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Abstract

We investigate the impact of a rubidium �uoride post deposition treatment (RbF-PDT)

on the material and device properties of Cu(In,Ga)Se2 (CIGS) thin �lms and corresponding

solar cells. The structure and device properties of CIGS with di�erent PDT duration are

compared. With longer PDT duration, which equals a higher amount of RbF deposited on

the CIGS absorber layer, we observe a clear trade-o� between increasing open-circuit-voltage

(VOC) and decreasing �ll factor (FF ). An optimum of the PDT-duration is found increasing

the e�ciency by about 0.8% (absolute) compared to the Rb-free reference device. We explore

the mechanisms behind the increased VOC by various characterization methods and identify

them as a combination of increased carrier concentration and reduced recombination rates

in the device. Possible origins for these mechanisms are discussed. Furthermore numerical

simulations are used to analyze the detrimental e�ect of the PDT on the FF . We �nd that

thermally activated alkali migration into the transparent front contact could create acceptor

states there, which could explain the observed FF -loss.

1 Introduction

The e�ects induced by alkali elements are responsible for the last two periods of signi�cant e�-

ciency increase in Cu(In,Ga)Se2 (CIGS) world record solar cells. While in the years around 1990

it was the incorporation of Na, [1] the use of heavier alkali elements was a major reason for the

recent boost of record e�ciencies from 20.3% to 22.9% in just 6 years. [2,3] Although most of these

results were accomplished using a KF-PDT, recent world record publications revealed that cells

processed with PDTs using heavier alkali elements, especially Rb, outperform those treated with

KF. [4] Although several hypotheses were put forward, little is known about the detailed e�ects of

heavier alkali elements on the material and electrical properties of the CIGS-based devices and

many studies still concentrate on Na and K. Recently there were also studies published investi-

gating the compositional e�ects of the RbF-PDT on CIGS experimentally, [5�8] and theoretically. [9]
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Furthermore there are also publications investigating the mechanism of the RbF-PDT on an elec-

tronic level. [10] However, there are few publications combining all these investigations. [11]

Here the impact of an RbF-PDT on the material as well as the device properties of CIGS thin-�lm

solar cells is investigated. Thereby the morphological and compositional changes induced by the

RbF-PDT as well as its impact on the device parameters are compared with reference samples free

of heavy alkali elements. Furthermore a comprehensive model for the complete e�ect mechanism

induced by the RbF-PDT is proposed. Finally the results are discussed in regard to the literature,

in particular KF-PDTs.

2 Results

2.1 Impact of the RbF-PDT on the device properties of CIGS solar cells

To unveil trends in the e�ects of the RbF-PDT on the device performance of corresponding CIGS

solar cells, the duration of the PDT of otherwise identically processed absorber layers was varied

from 0 min up to 20 min at a constant deposition rate. The resulting PV-parameters are represented

as boxplots in Figure 1. While there is no correlation visible between the short-circuit current

density (jSC) and the PDT duration, a clear trade-o� between increasing V OC and decreasing FF

is observed as the duration of the RbF-deposition increases. This trade-o� leads to an optimum

at 10 min with an e�ciency enhanced by about 0.8% (absolute) compared to the Rb-free reference

device. The sample that was treated with RbF for only one minute does not follow this overall

trend but shows strongly deteriorated jSC, V OC and FF . This behavior will be discussed in the

following sections.

In Figure 2a the sodium depth pro�les of these samples are shown as measured by glow discharge

optical emission spectroscopy (GD-OES). These measurements were carried out after the samples

were rinsed in NH3(aq), so that alkali metal ions remaining on the surface were removed. The

pro�les are corrected for thickness using the onset of the molybdenum signal. The measured

pro�les reveal that with prolonged rubidium exposure sodium is steadily driven from the absorber

layers, leading to an overall lower Na-content within the absorber and especially a �atter Na-
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Figure 1: Boxplots of the electrical parameters of CIGS solar cells determined by j-V -analysis.
Each box represents the values measured on 15 cells of the corresponding substrate.

distribution near the back contact. A very short RbF-PDT leads to a severe reduction of the carrier

concentration nCV (as measured by C-V -pro�ling, Fig. 2b) of almost one order of magnitude,

which can explain the drop in V OC measured for this sample. When deploying longer RbF-PDTs,

nCV is recovered leading to even higher values as measured on the Rb-free reference device at

tRbF−PDT ≥ 7 min.

In contrast to the bene�cial e�ects of the RbF-PDT on the VOC, a steady decrease in FF is

observed even after short PDT-durations (see Fig. 1), which could also previously be observed

after KF-PDT on our samples. [12]

Furthermore there is a pronounced roll-over e�ect (reduction of the uprising slope at higher bias

voltages) developing in the measured j-V -curves after the RbF-PDT. This is exemplary shown

with the comparison of the j-V -curves of the best reference cell and the best treated cell in Figure

3.
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Figure 2: a: GD-OES depth pro�les of sodium measured on seven samples with varied RbF-amount
deposited. b: C − V -pro�les of the corresponding solar cells.
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Figure 3: Measured j-V -curves of the best reference cell (black, η = 16,2 %) and the best RbF-
treated cell (red, η = 17,0 %) of the investigated sample set.
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Figure 4: Left: SEM top view image of a CIGS absorber layer's surface directly after the RbF-PDT.
Right: SEM top view image of the same absorber after etching with NH3(aq).

2.2 Morphological and compositional surface-modi�cations induced by

the RbF-PDT

In Figure 4 scanning electron microscopy (SEM) top view images of a CIGS absorber treated with

RbF (PDT-duration: 10 min) are shown. Directly after the PDT (Figure 4a) the surface of the

CIGS is covered with islands in a size of around 50 nm to 100 nm in diameter. Since these islands

are not present on the untreated absorber layers (not shown), it is very likely that they consist

of Rb, F and/or Se. Indeed, energy dispersive X-ray spectroscopy using scanning transmission

electron microscopy (STEM-EDX) indicates that the islands contain Rb, F and O (see Figure

5). Figure 5a) shows a high angle annular dark �eld (HAADF) image on the cross section of

the surface area of an RbF-treated CIGS absorber layer. Figures 5b) to h) show elemental maps

measured by STEM-EDX on the same area. In the investigated region there is a void visible in

between the absorber layer and the covering carbon and platinum protection layers. Within this

void an agglomerate can be identi�ed, of which the size �ts to one of the islands observed in SEM

(highlighted by circles). At the position of this agglomerate higher count rates for Rb, F and O

were measured, while there is no Cu, In, Ga or Se detectable. Other regions show similar voids ,

which all contain higher concentrations of Rb, while F is only present in some of them probably

due to the possible ion-beam damage on F at thin areas during focused ion beam (FIB) sample

preparation. Another example is presented in the supporting information (SI), Figure 1.

Additionally there is a grain boundary visible in the STEM image. A depletion of Se and In as well
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Figure 5: a) STEM-ADF image of the CIGSe's surface covered with RbF as well as carbon and
platinum to protect the surface from damage during the focused ion beam preparation.
b) to h): STEM-EDX maps of Rb (b), F (c), O (d), Cu (e), In (f), Ga (g) and Se (h). The surface
of the CIGS layer is sharply visible on the Cu-, In- an Se-maps. On the STEM-ADF image there
is a void area in between the CIGS layer and the covering C and Pt layers. This void contains Rb,
F and O. Besides a clear enrichment of Cu, Rb and O at the grain boundary can be seen.
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as an enrichment of Cu, O and Rb at the grain boundary is observed. Similar results (in studies

without Rb) have been reported previously. [13,14] But also contrary results have been published. [8]

After etching the absorber with NH3(aq) the islands are removed leaving behind a nanostructured

surface layer (Figure 4b). This behavior indicates that there are at least two additional �layers�

forming at the surface of the CIGS during the RbF-PDT - of which one is soluble in NH3(aq).

To gain more insights into the compositional evolution of the absorber layer's surface during the

RbF-deposition and the subsequent wet chemical treatment, an X-ray Photoelectron Spectroscopy

(XPS) study was carried out. A bare CIGS absorber of the reference run was analyzed in compari-

son with two pieces of the same absorber of the most e�cient RbF-treated run (tRbF−PDT = 10 min).

One of the latter samples as well as the reference sample were rinsed in NH3(aq) prior to the mea-

surements, while the other Rb-treated sample was not. In the following it will be referred to them

as �CIGSe + NH3� for the rinsed but untreated reference sample, �CIGSe/RbF� for the treated but

unrinsed sample and �CIGSe/RbF + NH3� for the treated and rinsed sample. From previous stud-

ies, [15] it is known that such a rinsing step with NH3(aq) removes surface oxides and Na-containing

compounds. The other Cu, In, Ga and Se contributions are hardly a�ected.

In Figure 6, the measured data of the key core level peaks as well as the Na KLL Auger electron

spectrum are presented with the corresponding data �ts. A linear background was substracted

from the measured data before the actual �tting using Voigt pro�les. The background is not shown

in Figure 6. The full width at half maximum (FWHM) of both the Gaussian and the Lorentzian

part of the pro�les, as well as the energetic position were kept constant for all contributions to one

spectrum for all three samples (if present).

After the RbF-PDT there is a strong reduction of the Cu-1, Ga-1 and In-1 contributions in com-

parison to the untreated reference, which are attributed to the respective metal bound to Se, in

the corresponding spectra. While Cu-1 and Ga-1 remain below the detection limit on the rinsed

sample, the In-Se contribution (In-1) reappears after rinsing. There are additional contributions

in the Ga 2p3/2 and In 3d5/2 spectra (Ga-2 and In-2 respectively), which can be attributed to their

corresponding oxides. [16,17] While Ga-2 is completely removed by the rinsing step, In-2 partly re-

mains. In combination with the In MNN Auger peak (cf. Figure 2 of the supporting information),
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Figure 6: XPS-spectra and corresponding peaks-�ts of the Cu 2p3/2 (a), Ga 2p3/2 (b), In 3d5/2

(c), Se 3d (d), Na 1s (e), Rb 3d (g) and F 1s (h) core levels as well as the Na KLL Auger (f).
In case of the Rb and Se 3d peaks, we only indicated the corresponding 3d 5/2 sub-levels of each
contribution for the sake of clarity.

In-2 in the spectrum of the �CIGS/RbF�-sample can be attributed to a combination of In2O3 and

In(OH)3. While the In(OH)3 is removed by the rinsing step and is not longer observed on the

�CIGS/RbF+NH3�, the contribution attributed to In2O3 stays at least partly. The fact that the

energetic position of the In 3d line is almost the same for both compounds, [18,19] explains why

there is only one additional contribution to the In 3d spectrum.

In the Na 1s spectrum of the �CIGSe+NH3� as well as in the one of the �CIGSe/RbF+NH3�-

sample two contributions (Na-1 and Na-2) are visible. On the �CIGSe/RbF�-sample an additional

contribution Na-3 was detected, which lay energetically between the other two. The presence of

two Na-species on the surface of CIGSe was already reported by Heske et al. [20] In combination

with the Na KLL Auger electron spectrum (Figure 6f)), the modi�ed Auger parameter α′ can be

calculated for each species. Combining Na-1 with KLL-1 it is found α′Na−1 = (2061.4 ± 0.2) eV,

Na-2 combined with KLL-1 leads to α′Na−2 = (2062.4 ± 0.2) eV and Na-3 and KLL-2 combine to

α′Na−3 = (2060.2±0.2) eV. According to the literature, Na-1 can be attributed to Na2SeO3, [21] Na-2

to Na2O, [21,22] and Na-3 to NaF. [23] However, due to the overlap in binding energies of di�erent

compounds and since the formation of pure Na2O on the surface of CIGS does not seem likely,

Na-2 may also be attributed to other sodium-oxides or -hydroxides.
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After the PDT, a strong Rb-1 signal is detectable, which is strongly reduced by the rinsing step

giving rise to a second contribution at lower binding energies. Rb-1 can be attributed to RbF, [24]

while no literature data could be found for Rb-2. Given the fact that the chemical shift between

Rb-1 and Rb-2 is exactly the same as between Na-1 and Na-2 (∆Rb = ∆Na = (0.6 ± 0.2) eV), we

attribute Rb-2 to an Rb-Se-O-compound as e.g. Rb2SeO3.

The �uorine, which is deposited during the RbF-PDT (F-1 in Figure 6f) and is apparently at-

tributed to RbF and NaF at the CIGSe's surface, is completely removed by the NH3(aq).

The additional peak at lower binding energies, which is already present in the bare �CIGSe+NH3�-

sample and is still present on �CIGSe/RbF+NH3�, can most likely be attributed to a �ghost

peak� of the In 3d3/2 -contribution. The energetic distance between F-1 and In 3d3/2 is

(232.5±0.5) eV and therefore �ts to the di�erence of the energies of the Mg − Kα and the Al − Kα

line ((233.0 ± 0.4) eV). [18] The CISSY setup is equipped with a twin anode containing a Mg- and

an Al-excitation source. Possible origins for the appearance of such �ghost peaks� are accidental

Al-deposition from the Al-anode onto the Mg-anode or slight misadjustments of the cathode's

�lament.

The Se 3d spectrum of the �CIGSe+NH3�-sample could be �tted by the two doublets, which

are attributed with the chalcopyrite phase. [25] After the RbF-PDT Se-1 and Se-2 are strongly

reduced, but there is an additional contribution emerging at higher binding energies (Se-3).

This contribution can be attributed to the formation of selenium oxides. [16] Taking into account

that this species is reduced by rinsing with ammonia solution in a similar manner as the In-2

contribution we assume that an In-Se-O compound is present at the surface after the RbF-PDT.

The presence of such a layer has also previously been reported in case of KF-PDT. [26] Additionally

there is a fourth component − Se-4 − appearing in the Se core level peak after rinsing. This con-

tribution can either belong to the In-Se bond, as it may be attributed to di�erent InxSey-phases or

it may be attributed to the Rb-Se-O-compound. [25,27] But since there is no contribution visible in

the Se 3d spectra being attributed to Na2SeO3, the allocation to an InxSey-phase seems more likely.
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3 Discussion

3.1 Bene�cial e�ect of the RbF-PDT: Bulk e�ects

We identi�ed a combination of three di�erent mechanisms to be responsible for the increased VOC

of RbF-treated devices. First, there is the increased carrier concentration measured on samples

after long RbF-PDTs, which suggests that a combinatory incorporation of Na and Rb enhances the

existing or gives rise to an additional doping mechanism compared to the incorporation of Na alone.

At �rst sight the mechanism enhancing nCV is not completely conclusive. A direct link of the C-V -

measurement and the GD-OES-pro�le of Na seems possible only for very short RbF-PDTs: here,

Rb drives out sodium and therefore the carrier concentration is reduced. The results for longer

PDTs on the other hand seem to contradict each other: although more Rb is steadily decreasing

the measurable amount of Na throughout the bulk of the absorber, nCV is recovering constantly

and reaches higher values after very long treatments than the Rb-free reference. However, when

considering recent publications regarding these mechanisms, the results become consistent. Two

groups investigated the distribution of Rb in the CIGS on a nanometer scale recently. Schöppe et

al. used nano-XRF measurements to prove that in their sample set Rb was clearly present at grain

boundaries while concentrations in the grain interiors were below the detection limit of the used

method. [5] Similarly Vilalta-Clemente et al. used atom probe tomography (APT) to investigate

the same question. [8] The latter study also involved the interaction of Rb with Na. The authors

con�rmed that Rb stays mostly at the grain boundary and could not be found within the grains

using APT. Furthermore they found out that the presence of Na at the grain boundaries is less

likely in samples with RbF, while the concentration of Na in the grain interior is strongly increased.

Based on these �ndings, we interpret our results as follows: Initially Rb replaces Na at the grain

boundaries, which is why Na is partly driven to the surface of the absorber layer and then later

washed away by the rinsing step. After longer PDTs the remaining part of the Na is accumulating

in the grain interior, leading to an increase of the carrier concentration. It is interesting to note

that this means that the presence of Rb alone at the grain boundaries does not compensate the

resulting drop in nCV. However, the reduced bulk recombination rate could be explained by the
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presence of Rb at the grain boundaries, as done by Schöppe et al. The authors conclude that

Rb is passivating defects at the grain boundaries. Such a grain boundary passivation mechanism

is common for other solar materials such as CdTe. [28] Note that we also found an Rb-enrichment

at the grain-boundaries in our STEM-EDX measurements, which is consistent with the �ndings

of the other groups. Nevertheless, an additional, direct doping mechanism of Rb in the grain

interiors cannot be completely ruled out, since there might be Rb present within the grains in a

concentration below the detection limits of the used measurement techniques.

However, the observed gain in nCV can only be a partial explanation for the measured V OC-boost.

According to literature an increase in nCV after the PDT can be connected to a maximum di�erence

in VOC of

∆VOC ≤ kBT

q
ln
n20min

nNoPDT

≈ 20 mV (1)

for the sample with tRbF−PDT = 20 min. [29] The observed gain in VOC for this sample is in the range

of (40 − 45) mV. Consequently we assume that the RbF-PDT additionally reduces the recombi-

nation rate of our devices. This assumption was con�rmed in a study we published recently. [30]

In that contribution we could prove that the remaining di�erence in VOC can be explained by

a combination of a reduced recombination rate in the bulk of the absorber layer and a reduced

interface recombination velocity.

3.2 Bene�cial e�ect of the RbF-PDT: Interface e�ects

In order to understand the origin of the reduced interface recombination velocity, we try to sum-

marize our results by building a reaction model for the PDT and the consecutive rinsing step. The

measured XPS-spectra of the shallow core levels (Cu 2p3/2, Ga 2p3/2, Se 3d) show similar behavior

as reported by other groups for a KF-PDT. [31,32] Note that after the PDT we do only see an addi-

tional contribution with increased binding energy in the In spectrum, while we do not observe an

additional In-species at lower binding energies than In-1. A contribution at lower binding energies

than the one attributed to CIGSe has been reported by Handick et al., [32] and was attributed by

the authors to a K-In-Se surface layer. On the other hand we do observe an additional species at

lower binding energies in the Se-spectrum of the sample ”CIGS/RbF + NH3” (Se-4), which these
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Figure 7: Proposed model of a surface layer formation during the RbF-PDT.

authors also observed in their study. In other contributions regarding the e�ects of a KF-PDT the

authors also did not observe the additional In-species but only the one in the Se 3d. [31] Thus, the

presence and intensity of these additional contributions might be attributed to the exact growth

parameters of the CIGS and the PDT, which are di�erent in all three cases discussed here.

In conclusion, the observations of our XPS-study cannot unambigiously identify the compound

that is present on our samples, especially not if it is e.g. RbInSe2, similar to the considerations

made in the case of a KF-PDT. [31,33]

However, combining all XPS spectra we �nd evidence for a Cu- and Ga- depleted CIGS (resulting

in InxSey)-layer forming at the surface during the RbF-PDT. The fact that alkali-oxides are found

at the surface after rinsing (Rb2SeO3 or a similar compound in addition to the already known

Na2SeO3 and Na2O), indicates that Na and Rb are incorporated in this InxSey-layer. Since the

InxSey-layer is only visible with XPS after rinsing the sample, it is likely covered by at least one

other layer, which is removed by the NH3(aq). After removal of this covering layer, the alkali-

selenide-oxides are formed due to the short contact with air. Based on the XPS-spectra as well

as the SEM and STEM studies we propose that this covering layer is a combination of RbF, NaF

and an In-Se-O species (see Figure 7).

Assuming that an alkali-In-Se layer can lead to a reduction of the valence band edge would lead

to a suitable explanation for a reduced interface recombination velocity. [7,34]

Similar to our �ndings, a nanopatterning of the CIGSe's surface after an alkali-PDT has already

been reported in case of KF-PDT and RbF-PDT. [6,35] In the case of KF-PDT the authors pro-

posed that the nanostructure leads to a passivation of the interface and is therefore reducing the
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recombination velocity, similar to a point contact formation in silicon solar cells. [35,36] Based on our

�ndings the nanopatterning results in Volmer-Weber growth of excess RbF on the treated absorber

layer, which is removable by rinsing in NH3(aq). [37] But since the distribution of these �point con-

tacts� is rather dense and the distance between these contacts is small compared to the di�usion

length (which we consider to be in the order of magnitude of ∼ 1 µm), [38] we conclude that our

�ndings as well as the following 1D-modelling is not a�ected by the presence of the nanopatterning.

However, it cannot be excluded that the observed reduction of the surface recombination velocity

is partly attributed to this nanopatterning. In fact there is a theoretical study, suggesting that

such a patterning could reduce the surface recombination velocity. [39]

3.3 Detrimental e�ect of the RbF-PDT

The bene�cial e�ects of the RbF-PDT are accompanied by two negative ones, namely the lowering

of the FF and the appearance of a pronounced roll-over e�ect in the illuminated j − V -curve. A

lower FF due to alkali-incorporation into CIGS absorber layers was already reported in case of

NaF-precursors and NaF-PDTs. [38] The authors attributed this behavior (using C-V -measurements

and numerical simulations) to the creation of additional acceptor-like defects in a GaOx layer due

to Na in-di�usion. Based on this observation we built a model explaining the reduced FF after

RbF-PDT with the creation of acceptor states at the CdS/ZnO-interface induced by Rb. Since the

ZnO:Al-layer for this work is deposited at substrate temperatures around 165 °C, there might be

alkali elements (Na, Rb) di�using out of the absorber layer to the newly formed CdS/ZnO-interface

during that deposition. Based on DFT-calculations by Park et al., [40] we know that Na and K will

create acceptor states in ZnO. The authors calculated the energetic defect levels of Li, Na and K

in ZnO and found that substitutional defects induced by these impurities will create acceptor-like

levels close to the valence band maximum (VBM). With increasing size of the atoms, the defect

levels move deeper (position relative to the VBM: 0.09 eV for Li up to 0.32 eV for K), suggesting

that Rb would create defects even deeper in the band gap. Experimental �ndings (regarding Li

and Na) suggest that these calculations even underestimate the energetic position of the acceptor

states. [41,42]
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We used numerical simulations based on SCAPS 1D to test this model using the parameters

described in section 5.2 for the RbF-free device. [43] To simulate the migration of Rb-atoms into the

ZnO of the �RbF-treated� device, we introduced acceptor like defects at the CdS/ZnO-interface.

Interpreting the mentioned results from the literature carefully, we positioned these defects rather

close to the VBM (EA = 0.3 eV) to be sure we are not overestimating their e�ect. Note, that

we didn't introduce any bene�cial e�ects in this model, such as the described enhanced carrier

concentration or reduced recombination rates, because here the aim is to merely separate the

bene�cial from the detrimental e�ects. The corresponding band diagrams of the �Rb-free reference�

and the �RbF-treated� sample as well as the resulting j-V -curves are shown in Figure 8. The FF

is lowered by the introduction of the additional defects by approximately 3%, which is in good

agreement with the FF -loss observed in our experiment (cf. Figure 1). This e�ect could also

explain results of a study, which was performed by Keller et al. [44] There, the authors investigated

the e�ect of di�erent substrate temperatures during TCO deposition and found that samples with

KF-PDT showed lower FF and VOC after TCO-deposition at elevated temperatures.

However, although the simulated j-V -curve actually leads to a lowering of the FF , the roll-over

e�ect, which indeed also is present in the simulated curve, is less pronounced than in the measured

curve (Figure 3). This leads to the assumption that there may be an additional current blocking

barrier forming in the device due to the RbF-PDT, which enhances this roll-over. This could be

e.g. a back contact barrier due to the over pronounced Na-depletion next to the back-contact (see

Figure 2) or a barrier induced by the newly formed (Rb,Na)-InxSey layer at the CIGS/CdS-interface

as proposed by Weiss et al. [10]

4 Conclusions

An RbF post deposition treatment on our CIGS absorber layers impacts both the surface and

bulk properties of the absorber layer. Based on XPS, SEM and STEM analyses we see strong

evidence that an Rb- and Na-containing InxSey layer is formed at the surface of the absorber layer

during the RbF-PDT. On top of this surface layer, there is a patterned multilayer containing NaF,

RbF, In(OH)3, GaOx and an In-Se-O-compound. By rinsing in NH3(aq), all these components
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Figure 8: a) SCAPS-simulated energy band diagram of a "standard" CIGS solar cell (black) and
the same layer stack after introducing a back contact barrier and acceptor-like defects at the
CdS/ZnO-interface. b) The corresponding simulated j-V -curve.
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are etched o� of the surface − only traces of the In-Se-O remain on the (Rb,Na)-InxSey surface.

In the CIGS-bulk on the other hand, Rb segregates at the grain boundaries, presumably leading

to Na-migration to the surface and into the grain interiors. During device formation, surplus Na

and/or Rb from the surface or the grain boundaries seem to di�use to the newly formed CdS/ZnO-

interface.

We attribute the steady V OC-increase of the corresponding solar cells to a combination of three

mechanisms. First, for su�ciently long treatments the carrier concentration of the CIGS absorber

layer is increased by the higher concentration of Na in the grain interiors. Secondly, the recom-

bination rate in the bulk is reduced, possibly due to grain boundary passivation by Rb. Finally

also the interface recombination velocity is lowered by the formation of the (Rb,Na)-InxSey surface

layer.

Furthermore we explain the reduced FF by the creation of alkali-induced acceptor states at the

CdS/ZnO-interface. This is accompanied by a current blocking barrier leading to a roll-over in the

j-V -curves. The next step is now to characterize these detrimental e�ects in more detail, to �nd

the origin of the current blocking barrier and to �nally overcome the FF -loss while maintaining

the bene�cial e�ects of the PDT on the VOC.

5 Experimental Section

5.1 Solar cell fabrication

The CIGS absorber layers were prepared on 2 mm thick �oat glass substrates coated with 800 nm

thick molybdenum, which was deposited by DC-sputtering. There was no Na-di�usion barrier de-

posited on the glass beforehand allowing for di�usion of Na from the substrate into the CIGS. The

evaporation of the CIGS absorber was done using an adapted three-stage evaporation process as de-

scribed in detail in [30]. The maximum substrate temperature during growth was kept at 530 °C. The

�nal layers exhibited a Cu-poor composition with molar fraction ratios of χCu/(χGa + χIn) ≈ 0.9

and χGa/(χGa + χIn) ≈ 0.3. After �nishing the CIGS-layer at the end of stage three, the sub-

strates were cooled down to 280 °C and kept at this temperature for the RbF-PDT. The RbF was
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evaporated with a �xed source temperature resulting in a deposition rate of approximately 0.2 Å
s

(as measured by quartz crystal microbalance). The duration of the PDT was varied from 0 min for

the RbF-free reference sample up to tPDT= 20 min - in total seven deposition runs were performed

with 0 min, 1 min, 4 min, 7 min, 10 min, 15 min and 20 min. Since all other parameters of the PDT,

e.g. the evaporation rate of he RbF, were kept constant, this variation of the duration equals a

variation of the amount of RbF deposited on the CIGS. The selenium supply, which was strongly

reduced during the PDT compared to the CIGS growth, was turned o� after �nishing the PDT.

At the same time the substrates were cooled down to room temperature.

One absorber of each run was directly stored in vacuum and later used for additional characteri-

zation. The other absorber layers were rinsed in NH3(aq) (1 mol/l). Subsequently approximately

50 nm thick CdS bu�er layers were deposited by chemical bath deposition (CBD). Note, that in

this study the thickness of the bu�er layer was not varied, although it is known that a reduction

of the CdS thickness may be bene�cial on alkali treated CIGS. [45,46] As transparent front contact

a bi-layer of approximately 180 nm thick i-ZnO/ZnO:Al was deposited by RF-sputtering before

�nally Ni/Al/Ni �nger-grids were evaporated onto the TCO.

5.2 Characterization and modeling

The current density-voltage (j-V -) measurements were performed under standard test conditions

(AM 1.5 spectrum, 1000 W · m−2, 25 °C) using a WACOM A+ solar simulator; SEM images were

taken using a Zeiss LEO Gemini 1530; and capacitance-voltage (C-V -) measurements were carried

out on a self-built setup using an Agilent 4284A LCR meter at a frequency of ν = 100 kHz. Addi-

tionally elemental depth pro�les were measured using GD-OES with a Spectruma GDA 650 and

XPS was performed at the CISSY-setup, which is described in detail by Lauermann et al. [47]

For all measurements performed in this study, the Mg − Kα line with a transition energy of

E = (1253.6± 0.2) eV was used as excitation source. The pass energy was set to Epass = 10 eV for

the Ga spectrum and to Epass = 20 eV for all other spectra. The measurements were performed

on bare absorber layers (with and without PDT), which were kept in vacuum after the deposition.

The air exposure during the transfer into the XPS-system was kept to a minimum.
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Samples for the STEM measurements were prepared with a Thermo Scienti�c FEI Scios Dual-

Beam FIB-SEM instrument. The FIB-SEM instrument is equipped with a �eld emission electron

gun (FEG), a gallium liquid metal ion source and an EasyLift micromanipulator. A C-Gas and

a Pt-Gas injection system were used to deposit C and Pt layers on the sample surface for pro-

tection from Ga ion beam damage. From rough cut towards �ner thinning of the specimens, a

Ga-ion beam with progressively lower voltages from 30 kV to 1 kV and progressively lower ion

beam currents from 65 nA to 16 pA has been used. Then a Fischione Nanomill 1040 with low- kV

(0.5 kV�1 kV) Ar beam was used for the �nal thinning and cleaning of the specimens to ∼ 50 nm

thickness. STEM investigations were performed using a JEOL JEM-ARM 200CF electron micro-

scope equipped with a cold FEG, a CEOS DCOR probe corrector, a Gatan GIF Quantum ERS

electron energy-loss spectrometer (EELS), and a 100 mm2 JEOL Centurio EDX detector. The

operating voltage is 200 kV, with a semi-convergence angle of 20.4 mrad and a probe size of ∼1 Å.

For STEM HAADF imaging, a collection semi-angle of 115 mrad=276 mrad was used. For EELS

the collection semi-angle was 115 mrad.

Numerical simulations were done using the SCAPS-1D software, which is available via the Univer-

sity of Gent. [43] A layer stack was set up to represent our Rb-free reference devices based on the

literature. [48] Generally a combination of CuInSe2 and CuGaSe2 charateristic properties are used

for the absorber layer and their ratio, the layer depth as well as elemental gradients were deter-

mined by GD-OES pro�ling of a real device. The absorption coe�cients of CuInSe2, CuGaSe2 and

ZnO have been determined via re�ectance and transmission measurements and additionally the

re�ectance of the surface of the �nished device was measured. In order to account for the shading

due to the front contact grid, the illumination intensity was set to 97 %. The shallow acceptor

density was derived from C − V measurements.

Within the absorber of the reference device, the model contains a single acceptor-like and a donor-

like bulk defect, located 0.2 eV above the valence band and below the conduction band, respectively.

The defect densities of these defects are correlated to the local Ga-content according to reference [49],

with a defect concentration of 5 · 1015 cm−3 for CuInSe2 and 5 · 1016 cm−3 for CuGaSe2. At the

CIGS/CdS-interface, again a donor-like and an acceptor-like defect were placed 0.3 eV and 0.4 eV

20



below the conduction band, both with a defect concentration of 4 ·1011 cm−3. Defects in the bu�er

and window layer are assumed to be electrically neutral, positioned in the middle of the band gap.
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