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Abstract 

Passivation of the Cu(In,Ga)Se2 (CIGS) /Mo back contact using AlOx is studied to reduce the 

recombination at this interface. In this study RbF post deposition treatment (RbF-PDT), a well-

established method to improve absorber and front interface properties, is employed on back 

passivated solar cells. It is found that this combination deteriorates the performance due to 

formation of an injection barrier at the front and reduced acceptor concentration. 

Photoluminescence yield and decay times show no indication of increased defect recombination, 

as both are improved. With Time of Flight - Secondary Ion Mass Spectroscopy, in-depth and 

lateral alkali profiles are measured. It is shown that the Na concentration is higher at the 

AlOx/Mo back contact and that Rb accumulates at the CdS/CIGS interface. It is hypothesised 

that Na at the back is released during the RbF-PDT and inhibits Rb diffusion into the CIGS 

layer. Rb remains at the front and acceptor concentration is reduced. Modelling of dark and 

light current-voltage characteristics showed that the injection barrier and low doping are 

responsible for the reduced Voc and fill factor (FF). It is suggested that the commonly observed 

FF losses upon heavier alkali PDT could be eliminated by adapting the initial Na amount. 

 

1. Introduction 

 The Cu(In,Ga)Se2 (CIGS) solar cell efficiency is among the highest of the thin film solar 

cell reaching efficiencies over 23%.[1] As a thin film technology it has the potential to be applied 

in various applications requiring light weight, flexibility, semi-transparency, but also in tandem 

cells. The processes required to make these highly efficient solar cells can be rather complex 

though, making it hard to upscale. Also, the usage of the critical raw elements In and Ga raises 

some concern for large scale applications of CIGS technology. Both issues have encouraged 

research on simplified and thinner CIGS solar cell structures.[2] An absorber layer with a 
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thickness of about 500 nm can theoretically achieve similar efficiency to that of a 3 µm thick 

absorber layer provided that the interfaces and optical path lengths are optimized.[3]  

Passivation of the Mo back contact is being investigated to reduce the recombination at the 

CIGS/Mo interface.[4] This can be achieved by applying a dielectric layer between the Mo back 

contact and CIGS absorber layer or by implementation of a high Ga gradient at the back.[4,5] 

From upscaling perspective, applying a passivation layer is easier to achieve and is a well-

known method in Si solar technology.[2] When a dielectric is applied, the current flow may be 

blocked if the layer is too thick, and thus holes to connect the absorber layer with the back 

contact are required. These contacts have been achieved by applying nano lithography,[6,7] 

nanoparticles,[8,9] or alkali salts in the presence of Se at elevated temperatures.[10,11]  

To achieve a highly efficient absorber layer, various alkali treatments have been employed. 

Alkali metals are commonly added by a post deposition treatment (PDT), which involves 

deposition of an alkali salt (fluoride) on the grown absorber layer followed by a heat treatment. 

It has resulted in the most recent efficiency records and various reviews are available discussing 

the mechanisms behind the improvements upon (heavier) alkali treatments.[12,13] To a lesser 

extent, alkali treatments have also been investigated in ultrathin CIGS solar cells.[14–16] Though 

alkali treatments have led to record efficiencies, not all solar cell parameters are always 

improved and losses in the fill factor (FF) are often observed.[17–23] Temperature dependent 

current-voltage (JV) measurements show that this may be caused by an injection barrier.[18,24] 

At room temperature, an injection barrier resulting in a kink of the JV curves is generally 

observed upon low alkali content, [10,25,26] or upon an unsuitable TCO.[27,28] Few studies have 

shown an injection barrier at room temperature upon alkali treatments as well and this was seen 

when KF was used as a precursor,[29] and upon presence of high concentration of Cs.[23] 

Recently, the injection barrier upon alkali PDT has been shown by modelling to be at the 

CdS/ZnO interface.[22,30] Losses in open-circuit voltage (Voc) are not often observed and are 
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attributed to the absence of an ordered defect compound (ODC) at the CIGS surface or a too 

low Cu/(In+Ga) ratio.[31,32]  

 In this contribution, we apply alkali treatments on AlOx back passivated solar cells and find 

that this combination deteriorates the solar cell performance. An injection barrier at room 

temperature and losses in Voc are observed. As the passivation layer only reduces the 

recombination at the back contact and the alkali PDT improves the front interface and absorber 

layer properties, the interference of the two approaches is unexpected. Since both approaches 

are an obvious route towards highly efficient ultrathin CIGS solar cells, the root cause is 

investigated.  

 To understand how the RbF-PDT in combination with AlOx passivation layer at the back 

deteriorates the solar cell performance, also thicker absorber layers were prepared since these 

suffer less from recombination at the Mo back contact than the thinner cells. The alkali amounts 

were adapted for both the thick and thin solar cells and with Time of Flight – Secondary Ion 

Mass Spectrometry (ToF-SIMS) lateral and in-depth elemental profiles were measured. The 

absorber properties were measured with hyper spectra photoluminescence (PL) imaging and 

time resolved PL (TR-PL). The JV characteristics were modelled using SCAPS.[33] We will 

show that the performance degradation can be explained by an injection barrier at the CdS/ZnO 

interface and a reduction of the net acceptor concentration in the CIGS layer. Based on the 

lateral and in-depth elemental profiles an adapted diffusion mechanism of the alkali metals is 

proposed explaining the reduction of the acceptor concentration and alkali accumulation at the 

front.  

 

2. Results  

2.1 CIGS solar cells performance 

We applied a RbF-PDT on single stage grown CIGS absorber layers. The single stage grown 

CIGS layers  have no Ga gradient and any effects related to changes in the in-depth Ga profile 
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can be eliminated.[14] However, as crystals are small ~ 100 nm,[34] the efficiency is rather low. 

This also encourages an alkali PDT to improve the absorber layer quality. We prepared ultrathin 

CIGS layers with a thickness of 500 nm (U series) and CIGS absorber layers with a more 

standard thickness of 1600 nm (S series). The Na and Rb amounts were varied to have high 

(UH) or low (SL) amount of alkali present. The first two sets (U and S) have the same Rb/Na 

ratio, but differ only in CIGS layer thickness. The third set (SL) has a lower amount of Rb, but 

still optimized amount of Na. The fourth set had both high amount of Na and Rb for an ultrathin 

sample (UH). The U and SL sets had a HCl treatment before depositing the CdS layer, as this 

has shown to reduce the width of the injection barrier.[18] However, the highest efficiencies were 

achieved without the HCl etch and since we did not observe a change in the barrier we omitted 

this step for the other samples. Table 1 presents the samples that are prepared and the average 

solar cell parameters. The representative JV curves, doping profiles derived from capacitance-

voltage (CV) measurements and TRPL data of the various samples are presented in figure 1.   

 

Table 1: sample matrix and average of the solar cell parameters of the 4 different sets 

Samplea) RbF [M]b) NaF [nm] AlOx [nm] Voc [V] Jsc [mA/cm2] FF [%] η [%] 

U1 - 5 
- 

554 ± 22 16.7 ± 0.6 65.7 ± 4.6 6.1 ± 0.7 

U2 - 5 3 588 ± 8 17.7 ± 0.6 69.4 ± 2.0 7.2 ± 0.4 

U3 0.2 5 - 574 ± 26 17.9 ± 0.7 65.6 ± 6.4 6.8 ± 1.1 

U4 0.2 5 3 509 ± 35 20.2 ± 1.2 48.1 ± 7.7 4.9 ± 0.7 

S1 - 10 - 525 ± 7 28.4 ± 2.1 57.2 ± 1.3 8.5 ± 0.7 

S2 - 10 3 558 ± 8 28.8 ± 1.8 60.5 ± 0.5 9.7 ± 0.8 

S3 0.4 10 - 479 ± 13 28.7 ± 2.7 51.9 ± 2.4 7.2 ± 0.9 

S4 0.4 10 3 461 ± 26 27.8 ± 1.5 43.3 ± 2.8 5.6 ± 0.7 

SL1 - 10 - 575 ± 23 30.9 ± 2.5 68.5 ± 2.4 12.1 ± 0.6 
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SL2 - 10 3 580 ± 13 29.1 ± 2.4 71.3 ± 1.8 12.0 ± 0.9 

SL3 0.1 10 - 501 ± 27 32.5 ± 2.6 56.8 ± 2.5 9.3 ± 1.2 

SL4 0.1 10 3 474 ± 22 29.7 ± 2.4 46.0 ± 12 6.4 ± 1.5 

UH1 - 15 - 551 ± 26 21.4 ± 2.6 58.3 ± 3.3 6.9 ± 1.2 

UH3 0.4 15 - 441 ± 50 18.5 ± 1.2 40.8 ± 3.3 3.4 ± 0.7 

a) U = ultrathin (~500 nm), S = standard thickness (1.6 µm), L = low alkali, H = high alkali; 1 

= Reference, 2 = with AlOx, 3 = with RbF, and 4 = with RbF + AlOx; b) M is molarity spin 

coating solution, light font = i-Zno/AZO window layers and HCl dip, bold font = i-ZnO/ITO 

window layers without HCL dip 
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Figure 1 JV curves, doping profiles and TRPL data of the solar cells. The left column presents 

the JV curves, the middle column the doping profiles derived from CV measurements and the 

right column the TRPL data. The rows present the data in similar order as in table 1:  top is the 

U series, below the S and SL series and bottom row presents the data of the UH series.  

 

When looking at the results in table 1, and the JV curves presented in the left column of figure 

1, we observe the following trend from top to bottom:  

- for the U series applying RbF-PDT or AlOx layer individually improved the efficiency from 

about 6% to 7%. This is due to an increase in Voc for RbF-PDT, and Voc and FF increase for 
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AlOx back passivation. When both RbF-PDT and AlOx passivation layer are applied, the 

efficiency deteriorates to about 5%. A kink is observed and both lower Voc and FF are measured.  

- for the S and SL series the AlOx layer also increases the Voc and FF. Upon RbF-PDT the 

solar cells degrade, which is independent on the amount of Rb. In the case of low Rb (SL) there 

seems to be no kink, while for standard Rb (S), there is also a small kink visible. When both 

RbF-PDT and AlOx passivation layer are applied a kink is clearly visible again for both S and 

SL series. We find that the HCl etch has no impact on the presence of this injection barrier when 

RbF-PDT is applied on CIGS layer with passivated AlOx back contact.  

- the UH series were prepared to find how the initial amount of Na impacts the efficiency upon 

RbF-PDT for the ultrathin absorber layer. The reference has similar performance as that of the 

U series, however we find that the performance deteriorates upon RbF-PDT when high amount 

of Na is present. This is due to both lower Voc and FF and a significantly reduced shunt 

resistance. No kink is observed in this case and no HCl etch was done.  

Thus, from the JV curves we find that when RbF-PDT is employed on AlOx back passivated 

CIGS layers an injection barrier is formed. In addition, RbF-PDT by itself may also cause 

degradation when a high amount of Na is initially present. We found that similar trends as 

described above are also observed when KF-PDT is applied to cells with AlOx at the back or 

high Na and when the absorber layer was grown by a 3-stage co-evaporation process on 

passivated back contact. These curves are presented in the supplement S1. It thus generalizes 

the phenomena observed above in the case of AlOx at the back or the presence of high amounts 

of Na.  

The doping profiles are derived from the CV measurements and are presented in the second 

column of figure 1. We find small changes in the doping profile for all the cells upon RbF-PDT, 

either a decrease or increase. This is something we observed before, and it was found that it 

depends on the initial doping.[16] Similar small changes are found for the AlOx solar cells 

compared to the reference. When RbF-PDT is applied on the AlOx passivated solar cells though, 
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we observe a significant decrease in the doping for all solar cells. A decrease in doping could 

partly explain the lower Voc measured of these cells. This will be further explored in the last 

part upon modelling of the JV curves.  

TR-PL decay curves were measured of finished solar cells to see the effect the alkali post 

deposition treatment has on the absorber layer properties and the CdS/CIGS interface. The 

decay curves are presented in the right column of figure 1. We find that all the cells that had a 

RbF-PDT show improved decay time, whether the back contact was passivated or not. The 

AlOx has only a marginal effect on the decay time. Small changes are observed between the 

thick and thin cells. For the thin cells the RbF-AlOx seems to have the slowest decay while for 

the thicker cells the RbF-PDT have the slowest decay. Despite these small differences, based 

on the decay curves, improvements in device performance would be expected upon RbF 

treatment, both for passivated and non-passivated back contact and thin and thick cells. Though, 

the decay time also depends on the light intensity and whether a field is present or not, thus 

changes in transport properties or roughness may affect the decay curves as well.[35]   

At last, we find that it is possible to distinguish the solar cells showing improved performance 

from those with deteriorated performance compared to the reference, based on optical 

microscopic images of the solar cells. This is presented in figure 2. The cells that showed 

improved performance with AlOx passivation layer or upon RbF-PDT look like the reference. 

These are shown on the left side of the red line. When the cells deteriorate, we find spots of 

different colours on the samples. These are shown on the right side of the red line.  In the case 

of RbF-PDT, we see that these spots become larger when more Na was initially present. When 

the passivated solar cells have a RbF-PDT, spots of different colour become also visible for the 

U series and are larger for the S(L) series. In the next parts the effect of these inhomogeneities 

on the PL yield is measured by hyperspectral imaging and the origin of these spots will be 

explored by means of ToF-SIMS.  
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Figure 2 Microscopic images from left to right: reference, passivated, RbF-PDT and combined 

RbF-AlOx. From top to bottom: increase of initial NaF: 5, 10, and 15 nm NaF for U, S, SL and 

UH respectively. Right side of red line : devices with deteriorated performance. 

 

2.2 Photoluminescence mapping 

The samples from the S series are measured with hyperspectral imaging to see whether these 

spots seen in figure 2 impact the PL yield. With hyperspectral imaging, a large area is 

illuminated, and the PL and reflection spectra are collected in grids of 1x1 µm2 and presented 

as a pixel in a colour coded map. Each pixel in the map presents the counts at a specified 

wavelength. Figure 3 presents the maps and PL and reflection spectra of the reference, RbF-

PDT and RbF-AlOx of the S series. In general, the single stage PL spectra are heavily 
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influenced by interference which we have shown before for the ultrathin samples.[36] As these 

layers are 1600 nm thick, even more fringes are present. The peak at 1050 nm is due to 

neodymium in the microscope objective being excited by the laser. The maps show therefore 

the intensity measured at 1101 nm eliminating this optics-related peak at 1050 nm. The blue 

areas are the grids.  

When looking at the reference sample, we find that the PL intensity is rather homogeneous. No 

distinguishable features or structures are seen, except higher intensity closer to the grids. When 

looking at the individual PL spectra of a high and low intensity area, presented below the map, 

this homogeneity is confirmed. Similar conclusion was drawn for ultrathin single stage 

samples.[36] Also presented is the peak at 1050 nm, measured at the grid (blue area). When 

looking at the maps of the RbF-PDT solar cell, we see some small red spots of the size of a few 

microns. These could indeed be the spots seen in the optical microscopic images. From the 

individual spectra, plotted in the graph below, we find that the difference in intensity varies up 

to a factor 2 at 1101 nm. The intensity is in general higher than that of the cell without RbF. 

Higher intensity means less non-radiative recombination in the cell and is consistent with the 

higher decay times measured before (figure 1). When measuring the RbF/AlOx cell, presented 

rightmost in figure 3, we find large ring-shaped spots and even larger differences in intensity. 

We believe these are again related to the spots seen in the micrographs, figure 2. The ring has 

the highest intensity, and the inner area has a slightly lower intensity. Between the rings, the 

intensity is the lowest. The intensity is in general higher than the reference and the RbF-PDT 

solar cell. An increase up to a factor of four was measured for the ring-shaped areas when 

compared to the reference. This again implies that the recombination in the CIGS layer and/or 

at the CdS/CIGS interface is reduced.  

Based on the TRPL and PL data presented above, an increase in Voc would thus be expected 

upon RbF-PDT with and without AlOx at the back. However, it is also known that lateral 
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inhomogeneities are a source for Voc losses as well.[37] To understand where the 

inhomogeneities come from, the chemical composition of various solar cells is measured.  

  

Figure 3 Top: the  intensity maps of the PL at 1101 nm, from left to right: reference, RbF-PDT 

and RbF-AlOx of the S series.  Bottom: spectra of high intensity and low intensity area from 

the maps presented above. The peak observed at ~1050 nm is due to neodymium in the 

microscope objective being excited by the 512 nm laser. The grey dashes lines shows the 

position of the intensity seen in the maps above. The reflection spectra is normalized with the 

lamp spectrum and shifted in height to accomodate both the PL and reflection spectra.  

 

2.3 Compositional analysis and elemental mapping 

In-depth elemental profiles of selected samples (S and UH samples) were measured with ToF-

SIMS. Figure 4 presents the profiles of the various alkali metals. The Cu, In and Ga profiles 

are flat and examples of those graphs can be found in the supplement S2. The sputter times are 

adapted in such a way that the Cd peaks at the front and Mo/(Al) at the back of the difference 

samples are overlapping. At first sight, the alkali profiles and the changes observed upon RbF-
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PDT are consistent with literature: the alkali metals accumulate at the CdS and Mo(Al) 

interfaces and after PDT with heavier alkali, the lighter alkali is reduced.[18,24,38–40] 

When comparing the alkali between cells with and without AlOx at the back, shown in figure 

4a and b as solid lines, we find that the Na counts are about 1 order higher when AlOx is present 

at the back. This is unexpected, since in both cases 10 nm NaF was evaporated at room 

temperature before CIGS growth. It could be that less Na is present on Mo compared to AlOx 

when the substrate temperature is increased to 550 ˚C. This implies that some of the Na 

evaporates when the substrate temperature is increased, and this amount is different when AlOx 

is present. We hypothesize that this has to do with the AlOx layer which is grown by ALD. 

which has not been annealed when the NaF is evaporated and is thus amorphous.[41,42] The NaF 

may have better adhesion on this amorphous AlOx layer compared to Mo. Upon heating the 

substrate a bit of NaF may evaporate, but less when NaF is deposited on the AlOx layer.  When 

the CIGS is grown, more Na is then present to diffuse into the CIGS layer compared to Mo. 

When RbF-PDT is applied, we see differences in both the Rb and Na counts and profiles, see 

figure 4a and b dashed lines. When there is no AlOx at the back, the Na is almost depleted at 

the back, and at least 1 order lower than at the front. The Na profile of the back passivated cell 

looks rather flat throughout the layer, thus there is no Na depletion at the back. It is possible 

that the Na present at the AlOx/Mo back contact diffuses into the absorber layer during the PDT  

and thus avoids this depletion of Na at the back. At the CdS layer there is a steep increase in 

Na. This absolute increase is likely due to matrix effect as the encironment changes from CIGS 

to CdS.[43] However, it probably means that there is Na in the CdS layer. This is in contrast to 

the profiles that directly go down at the CdS/CIGS interface.  

The Rb profiles look initally rather similar for both cells. Closer look reveals that the counts are 

higher for the reference, while the passivated cell has a steeper increase of Rb at CdS/CIGS 

interface. It seems that the Na coming from the AlOx/Mo back contact inhibits the diffusion of 

Rb from the front into the absorber layer. Rb then accumulates at the front.  
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The profiles described above are based on at least 2 spots of 100x100 µm2 and no significant 

differences were found. This is different for the high alkali series (UH), where we see that Na 

profiles change from spot to spot. This is presented in figure 4c and d. One spot follows the 

typical Na profile: slow increase towards the back. The other spot shows a small Na 

accumulation in the CdS layer. After RbF-PDT, we find that the Rb profiles overlap, but also 

that the counts saturate halfway the absorber layer. The amount of Rb diffusing into the absorber 

layer is thus significantly larger than that of the thick samples, which we believe is due to the 

initial higher amount of Na in the absorber layer. It is known that if Na is already present in the 

absorber layer, the Rb diffusion coefficient is increased along the grain boundaries, while 

inhibiting the diffusion of Rb into the grains.[44] This is not the same as the case that Na comes 

from the AlOx/Mo back contact. These atoms were not present in the absorber layer prior to 

the PDT. Looking at the Na profiles after RbF-PDT, we find again that the profiles differ per 

spot. Thus, the high amount of Na leads to large lateral differences in Na concentration both 

before and after RbF-PDT.  
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Figure 4 ToF-SIMS depth profiles of the alkali elements. From the S series: a) reference solar 

cells with and without RbF-PDT; b) Back passivated solar cells with and without RbF-PDT. 

From the UH series: c) ultrathin solar cell with high amount of Na and d) ultrathin solar cells 

with high amount of Na and RbF-PD. The profiles are aligned to the Cd peak at the front and 

Mo (Al) at the back. 

 

When AlOx is deposited at the back, holes are formed in the layer during CIGS growth in the 

presence of NaF.[11] To see how this impacts the alkali profiles laterally, the samples from the 

S series with AlOx at the back were also measured with high lateral resolution ToF-SIMS. For 

this the counts of selected elements are added in a region close to the CdS and AlOx layer 

(supplement S3). Figure 5 presents the maps of representative elements at the back contact 

(CIGS/AlOx/Mo) and front interface (CIGS/CdS).  

We find that the holes in the AlOx layer are clearly identifiable in the Al map, even though the 

layer is only 3 nm thin. It is also shown that Na content is higher when the AlOx layer is present, 
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and the Na and Al maps show similar pattern. Thus, as hypothesised earlier, Na accumulates at 

the AlOx/Mo interface. A similar finding was observed in the presence of AlOx nanostructures, 

in which an accumulation of Na at the CIGS/Mo interface was found.[45] At the front (CdS/CIGS 

interface) we find that the Na is rather homogenous again. Also, Ga variations are observed, 

both at the front and the back. This could be due to the interaction between Na and Ga.[46–48] 

Maps of Cu, In, (front/back) Cd and Zn are shown in the supplement S4.  

The maps of the RbF/AlOx solar cell of the S series are presented in figure 6. Here we also see 

that at the back the Na and Al maps overlap. Rb seems to follow a similar profile as that of 

Na/Al but to a lesser extent. At the CdS/CIGS interface large variations in Rb counts are visible 

though. These variations seem to be weakly correlated with the Na profile at the back. At the 

bottom right of the Na map of the back contact, we see that there is a slightly lower amount of 

Na, while at the front the Rb counts are significantly higher in this area. This indeed corresponds 

with the finding earlier, that less Na causes less Rb diffusion into the absorber layer. When the 

Rb is not diffusing into the absorber layer, it accumulates at the front and we thus see an anti-

correlation between Na at the back and Rb at the front.  

When the Rb accumulates at the front, a significant depletion of Ga is seen. This depletion is 

on top of the smaller variations already seen for the AlOx solar cell. The finding that Rb causes 

Ga depletion at the front has been observed before.[22,39,49] However, from these maps it seems 

that this is induced by lateral Na inhomogeneities at the back. These areas with higher counts 

of Rb are likely related to the areas in which the PL yield was higher. The rings are about 10 to 

20 µm in diameter, so is the area where we see Rb accumulation and Ga depletion. The higher 

PL yield at this position, fits the consensus that lower Ga and the presence of Rb phases reduces 

recombination at the CdS/CIGS interface.  
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Figure 5 ToF-SIMS maps of 25x25 µm2 area with high lateral resolution of the AlOx passivated 

solar cell from the S series. Figures with very low counts have increased contrast. Top: 

elemental maps of Al, Na and Ga at the back contact. Bottom: elemental maps of Cd, Na and 

Ga at the front. 

 

Figure 6 ToF-SIMS maps with high lateral resolution of the RbF-AlOx solar cell from the S 

series. Figures with very low counts have increased contrast. Top: elemental maps of Al, Na, 

Rb and Ga at the back contact. Bottom: elemental maps of Cd, Na, Rb and Ga at the front. The 
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green curved line encloses the bottom right region in the maps showing a slightly lower amount 

of Na at the back, a Rb accumulation at the front and a significant depletion of Ga at the front.   

 

3. Discussion 

The first part of the discussion will provide a model about the diffusion of the alkali, based on 

existing literature and the new findings related to the Na accumulation at the AlOx/Mo back 

contact. A reason for the low doping and formation of the barrier will be proposed. In the second 

part, we will model the measured JV curves taking the presence of a barrier at the CdS/ZnO 

interface into acount.  

 

3.1 Interaction between Na and Rb 

The schematic presention of the proposed diffusion mechanism can be found in figure 7. At 

the top, the diffusion is presented as generally accepted, based on literature. At the bottom a 

new model is proposed, based on the hypothesis that the AlOx/Mo back contact suffices as Na 

source. We will take 3 kinds of elements into acount, that is Rb, Na and the copper vacancy 

(VCu). The copper vacancies are the main source of the p-type doping in CIGS which is known 

to be influenced by Na. In the case of RbF-PDT without AlOx at the back the steps of Rb 

diffusion into the CIGS layer  are: 

1a→ 2a) Rb is applied on top of the CIGS layer. Upon heating it diffuses into the absorber layer 

via the grain boundaries[44]. Na diffuses out of the absorber layer via the grain interior and grain 

boundaries, reducing the amount of Na in the absorber layer [44,50]  

2a → 3a) During cooling down the lower amount of Na that is left in the absorber layer is 

pushed out of the grain interior to the grain boundaries if possible or remains in the grain 

changing the concentration of the copper vacancies.[51] As it is known that the net acceptor 

concentration in the CIGS layer is highly dependent on the copper vacancies, changes in doping 

can be expected on small variations in the concentration of the copper vacancies.  
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When AlOx is applied at the back we also have a source of Na at the back. Thus when Rb 

diffuses according to the process described above into the absorber layer, Na will also diffuse 

into the absorber layer from the back. The following added mechanisms are proposed:  

1b → 2b) Rb/Na exchange at the front is similar at in 1a → 2a. Additionally, a high 

concentration of Na is present at the back of the CIGS absorber layer. Na diffuses from the back 

into the absorber layer during the PDT. The reduction of Na will be less and the concentration 

of copper vacancies will change. 

2b → 3b) The ratio between Na and the copper vacancies has changed. In addition, Rb is 

diffused into the absorber layer as well. The concentration of Na is significantly higher than in 

situation 2a → 3a and cannot all be expelled from the grain interior to the grain boundaries as 

there will be the Rb. As it is proposed that expelling Na from the grain interior leaves copper 

vacancies behind, we propose that leaving the Na in the grain, the concentration of copper 

vacancies reduces. As the copper vacancy is considered to be the main acceptor in CIGS, 

reducing the copper vacancies will drastically decrease the doping. 

To explain the formation of the barrier, we will look again at figure 4b. We find that the 

barrier/kink in the JV curve coincides with an increase of Rb at the CdS/CIGS interface. It is 

likely that the CdS layer contains Rb in these cases. The origin of the high amount of Rb at the 

top surface, can be explained by the interaction of Rb diffusion into the absorber layer in the 

presence of Na diffusion from the back. When there is diffusion of new Na from the back into 

the absorber layer, the diffusion of Rb into the absorber layer is inhibited. This indeed leads to 

a slightly lower amount of Rb in the absorber as observed in figure 4b, but also higher amount 

of Rb at the front. During the chemical bath deposition of the CdS layer, only a part is removed  

and a part of the alkali remains and goes into the CdS layer. It is known that alkali in CdS and 

ZnO layers can form acceptor states, which cause the observed barrier at the CdS/ZnO 

interface.[22]  
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Figure 7 Proposed mechanism of the effect of RbF-PDT in the presence of an AlOx passivation 

layer at the back. Top: the mechanism as proposed in literature, bottom: the adapted mechanism 

in the presence of AlOx at the back. 1a) and b)  alkali distribution before anneal, 2a) and b) 

alkali exchange during anneal, 3a) and b)alkali distribution after cooling down.  

 

3.2 JV curves modelling  

In the previous sections we found that combining RbF-PDT on AlOx back passivated solar cells 

cause an injection barrier, large-scale variations in composition at the CIGS interfaces and low 

doping. This barrier is not removed by an HCl etching step. Instead, the origin seems to lie in 

the presence of Na at AlOx/Mo back contact which causes competing diffusion mechanisms 

during the PDT and alkali accumulations at the CdS/CIGS interface. In this part we will model 

the measured JV curve taking into account the anticipated changes at the CdS/ZnO interface to 

gain more insight in the origin of the Voc and FF losses. We used the 1D program SCAPS.[33] 

It does not allow modelling of 2D structures, thus we cannot model the lateral inhomogeneities 

found at the CdS/CIGS and back interface.  
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The JV curve of the ultrathin sample (U series) with AlOx and RbF-PDT will be simulated, 

since this sample shows the sharpest kink. Figure 8 top presents the simulated and measured 

light and dark curves. The modelling parameters can be found in supplement S5. We find that 

a kink can be simulated by applying acceptor defects at the CdS/ZnO interface, but also a thin 

(2 nm) barrier with lower electron affinity.[22,30] The conduction band and the electron fermi-

level of the CdS layer and its interface are presented in Figure 9 for 0 and 0.7 V bias voltage. 

In the band diagram a step in the fermi-level at the CdS/ZnO interface is observed at 0.7 V 

which causes the kink in the JV curve. The shape of the kink can easily be adapted by changing 

the doping of the CdS layer in general and the concentration and energy position of the acceptor 

defects, or the electron affinity and the band gap of the barrier.[30]  

It is clear from figure 8a that both the CdS/ZnO interface defects and a barrier can model the 

light JV curves very well. However, there is a mismatch with the dark curve for both models, 

see figure 8b. This mismatch seems to be reduced when modelling the dark curve using both 

the CdS/ZnO interface defects and a barrier. However, now the light curve shows a mismatch. 

This mismatch between dark and light curves is commonly observed in thin film solar cells 

though. In the case of CIGS it is caused by light induced interface defects, most likely at the 

CdS/CIGS interface.[52–54] 

To have a closer look into this change from dark to light, also the intensity dependence of the 

barrier, the CdS/ZnO interface defects, and the combination on the Voc and Jsc is simulated. 

The results are presented in figure 8c, the star presents the 1 sun intensity. We find that the Voc 

in presence of defects suffers most from the change in intensity, while the barrier itself does not 

seem to be affected by the light intensity. The combined approach on the other hand, is the most 

affected by changing the light intensity. This is also what we observe in our solar cells. Figure 

8d shows the Jsc/Voc data of an AlOx/RbF cell and its AlOx reference from the SL series. The 

stars are again the measurements under 1 sun. The straight line is a simple 1 diode fit for the 
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linear part: 𝑉𝑜𝑐 =
𝑘𝐵𝑇𝑛

𝑞
𝑙𝑛 (

𝐼𝑠𝑐

𝐼0
− 1). We find a diode factor of 1.6 and 1.8 and a I0 of 1.8·10-8 

and 2.3·10-7 A for the AlOx and RbF-AlOx solar cell respectively. Comparing these linear fits, 

we observe at 1 sun a shift of about 50 mV towards lower Voc due to the higher I0 and a 

reduction of about 40 mV due to the barrier/defects at the CdS/ZnO interface.  

Since the I0 is dependent on many variables, among which the doping, we will determine the 

Voc losses expected based on the measured reduction in the acceptor concentration.[55] The 

doping profiles are presented in figure 1 and taking the lowest values we find NA_AlOx = 1.4·1016 

cm-3 and NA_RbF-PDT = 2.4·1015 cm-3. The change in Voc due to the changes in the doping can 

then be calculated with ∆𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
ln⁡ (

𝑁𝐴𝑅𝑒𝑓

𝑁𝐴𝑅𝑏𝐹−𝐴𝑙𝑂𝑥

) and gives 45 mV. The shift of about 50 mV 

can thus largely be attributed to the change in doping.  

From this modelling, almost all the Voc losses can be attributed to the barrier and lower doping.  

It therefore seems that the lateral inhomogeneities observed in the ToF-SIMS and hyperspectral 

imaging are only marginally responsible for the Voc losses. However, considering the increase 

in lifetime and PL yield, an increase in Voc should have been observed. A PL yield increase of 

about 4 times, as seen in the hyperspectral imaging, should increase the Voc about 30 to 40 mV 

On the other hand, the presence of band gap and electrostatic fluctuations decreases the Voc 

again.[37] Thus, any improvement in the CIGS layer and/or at the CIGS/CdS interface might 

have been nullified by the observed inhomogeneities. This could explain why there are still 

large Voc losses upon RbF-PDT in the presence of high amounts of Na even though the changes 

in doping are relatively small. At this stage it is hard to exactly anticipate the effect of the 

inhomogeneities observed in composition and PL yield on the Voc though.  
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Figure 8 Simulated and measured JV curves and Jsc-Voc curves. a) light curves with barrier, 

CdS/ZnO inteface defects or combined, b) similar as a but for the dark curves of the S series c) 

simulated intensity dependence of the Jsc and Voc and d) intensity dependence of Voc and Jsc 

of RbF-AlOx and AlOx solar cell from the SL series 
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Figure 9 Band diagrams of the various models at 0 V (left) and 0.7 V (right) bias voltage near 

the CdS layer. At positive bias (0.7 V) the barrier and CdS/ZnO interface defects cause a large 

upward step in the fermi level at the CdS/ZnO interface.  

 

4. Conclusion 

We have shown that applying RbF-PDT on AlOx back passivated solar cells results in 

decreased solar cell performance. There seem to be several causes at play here. The first is the 

formation of a barrier at the CdS/ZnO interface reducing the FF. This has been observed before, 

except that the barrier usually only appears at lower temperatures. It does explain the commonly 

observed FF losses at room temperature though. Secondly, we found a large reduction of doping. 

The effect of the lower doping and barrier on the Voc could be disentangled by means of 

modelling the JV curves and light intensity dependent measurements. At last, using in-depth 

and lateral elemental mapping we found that inhomogeneities occur at the back due to the 

presence of AlOx and at the front due to Rb accumulation and Ga depletion induced by the 
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AlOx layer. These inhomogeneities do not seem to affect the TRPL and PL negatively as those 

are improved for all RbF treated solar cells. How much these inhomogeneities contributed to 

the measured losses in the device remains unknown. That this also causes losses is inferred 

from the fact that there was a direct correlation between solar cells suffering from Voc losses 

and visible inhomogeneities.  

Based on the elemental depth profiles and mapping we provided an explanation on why the 

doping is reduced upon RbF-PDT when AlOx is deposited at the back. The main source seems 

to be the release of Na from the AlOx/Mo back contact during the PDT. Based on the findings 

in this study, we encourage to also optimize the initial Na amount when heavier alkali PDTs 

are applied. It might resolve the FF losses commonly observed upon the heavier alkali PDT and 

thus increase the efficiency even further.  

 

5. Experimental Section/Methods  

The CIGS layers are grown on a soda lime glass/Mo substrate with ~ 100 nm Si(O,N) alkali 

barrier between the Mo and glass. The amount of alkali metals is thus externally controlled. Na 

is added before CIGS growth by evaporating NaF on the Mo(/AlOx) substrate. The thickness 

was measured by a quartz crystal sensor. A CIGS layer of 500 or 1600 nm is grown by single 

stage co-evaporation with a [Cu]/([Ga]+[In]) of ~ 0.8 and [Ga]/([Ga]+[In]) of 0.3, measured 

with XRF. The alkali-PDT is done by spin-coating RbF (KF) solution and anneal at 350 (400) 

ºC for 20 minutes under a cover in N2 atmosphere. The details are described elsewhere.[14] HCl 

dip was done at room temperature in 10% HCl for 1 minute for the SL and U series. As this did 

not change the barrier, it was omitted for the other samples (incl. those in supplement). Solar 

cells were prepared by chemical bath deposition of CdS buffer layer, followed by sputtering of 

50 nm ZnO. As TCO layer either sputtered AZO (300 nm) for the U and SL series or sputtered 

ITO (150 nm) for the S and UH series was used. The metal contacts were made by evaporation 

of Ni/Ag/Ni. The AlOx passivation layer of 3 nm was deposited through atomic layer deposition 
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(ALD) at 300°C. During the deposition, trimethylaluminum (TMA) was used as the precursor and 

H2O used as reactant. The holes in the AlOx layer to make electrical contact with Mo are formed 

during CIGS growth in combination with the NaF and Se. Details on the formation of the 

contacts and ALD deposition can be found elsewhere.[11]  

The solar cells were measured with a Keithley 2400 source meter using four-point probe under 

A.M. 1.5 spectra. The intensity was calibrated with a Si reference cell. Light intensity was 

further varied using neutral density filters for lower than 1 sun and by increasing the intensity 

of the xenon lamp up to 3 suns. The JV curves were modelled using 1D SCAPS program. The 

input parameters can be found in the supplement. The doping in the CdS layer, defect 

concentration, and barrier height at CdS/ZnO were varied to model the measured JV curves. 

The capacitance-voltage data was acquired with an Agilent E4980A Precision LCR Meter. The 

tool is equipped with a built-in 40Vdc bias option, allowing for the measurement under different 

bias conditions. We have varied the bias voltage from −1 V to +1 V in 21 steps. Doping profiles 

are presented at a frequency of 100 kHz.  

The TRPL of the finished solar cells was acquired with a Picoquant FluoTime 300 system, the 

excitation wavelength was 532 nm, time resolution 25ps and repetition rate 3MHz. Microscopic 

images were taken with Keyence confocal microscope under 50x magnification. Hyperspectral 

imaging was done by a global hyperspectral imager (IMA; Photon etc., Canada). The samples 

were homogeneously excited with a 512 nm laser, and the optical and PL images were acquired 

with an InGaAs camera. The intensity was 800 mW, spectral resolution 3 nm, field of view 

384x480 µm2 and lateral resolution 2.2 µm. The reflectance data was normalized to the lamp 

spectrum. ToF-SIMS measurements were performed using ION.TOF NCS instrument 

(IONTOF GmBH, Muenster, Germany). Sputtering was carried out with a 2 keV O2 ion beam. 

The sputter area of 350x350 µm2, and an analysis area of 100x100 µm2 was used for the depth 

profiles, with a raster of 128x128 pixels. 15 keV Bi+ was used as analysis beam. For high lateral-

resolution measurements, sputter area was 100x100 µm2 and analysis area was 25x25 µm2. The 
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analysis source was Bi+ 30 keV with a raster size of 256 x 256 pixels, and a delayed extraction 

time of 85 ns was used.  
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Supporting Information is available from the Wiley Online Library or from the author. 
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