT). A very strong copper depletion is measured at the
GB.
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an In enrichment are detected at the GB, and no significant
variation in Ga and Se concentrations are observed in com-
parison to their matrix concentrations. The variation of the
Cu concentration (ACu) is calculated by subtracting the Cu
concentration at the GB (14.1 at. %) from the Cu concentra-
tion inside the grain (24.3 at. %). These concentration varia-
tions at GB have already been observed in previous
studies.®'® However, it must be noted here that the Cu deple-
tion in the current case is much more pronounced than it has
ever been recorded before. The Cu depletion in the present
result reaches about ACu =42% which is higher than a max-
imum of 30% depletion recorded in the literature.'® A higher
Rb concentration at the GB also might indicate its occupa-
tion of some Cu sites at the GB.

Our previous studies'® have shown that changes in GB
chemistry of matrix elements in CIGS have a significant
influence on its performance and efficiency. Cu depletion at
the GBs was directly linked to the improved device perfor-
mance, while Cu enrichment at GBs generates more carrier
recombination at GBs. Thus, the results here also indicate
that the RbF-PDT may play a major role in improving the
hole-barrier characteristics of GBs in CIGS."

PDT with heavy alkali elements like Rb on CIGS thin
films produces record efficiency cells. The improvement in
the device performance due to PDT is assigned to a local
atomic redistribution of matrix and alkali elements in the
CIGS absorber layer. Here, owing to the APT, we show that
the heavier alkali element (Rb) segregates at GBs and modi-
fies the usual amount of lighter alkali elements (K and Na)
and Cu content in these GB interfaces. This Rb segregation
and coverage makes the GBs Cu deficient inducing a better
hole barrier property and possibly improves the minority car-
rier collection at GBs and the overall cell performance.

Malitckaya et al.'® calculated the migration barriers for
the alkali metals in CulnSe, in order to understand the
atomic migration inside the grains during the PDT. The
migration energy barriers show that the interstitial diffusion
mechanism may be relevant only for Na and K, whereas the
Rb atoms can diffuse by the help of the Cu vacancies. The
competition between these two mechanisms strongly
depends on the concentration of Cu vacancies. Based on
their simulations, the heavier Rb atom dominates at the GB
and no Rb atoms are displaced inside the grain. Their find-
ings are supported by our experimental APT results for the
samples with RbF-PDT. Recently, nano X-ray fluorescence
(XRF) investigations of a CIGS absorber deposited on a Mo-
coated ferritic stainless steel foil demonstrated that Rb dif-
fuses along the GBs.”"

In this letter, we conducted APT measurements to inves-
tigate the alkali metal distribution in high efficiency

Appl. Phys. Lett. 112, 103105 (2018)

polycrystalline CIGS thin-film solar cells fabricated with
similar co-evaporation processes but different PDT pro-
cesses: (i) with RbF-PDT and (ii) the reference, no-PDT. In
conclusion, we showed Rb segregation at the GBs by APT.
For the lighter alkali, the Na concentration at the GBs is
higher for the non-treated sample compared to the RbF
treated sample and the K concentration at GBs is similar for
both samples. This finding clearly indicates the replacement
of the lighter alkali element (Na) by the heavier Rb. Our
results also show a strong depletion of the Cu content at a
GB, most likely induced by the diffusion of Rb into the GB.

This project has received funding from the European
Union’s Horizon 2020 research and innovations program
under Grant Agreement No. 641004 (Sharc25).
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