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Effectiveness of an RbF Post Deposition Treatment of

CIGS Solar Cells in Dependence on the Cu
Content of the Absorber Layer

Tim Kodalle

Abstract—1In this contribution, the effectiveness of an RbF post
deposition treatment (PDT) is evaluated in dependence on the Cu
content of the absorber layer of Cu(In,Ga)Se, solar cells. Itis shown
that the PDT only acts beneficially on the open-circuit voltage and
fill factor (FF) on samples with rather high Cu content, while it
deteriorates all parameters of the solar cells in samples with low
Cu content. In order to clarify the behavior of the open-circuit
voltage, the well-known exchange mechanism of Rb and Na during
the PDT is analyzed as a function of the Cu content of the ab-
sorber layers and discussed in regard to theoretical publications.
Furthermore, a model explaining the observed effect on the FF
based on the formation of an RbInSe, (RIS) layer during the
RbF-PDT is proposed. The model supposes that the RIS layer acts
as a barrier for the photocurrent and therefore lowers the FF. It
is evaluated theoretically in dependence of the properties of the
RIS layer using one-dimensional solar cell capacitance simulator
(SCAPS) simulations. Finally, the proposed model is also tested
and confirmed experimentally by directly depositing RIS onto
untreated Cu(In,Ga)Se, layers.

Index Terms—Cu(In,Ga)Se, (CIGS) solar cells, heavy alkali
metals, RbF-PDT, RbInSe; (RIS).

1. INTRODUCTION

N RECENT years, the implementation of heavy alkali post

deposition treatments (PDTs) into the deposition procedure
of thin film solar cells based on Cu(In,Ga)Se, (CIGS) ab-
sorber layers has led to significant improvements of the power
conversion efficiency (1) of this type of solar cells [1]-[3].
Generally, the improvement of 7 of a device due to a PDT is
mostly attributed to a gain in open circuit voltage (Vo) and the
opportunity to decrease the thickness of the buffer layer resulting
in enhanced short-circuit current density (jsc) [1]. However,
both gain and loss in fill factor (FF) due to the PDTs have been
reported [1]-[5]. The reason for these different trends remains
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unclear so far. While this behavior is valid for high-efficiency
devices, for which absorber layers are usually grown with a Ga to
Inratio ([Ga]/([Ga] + [In]) = GGI) of about 0.3, it was reported
by Ishizuka et al. [6] as well as Zahedi-Azad et al. [7] that the
effectiveness of the PDTs depends on GGI. While the PDTs
increase all device parameters in samples with GGI ~ 0.75 [7],
no performance improvements were achieved on samples with
GGI = 1 [6]. Moreover, there is a study by Lepetit et al. [8]
stating that an KF-PDT leads to deterioration of the device
parameters on samples with a Cu to In and Ga ratio ([Cu]/([Ga]
+ [In]) = CGI) close to 1 and is only beneficial on samples
with rather low CGI. However, to the best of our knowledge, no
systematical study investigating the effectiveness of such a PDT
in dependence on the CGI has been conducted yet.

In this contribution, we are examining the impact of an RbF-
PDT on devices with CGI ranging from 0.45 up to CGI = 0.95.
Contrary to the results published by Lepetit et al. we find that
the RbF-PDT only improves all device parameters on samples
grown close to stoichiometry, whereas on samples with low CGI
all device parameters are decreased. We analyze the impact of
the PDT on the devices using current density—voltage (j—V')
as well as capacitance—voltage (C-V) measurements, Raman
scattering, and glow discharge optical emission spectroscopy
(GD-OES). Furthermore, we propose a model explaining the
observed trends based on device simulations. To test this model,
which attributes the observed trend in FF to the formation of
RbInSe, (RIS) at the surface of the CIGS during the PDT, we
evaluate the effect of a direct coevaporation of RIS on top of
CIGS with CGI = 0.95.

II. EXPERIMENTAL

For the CGI variation, ten deposition processes resulting
in samples with five different CGI (with and without in situ
RbF-PDT) were performed via thermal coevaporation using a
three-stage process on Mo-covered soda-lime glass. The highest
substrate temperature during the deposition process was set to
530°C. In case of samples with RbF-PDT, it was performed
right after finishing the growth of the CIGS without breaking
the vacuum. The PDT consists of the coevaporation of RbF and
Se for 10 min at a substrate temperature of 280 °C (nominal RbF
thickness is about 10 nm) and a subsequent annealing step at the
same temperature for 5 min without additional evaporation of
RDbF or Se. More details of the deposition process are described
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TABLE I
PARAMETERS USED FOR THE SCAPS SIMULATIONS

Property CIGS Cds ZnO RIS

Eg [eV] from GD-OES 2.4 33 2.8

W [eV] from GD-OES 43 445 varied

d [nm] from GD-OES 60 150 varied
n/plem™3] | p=55-10"® | n=1-10% | n=1-10" | n=1-10"
afem™!] from UV-Vis hw — Eg | from UV-Vis | from UV-Vis

Neutral (Gaussian) Defect States

Np [em ™3] 1-10™ 1.8-10T% 1.8-1016

wp [eV] Single Defect 0.1 0.1

Ep [eV] 0.6 above VB Midgap Midgap

e [cm?] 1-10™ 1-10713 1-10712

oy, [em?] 1-10'5 1-107138 1-10-12

in [9]. The variation of the CGI was implemented by adapting the
duration of the third stage using laser-light scattering (LLS) [10].

For the second part of the study, we performed six additional
CIGS depositions with CGI = 0.95. While one of the absorber
runs was kept free of Rb, we deposited RIS on top of the
absorbers of the other five runs. The thickness of the deposited
RIS was varied from nominally 5 nm (1 min RIS) to up to 30 nm
(6 min RIS). The RIS was deposited at a substrate temperature
of 530°C using the same procedure as it is described in [11].
Solar cells were completed by adding a chemical bath deposited
CdS buffer layer (nominal thickness: 60 nm) as well as a bilayer
of undoped and Al-doped ZnO (RF-sputtered), and, finally, an
electron beam evaporated Ni—Al-Ni contact grid.

Raman scattering was measured using a setup based on com-
ponents by Spectroscopy & Imaging GmbH equipped with a
laser emitting light at a wavelength of A = 532 nm, resulting in
an information depth of about 100-150 nm. GD-OES measure-
ments were performed using a Spectruma GDA 650 and quanti-
fied using the procedure described in [12]. In order to determine
the optical bandgap and to be able to calculate the Vo -deficit,
the external quantum efficiency (EQE) was measured using a
self-built setup. The optical bandgap was then derived using
the maximum of the derivative of the FQFE. Simulations were
carried out using SCAPS-1D [13]. The model, which consists
of a spike between the CIGS and the CdS layer (60 meV), is
using actual GD-OES and C-V data for bandgap grading and
the carrier concentration within the CIGS layer, respectively.
All relevant parameters are summarized in Table I or, if not
shown there, were taken from the work presented in [14]. In the
table, Iy denotes the bandgap energy, W the work function, d
the thickness, n and p the charge carrier concentrations, « the
absorption coefficient, N the defect density, wp the width of the
defect distribution, E'p the energetic position of the defects, and
o. and oy, the capture cross sections of the electrons and holes
for the respective layers. Furthermore, a neutral, single interface
defect was positioned at Ep = 0.6 eV above the lowest valence
band (VB) at the absorber/buffer interface.

III. EFFECTIVENESS OF THE RbF-PDT IN DEPENDENCE
ON THE CGI

A. Effects on Voc

Due to the fact that the variation of the CGI was achieved
by changing the duration of stage 3, the CIGS layers are not
only different in CGI but also in their thickness, F,-grading as
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Fig. 1. (a) GD-OES depth profiles of the GGI of the samples with RbF-PDT.

(b) Depth profiles of the GGI of the samples without RbF-PDT. The profiles
are in good agreement with the ones of the samples without PDT, ensuring the
comparability. (c) Distribution of Rb in these samples as measured by GD-OES.
Note that these profiles are showing the unquantified intensities of the Rb signal,
since we do not have a reference sample for the quantification of the Rb signal.
To ensure comparability, all profiles were measured on the same day.

well as the position and value of the minimum £,. However, all
these variations are the same for the sample set with and without
RbF-PDT ensuring the comparability of both samples with the
same CGI each [cf. Fig. 1(a) and (b)]. To take these deviations
into account when judging the effectiveness of the PDT, the
Voc-deficit (AVoc = Eg/q—Voc) of all samples is shown in
Fig. 2(a) in addition to their PV parameters, which are listed
in Table II. In the table, headers CGI (LLS) describes the CGI
we aimed for during the deposition, ¢1j7 describes the duration
of the third stage, and CGI describes the values measured
by energy-dispersive X-ray spectroscopy using a scanning
electron microscope (SEM-EDX) at an acceleration voltage of
20 kV.

As can be seen in Fig. 2(a) and Table II, the RbF-PDT
is increasingly effective with higher CGI. While it lowers all
parameters on samples with very low CGI, it leads to a benefit
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TABLE II
PROCESS DETAILS AND PV PARAMETERS IN DEPENDENCE ON THE CGI OF THE CIGS ABSORBER LAYERS

PV-Parameters
CGI t1rr CGI GGI RbF Jsc Voc FF n
(LLS) (s) (at%) (at%) (mA/cm?) (mV) (%) (%)
0.45 5300 0.46 0.36 no 22.1 585 52.0 6.7
0.45 5300 0.45 0.36 yes 15.0 443 48.3 32
0.6 2275 0.61 0.36 no 329 630 70.0 14.5
0.6 2260 0.63 0.35 yes 32.9 570 66.9 12.5
0.8 1228 0.81 0.31 no 34.6 650 71.6 16.1
0.8 1241 0.79 0.34 yes 33.9 676 68.6 15.7
0.9 685 0.90 0.24 no 34.9 647 72.6 16.4
0.9 669 0.87 0.27 yes 35.1 675 71.5 17.0
0.95 365 0.94 0.24 no 343 656 72.8 16.4
0.95 411 0.95 0.24 yes 34.2 684 74.5 17.5
@ 900 : : : . ‘ This is the same trend as observed for AV c. In Fig. 2(c), the
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Fig.2. (a) AV of the most efficient cell as well as the cell with the median

Voc of each sample plotted versus the CGI. (b) Evolution of ncy with CGI as
measured by C-V profiling. (c) Molar fraction of Na in dependence of the CGI
of the absorber layer (as measured by GD-OES).

in Voc and AV at CGI 2 0.8. Fig. 2(b) shows the majority
carrier concentration as measured by C-V profiling (ncy).
While ncv of the untreated devices shows a slightly decreasing
trend with higher CGI, ncy of RbF-treated devices is rising
steadily. Therefore, the RbF-PDT leads to lower ncy in samples
with CGI < 0.8 and to higher ncy in samples with CGI > 0.8.

molar fraction of Na (xn,) versus the CG/is displayed. A Na—Rb
exchange mechanism, that is widely discussed in literature for
samples with CGI ~ 0.9 [15]-[18], is apparently only valid in
samples with such high CGI (>0.8). On samples with lower
CGl, xn, of treated and untreated samples is comparable, in-
dicating that the RbF-PDT does not lead to an out-diffusion of
Na in these samples. This poses the question if there is also no
Rb-induced diffusion of Na into the grain interior taking place as
itwas described for CIGS grown close to stoichiometry [15]. The
latter could explain the rather low ncyv measured on RbF-treated
devices with low CGI, and therefore also the observed trend in
AVpc. Note that we did not observe a trend in grain size of
the samples when changing the CGI (not shown), and therefore
assume that the differences observed in the alkali distribution and
amount are not due to variations in morphology. Furthermore,
it is interesting to note that the Na content in both samples with
CGI = 0.95 is slightly higher than the one of the samples with
CGI = 0.90. This is surprising, since a negative correlation of
the Cu and Na contents in Rb-free samples would be expected
based on literature [20]. We therefore assume that this slight
increase is just due to the error of the measurement.

B. Effects on FF

The RbF-PDT only leads to an improved FF on samples
grown at CGI = 0.95. The FF loss due to the RbF-PDT on the
other samples gets larger with lower CGI. In Fig. 1(b), elemental
depth profiles of Rb measured on the RbF-treated sample set
are shown. One can see that Rb accumulates near the absorber
surface as well as at the back side of the absorber. The latter
is attributed to an agglomeration of Rb in between the CIGS
and the MoSe, layer, as it was already reported by Schoeppe
et al. [19]. Since samples with higher CGI are thinner, more
Rb could diffuse along the grain boundaries (GBs) to the back
contact compared with samples with lower CGI. This explains
why the accumulation there gets bigger with increasing CGI. The
accumulation of Rb at the surface of the absorber layer, however,
extends deeper into the absorber layer the lower the CGI is. Note
that all profiles were measured on absorbers, which have been
rinsed in NH4OH, ensuring that the observed accumulations
represent either Rb incorporated into the lattice of the CIGS
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Fig. 3.  Raman spectra of the samples with and without PDT in dependence

on the CGI. All spectra were normalized to the CIGS Al mode.

or a secondary phase growing on top of the CIGS during the
PDT. We could show in earlier work that the RbF-PDT leads
to the formation of a secondary surface phase containing Rb,
Na, In, and Se [16]. Furthermore, we could show that the most
likely candidate for this phase is RIS [21], which is an n-type
semiconductor with a bandgap energy of about 2.8 eV [11]. The
depth profiles in Fig. 1(b) suggest that the thickness of this RIS
layer increases with decreasing CGI.

In order to investigate the formation mechanism of the RIS
layer in more detail, Raman spectra of this sample set are
shown in Fig. 3. On samples with CGI < 0.8, there is a clear
contribution of the Al mode of the so-called ordered defect
compound (ODC) visible in the spectra (at wavenumbers of
k ~ 154cm~! [22]). In all cases, the intensity of the ODC is
reduced by the RbF-PDT, indicating that the Cu-poor ODC
phase is partly consumed during the PDT. Including the depth
profiles displayed in Fig. 1(b), we conclude that the presence
of a thicker ODC phase at the surface of the CIGS leads to the
formation of a thicker RIS phase during the PDT and a stronger
reduction of FF.

Combining all the results described above, we propose that
the interaction of the CGI with the effect of the RbF-PDT on
both, Voc and FF, is related to the interaction of Rb, Na,
and the available amount of Cu vacancies (V) in the CIGS
lattice. The positive effect of Rb on V¢ is—among other
mechanisms—generally attributed to the following effects: an
Rb-Na exchange mechanism, in which Rb pushes Na into the
grain interior leading to improved ncy [15]-[18] as well as
a subsequent passivation of the GBs by the Rb itself [19]-[24]
leading to improved carrier lifetimes [3], [18], [25]. On the other
hand, recently published Monte Carlo simulations show that for
heavy alkali metals (like Rb) the diffusion via V¢, has much
lower energy barriers than diffusion via interstitial positions in
the lattice, while in case of Na these barriers are comparable [26].
Therefore, it seems likely that Rb preferably occupies Cu sites
in Cu-poor material near the GBs or at the surface of the CIGS
[26], but is rather unlikely to replace Cu in a stoichiometric CIGS
lattice. In samples with a high number of available V ¢,,, Rb may
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hence not occupy Nassites at the GBs but directly diffuses into the
Cu-poor material at the surface of the CIGS lattice [cf. Figs. 1(b)
and 3]. As aconsequence, in samples with high CGI (low amount
of Vcu), an RbF-PDT would not lead to the Na—Rb exchange
mechanism or the GB passivation described earlier. We propose
that this is the reason why the PDT does not increase the Vo
on samples with CGI < 0.8, but only on samples with higher
CGI. At the same time this accumulation of Rb at the surface of
the CIGS layer leads to the formation of an RIS layer [16], [21],
whose thickness is dependent on the CGI as well. Accordingly,
we conclude that the ODC is part of the formation mechanism
of the RIS, and that the formation of the RIS can in turn be
suppressed by limiting the amount of the ODC, e.g., the number
of available V¢, at the surface.

This behavior stands—as it was already mentioned—in con-
trast with the results of Lepetit ef al. [8] regarding KF-PDTs,
where they concluded that in samples grown close to stoichiom-
etry, K atoms are still diffusing into the surface area of the CIGS
leading to an out-diffusion of Cu, the formation of detrimental
Cus_Se, and therefore strongly reduced performance of the
devices [8]. The reason why we do not see this behavior in
case of the RbF-PDT can be found in the literature. While the
formation energy of K- and Rb-related point defects at GBs are
comparable, K is predicted to be more likely to diffuse into the
grain interior than Rb [24], [27]. In case of samples grown close
to stoichiometry, this means that Rb is more prone to remain
at GBs by displacing Na, most likely pushing it into the grains
improving the Vo as described earlier. Residual Rb, however,
stays at the surface of the CIGS and is rinsed off by NH,OH and
does therefore only lead to the formation of a very thin or no RIS
layer at the surface. Formation of Cus_ySe does not occur. This
is in good agreement with the fact that samples with CGI = 0.95
neither show a detectable ODC Al-mode nor the accumulation
of the alkali metals at the surface (see Fig. 3). Without a RIS
layer being present, the FF increases with increasing Vo just
as one would expect. This interpretation, however, implies that
the presence of the RIS layer is the reason for the observed drop
of FF in samples with CGI < 0.95.

SCAPS simulations show that the introduction of a high-FE
layer, just as RIS, in between the CIGS and the CdS can lead to a
barrier for the electrons. This barrier reduces FF compared with
the device without RIS (cf. Fig. 4). The simulations show that
the FF loss gets more pronounced with increasing thickness
of the RIS supporting the model and that the increasingly
thick RIS formation on samples with lower CGI leads to the
observed trend in FF. Please note that there are some unknown
input parameters of the RIS layer, like e.g., its doping, defects,
position of the conduction band minimum (CBM), and actual
thickness. While the influence of the CBM offset (ACBM is
the difference of the CBM of the RIS and the CdS layer) is
shown in Fig. 4, the influence of the doping and the defects are
not shown here. However, all realistic parameter combinations
we tested so far, lead to an increasing loss in FF with increasing
RIS thickness. Note that we assumed the RIS layer to be highly
resistive, since its conductivity is below the detection limit
of our setup.
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directly after deposition. (¢) and (d) Measured after rinsing the samples in diluted
ammonia. Please note that the Rb intensity after rinsing (c) does only appear
to be lower than the corresponding value in Fig. 1(b) because of the different
scales of the axis used in the figures.

IV. TESTING THE RIS MODEL EXPERIMENTALLY

Following the model described earlier, the FF loss does not
occur for cells with absorber layers grown with CGI = 0.95, be-
cause this composition does not lead to sufficient Cu deficiency
at the surface of the CIGS for the RIS to form. Subsequently,
if an RIS layer can be grown on top of such a CIGS layer
independently of the Cu deficiency, it should be possible to
reduce FF. In order to test this hypothesis, a second sample set
with CGI = 0.95 was deposited and covered with an RIS thin
film with varied thickness. Fig. 5 shows the Rb distribution in
these samples compared with a sample with an RbF-PDT before
and after etching in diluted ammonia.

As one can see, the Rb profiles of the RIS set are almost not
altered by the ammonia etching, while the residual Rb is com-
pletely removed from the PDT sample. Since RIS is stable under
ammonia etching [11], we therefore conclude that the deposition
of a stable RIS phase on top of the CIGS was successful. Fig. 6
shows the PV parameters measured on this sample set. After an
initial increase of FF due to the steadily increasing Vo, the
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blocking behavior of the RIS layer is leading to a rather strong
decrease in FF—following the model described earlier.

We attribute the steadily increasing Voc with thicker RIS
layers to the fact that Rb is diffusing into the bulk of the CIGS
absorbers during the RIS deposition, which is done at elevated
temperature (530 °C compared with 280 °C in case of the PDT).
This is in agreement with the fact that we do measure improved
bulk properties (e.g., carrier concentration, not shown here)
on these samples as well. This tradeoff of increasing Vo and
decreasing FF with thicker RIS layers leads to an optimum
efficiency at about 4 min RIS deposition, which is substantially
shorter than the RbF-PDT, which takes 15 min. Note that the
slight differences in jg¢ are within the error of the measurement.
The EQE (not shown) does not show any trend with increasing
RIS thickness.

Another advantage of the direct RIS deposition is shown in
Fig. 7. While the RbF-PDT leads to a roll over at high bias volt-
ages, as it was already described before [16], the RIS deposition
does not lead to such a behavior. In case of the RbF-PDT, the
roll over was explained by a strong Na depletion near the back
contact due to the exchange mechanism of Na and Rb on samples
with CGI = 0.9 [16]. As can be seen in the GD-OES depth
profiles of Na shown in Fig. 8, this Na depletion due to the PDT
is also valid in case of CIGS grown with CGI = 0.95. The RIS
deposition does not lead to such an Na depletion and therefore to
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The sample is from the run with 4 min RIS deposition.

the formation of a back contact barrier and the correlated current
blocking at high bias voltages. We assume that this is due to the
fact that the RIS is deposited at much higher temperatures than
the PDT leading to a compensation of the Na depletion near the
back contact by additional Na diffusing from the glass into the
CIGS during the RIS deposition.

Finally, a substrate of the run with 4 min RIS deposition was
used to prepare optimized solar cells using a photolithographic
deposited grid as well as photolithographic cell separation and
subsequent deposition of an antireflective coating with MgF,.
The j—V curve of the best cell of this substrate is shown in
Fig. 9. The high efficiency of 20.9% (in-house measurement)
demonstrates that the RIS deposition, although detrimental to
FF, can be a fast alternative to the conventional RbF-PDT.

V. CONCLUSION

We could show that varying the CGI of CIGS absorber lay-
ers has decisive impact on the effectiveness of an RbF-PDT
performed subsequently to the absorber growth. This effect is
strongly related to the presence of a Cu deficiency at the surface
of the CIGS thin film, hence the availability of Cu vacancies
for the Rb atoms to occupy. We propose a model following

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 9, NO. 6, NOVEMBER 2019

which the carrier concentration is only increased by the Rb—Na
exchange mechanism, if the amount of available V¢, is limited
(CGI > 0.8). Furthermore, the PDT leads—according to that
model—to the formation of an RIS layer at the Cu-depleted
surface up to CGI of about 0.9 reducing FF. Only on absorbers
grown very close to stoichiometry (e.g., CGI = 0.95), the for-
mation of the RIS layer can be suppressed leading to a recovery
of the FF. This behavior and the fact that different CGIs are
used in different laboratories could be an explanation for the
discrepancy in the results reported regarding the effects of the
RbF-PDT on FF, which was mentioned in the introduction. The
fact that the direct RIS deposition on samples with CGI = 0.95
again leads to a lowered FF, although the RbF-PDT did not,
is strongly supporting the described model. However, although
the RIS layer leads to this detrimental effect, it could be used
as a fast alternative for the RbF-PDT, since it can be performed
faster and leads to overall improved efficiency compared with
the Rb-free reference device.
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