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Abstract: 
Thin-film solar cells based on Cu(In,Ga)Se2 absorber layers have reached conversion 
efficiencies of well above 20%. One key of this success is the incorporation of alkali metals 
such as Na and K into the surface and the volume of the Cu(In,Ga)Se2 thin film. The present 
work discusses the impact of Na and K on the grain-boundary (GB) properties in 
Cu(In,Ga)Se2 thin films, i.e., on the barriers for charge carriers, Φb, and on the recombination 
velocities at the GBs, sGB. The authors first revise the physics connected with these two 
quantities as well as their impact on the device performance, and then provide values for the 
barrier heights and recombination velocities from the literature. The authors measured sGB 
values by means of cathodoluminescence analysis of Na-/K-free CIGSe layers as well as on 
CIGSe layers on Mo/sapphire substrates which were submitted to only NaF or only KF PDTs. 
Overall, passivating effects on GBs by neither Na nor K can be confirmed. The GB 
recombination velocities seem to remain on the same order of magnitude, in average about 
103-104 cm/s, irrespective of whether Cu(In,Ga)Se2 thin films are Na-/K-free or Na-/K-
containing. 
 
 
1. Introduction 
 
Currently, the solar-cell devices exhibiting highest conversion efficiencies of more than 23% 
have been fabricated using Cu(In,Ga)Se2 (CIGSe) absorber layers which contain alkali metals 
already during growth or into which alkali metals were introduced via a postdeposition 
treatment (PDT) [1,2]. The impacts of the alkali metals Na, K, Rb, and Cs on the materials 
and device properties of CIGSe solar cells are diverse, and they can be divided into those 
present at the interfaces to the n-type buffer layer and to the back contact, as well as to those 
present at line and planar defects, of those particularly the ones at (random) grain boundaries 
(GBs). Moreover, it is appropriate to consider the effects of Na on the one hand and K on the 
other hand separately; while Na can occupy Cu sites in the CIGSe lattice easily, K cannot that 
easily owing to its large ion radii, which is why they rather segregate to extended structural 
defects or form precipitates [3].  
 
It is well accepted that the main impact of Na on the CIGSe materials properties is the 
increase of the net doping from about 1014 cm-3 to about 1015-1016 cm-3 [4]. Further influences 
of Na, especially on the growth process of the CIGSe absorber, were addressed in various 
publications (e.g., [5,6,7,8]) and will thus not be treated further in the present work.  
Recently, several reports highlighted the formation of noncontiguous (island-like) K-In-Se 
layers [9,10,11] at the CIGSe/buffer interface with thicknesses of few nanometers after KF 
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treatments. Therefore, it is assumed that the very thin, island-like K-In-Se layers passivate the 
corresponding interfaces, leading to reduced recombination, thus, to increased open-circuit 
voltage, without deteriorating the short-circuit current substantially. 
 
In addition to these impacts, Na and K are also assumed to enhance the solar-cell performance 
via passivation of GBs (see, e.g., Ref. 3 and references therein). This assumption is based 
mainly on the fact that alkali metals were found to segregate at GBs [12,13] and that the 
presence of alkali metals in the CIGSe layer during its growth or via a post-deposition 
treatment leads to an increased open-circuit voltage (Voc) [1], presumably owing to reduced 
nonradiative recombination at the GBs (while the Voc values are increased already by the 
presence of Na in the CIGSe layer due to the increase in the net-doping density, see above).  
It is noteworthy that in contrast to the CIGSe/buffer (or to the CIGSe/back contact) interfaces, 
alkali metals are not expected to form any secondary phases at GBs but rather contribute to 
the atomic / ionic reconstruction of the adjacent atomic planes at the GBs [14,15]. APT 
analyses determined the concentrations of Na and K at CIGSe GBs to about 0.1-1 at.% (order 
of magnitude) [16].   
 
It should be noted that most analyses were conducted on CIGSe thin films on Mo/soda-lime 
glass (SLG) substrates. Since SLG contains Na as well as K oxides, both, Na and K, diffuse 
through the Mo layer into the growing CIGSe thin film, segregating to GBs (see, e.g., [12]). 
Therefore, in most studies, it is not possible to separate the Na and K effects at GBs.  
In the present work, it will be shown that in spite of their contribution to the atomic / 
reconstruction at CIGSe GBs, there is no indication for a passivating effect of Na or K at 
these planar defects. Furthermore, it will be outlined to what extent Na as alkali metal may 
even contribute to the detrimental impact of GBs in CIGSe solar cells. 
 
 
2. General situation at GBs in CIGSe thin films 
 
As explained in detail already in a recent review on GBs in CIGSe layers [14], the two 
adjacent atomic planes of the neighboring grains at (random) GBs feature (owing to the 
atomic/ionic reconstruction) a high density of point defects in the highly compensated 
semiconductor CIGSe, involving matrix as well as impurity atoms, i.e., they are confined 
within very narrow GB regions with widths of smaller than 1 nm [17,18]. Owing to these 
small widths of the GB regions, within which the composition changes always differently for 
different GBs, band offsets in the valence or conduction bands and corresponding 
consequences for the electrical properties of GBs can be neglected.   
 
Nevertheless, the segregated point defects localized at GBs may impact the electrical / 
optoelectronic properties of CIGSe thin films and thus of the corresponding solar cells in two 
different ways. 
 
a) Effects on barriers for charge carriers 
We may assign to a localized density of point defects at a given GB a corresponding density 
of defect states Nit (given in cm-2). Let Nit* be the net charge density of these defects with Nit* 
≤ Nit; note that defects are charged or neutral depending on the whether or not the Fermi level 
is larger than their energy. The free charge carriers in the p-type CIGSe layer screen this 
charge density, forming either a depletion region around the GB for a positive excess charge 
density or leading to accumulation of the free holes for a negative excess charge density. 
Consequently, according to Poisson’s equation, the valence and conduction bands are bent 
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downwards or upwards. As described in detail by Seto [19], the heights of these barriers for 
holes or electrons can be calculated via  
 

Φb = ed2NA / 8εrε0  (1) 
 
for NAd < Nit, where NA is the net doping density of the p-type CIGSe thin film,  d the average 
grain size in the polycrystalline layer, while εr and ε0 are the dielectric constants of the CIGSe 
layer and of the vacuum. In the regime of NAd < Nit, the barrier height depends linearly on NA. 
For NAd > Nit, the dependency changes to   
 
 Φb = eNit

*2 / 8εrε0NA .  (2) 
 
Setting εr = 11.6 [20] and d=0.5 µm for high-efficiency solar cells [21], the corresponding 
values for the barrier heights Φb are plotted in Figure 1, varying Nit

* between 0.8 and 51011 
cm-2 and NA between 11013 and 11018 cm-3. It can be seen that for increasing net doping 
densities, Φb increases linearly until NA reaches about 1015-1016 cm-3, from where it decreases 
to much lower values. 

 
Figure 1: Barrier heights Φb as a function of the net-doping density NA (logarithmic scale), for 
various values of Nit

* between 0.8 and 51011 cm-2, using Eqs. 1 and 2. The dashed horizontal 
line indicates the thermal energy kBT ≈ 25 meV (kB the Boltzmann constant, T the absolute 
temperature), while the vertical dashed line marks the reported net-doping density of CIGSe 
in high-efficiency solar cells, 21016 cm-3. 
 
When trying to estimate a reasonable range of the barrier heights Φb for high-efficiency 
CIGSe solar cells, we can look at their values for the reported net-doping density of such 
devices, about 21016 cm-3. From Figure 1, it is apparent that only for Nit

* larger than about 
21011 cm-2, substantial barriers form, which are larger than the thermal energy (kBT). 
Moreover, it has to be taken into account that the upwards band bending at CIGSe GBs is 
limited by the Fermi level, which is positioned at about 100 meV above the valence-band 
edge for NA=21016 cm-3. In contrast, the downward band bending and therefore the 
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magnitude of the corresponding barrier height is per se not limited. Nevertheless, two-
dimensional device simulations [22,23] suggest that (in order to obtain high-efficiency CIGSe 
devices), GBs barriers of larger than about -100 meV make no sense, since they lead 
(theoretically) to too strongly deteriorated device performances. Therefore, we assume that in 
high-efficiency CIGSe solar cells, the barrier heights at different GBs exhibit values varying 
between -0.1 and +0.1 eV, with average values of around 50 meV, and the corresponding Nit

* 
values of about 2 to 31011 cm-2. 
 
b) Effects on nonradiative recombination via trap states 
 
Apart from barriers for charge carriers, the localized point defects at GBs lead also to charge-
carrier-trapping defect states in the band gap, with trap-state densities of Nit. For the case of 
low injection, the effective recombination velocity at a given GB, sGB, can be expressed as 
[24,25] 
 
 sGB = 1/4 Nit  σcap,e vth exp(eΦb/kBT), (3) 
 
where σcap,e is the capture cross-section for electrons (in cm2), vth the thermal velocity for 
electrons, 1107 cm/s, kB the Boltzmann constant, and T the absolute temperature. Varying 
again Nit between 0.8 and 51011 cm-2, as well as for Φb=50-100 meV and σcap,e =110-15 cm2, 
sGB would take values ranging from 1103 to 7104 cm/s. Again by means of two-dimensional 
device simulations [22,23], it can be seen that such values lead to deteriorated device 
performances of CIGSe solar cells.  
 
For high-injection conditions, Eq. 3 changes because there is hardly any bending of the 
conduction and valence bands (free electrons and holes exhibit about the same density), and  
moreover, the recombination is controlled by the hole caption [25]:  
 

sGB = 1/4 Nit  σcap,h vth,   (4) 
 
where it is assumed that electrons and holes exhibit the same thermal velocity vth. Because of 
the vanishing band bending, the recombination velocity at GBs is considerably smaller than 
under low-injection conditions [25].  
 
 
3. Experimental details 
 
a) Production of the solar cells 
A Na/K-free CIGSe absorber was deposited at University of Halle on a soda-lime glass (SLG) 
with sputtered Mo layer and SiOxNy barrier to prevent Na/K out-diffusion during the three-
stage process described elsewhere in detail [26]. The thickness of the CIGSe absorber layer 
was 2 µm as estimated from both, the laser-light scattering signal and glow discharge optical 
emission spectroscopy (GDOES). The same GDOES measurement was used also to confirm 
the lack of Na and K in the CIGSe layer. The solar cell was completed by the deposition of 
~50 nm of CdS and ~500 nm of i-ZnO/ZnO:Al on top of the CIGSe/Mo/SiOxNy/glass stack. 
Moreover, a Ni/Al/Ni grid was evaporated on the solar-cell stack, and the active area defined 
by mechanical scribing.  
 
Solar cells consisting of ZnO:Al/i-ZnO/CdS/CIGSe/Mo/SLG and ZnO:Al/i-
ZnO/CdS/CIGSe/Mo/SLG (with Al grids on top of each) were produced at AIST, Tsukuba. 
After the CIGSe deposition by a three-stage process, the CIGSe layers were submitted to NaF 
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or KF PDTs (additional CIGSe/Mo/substrate stacks were held at the PDT temperature without 
any alkali flux, as references). The approximate thicknesses of the layers due to the NaF and 
KF PDTs were 1 and 20 nm). The conversion efficiencies of the CIGSe solar cells were 
measured under AM1.5G standard illumination at a light intensity of 0.1 W/cm2 
 
b) Conduction of the cathodoluminescence measurements 
 
Cross-sectional specimens of completed CIGSe solar cells were prepared by face-to-face 
gluing of two stripes and by careful mechanical and Ar-ion polishing of the cross-section 
surface. A very thin (nominally 5 nm) carbon layer was deposited on the cross-section surface 
in order to reduce oxidation of the surface and drift during the measurements.  
 
Plan-view specimens consisting of CIGSe/Mo/SLG and CIGSe/Mo/sapphire stacks were 
prepared for CL analysis by Ar+ ion milling with 3-kV accelerating voltage at an angle of 
∼4° with respect to the sample surface in order to remove the ZnO:Al/i-ZnO/CdS layers on 
top. 
The hyperspectral cathodoluminescence (CL) images in the present work were acquired at a 
Zeiss Merlin scanning electron microscope (SEM) using a DELMIC SPARC CL (Kymera 
193i spectrograph and an iDus InGaAs detector array from Andor) at room temperature, 8 kV, 
and 200pA/1nA (cross-section specimen), and on a JEOL JSM-7600FESEM equipped with a 
liquid-helium cryostage and spectrum-per-pixel acquisition capability, at 6 K, 5 kV, and 1.5 
nA (plan-view specimens).  
 
4. Role of Na and K at GBs 
 
a) Effects on barriers for charge carriers 
 
Since the main role of Na in CIGSe thin films is the increase of the net doping density from 
about 1014 cm-3 to about 1015-1016 cm-3 [4], Eq. 1 suggests that Na-free CIGSe layers should 
exhibit very weak band bending at GBs. Indeed, results from scanning probe microscopy 
[27,28] provide evidence for small barriers at GBs (5-10 meV, order of magnitude) for charge 
carriers in the case of Na-free CIGSe layers, whereas these barriers reach values of up to ± 0.1 
eV (order of magnitude) for Na-containing CIGSe thin films, as expected from Eq. 2 (see also 
the discussion in Sec. 2a). Therefore, while the presence of Na in CIGSe leads to a higher 
voltage of the corresponding solar cells via increased net doping density, at the same time, the 
Voc of the devices is limited by the substantial barriers at the GBs for the charge carriers.  
 
It should be noted that although scanning Kelvin-probe force microscopy (KPFM) has been 
applied in numerous research efforts for the determination of barrier heights via the 
differences in contact potential between GBs and grain interiors (e.g., Ref. [29]), 
unfortunately, this technique probes GB properties only at the very surface (not more than 2 
nm) of the analyzed thin film, and the results are strongly affected by free-carrier, electrostatic 
screening and by the tip size [30]. Corresponding values for GB barrier heights at the film 
surface are probably not the same as the ones for GBs in the bulk of the thin film.  
 
This bulk sensitivity is provided rather by conductive atomic force microscopy (c-AFM) at  
varying applied bias voltages, provided the measured current runs through the CIGSe layer; 
e.g., when contacting the Mo back contact and then the film surface via the AFM tip in a 
CIGSe/Mo/substrate stack. Indeed, absolute values for GB barrier heights determined by c-
AFM are typically much smaller (< 0.1 eV [31]) than those measured by means of KPFM (up 
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to 0.4-0.5 eV [32]). Therefore, in the present work, we will consider realistic (maximum) 
barrier heights to be between about -0.1 and +0.1 eV (average values about ±50-60 meV). 
  
While the role of Na on the barrier heights at CIGSe GBs can be outlined clearly via its 
impact on the net-doping density in the CIGSe layer, it remains unclear whether K affects the 
net-doping density of CIGSe thin films and therefore the barrier heights at GBs considerably. 
There are reports in the literature showing increased as well as decreased net-doping densities 
of CIGSe thin films owing to KF PDT; see the review by Muzzillo et al. [3] and references 
therein.   
 
b) Effects on nonradiative recombination via defect states 
 
Recombination velocities sGB at CIGSe GBs were determined from analyses employing 
electron-beam-induced current (EBIC) and CL measurements. Both techniques provide 
independently values for sGB on the order of 103 cm/s for most GBs in Na/K-containing 
CIGSe [33,34]; we note that few of the sGB values reported are also on the order of 104 cm/s. 
In a correlative microscopy analysis employing EBIC and CL together with electron 
backscatter diffraction on the identical CIGSe area, it was verified that similar sGB values 
were obtained from both, EBIC and CL data, acquired at the identical GBs [35]. This is, it 
was shown that both techniques are basically able to provide decent estimates (not very 
precise values!) for the recombination velocities, giving their orders of magnitude. 
Unfortunately, there are no reports available in the literature on recombination velocities at 
GBs in Na-/K-free CIGSe layers. Therefore, as a first step, we performed CL measurements 
on a Na/K-free CIGSe layer (without any PDT), embedded within a completed solar cell, see 
Figure 2. We note that the conversion efficiency of the solar cell was 10.5%, mainly due to 
the low open-circuit voltage of 510 mV. We extracted CL profiles across various GBs and 
simulated them using the model proposed by Mendis et al. [36]. In this model, it is proposed 
that the of the CL intensity I(x) decreasing along the coordinate x from the grain interiors to 
the GB (where x=0) can be approximated using the equation [36] 
 
 ln(1 - I(x)/IGI) = ln(S / S+1)- x / L,  (5) 
 
where IGI is the maximum CL intensity within one of the grains adjacent to the GB, and S = 
sGB / L ( and L are the electron lifetime and diffusion length in the CIGSe layer). While S 
(and thus sGB) and L are results of the linear fitting routine, the lifetime  needs to be 
determined by additional measurements, e.g., by means of time-resolved photoluminescence 
(TRPL) measurements [37] or by evaluating absolute intensities of photoluminescence 
analyses [38]. We used TRPL measurements to determine the electron lifetime in the Na/K-
free CIGSe layer to about 10 ns. Using Eq. 5 on the data shown in Fig. 2, we found that the 
GB recombination velocities sGB ranged from 2 to 6103 cm/s.   
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Figure 2: SEM image (a) and (b) panchromatic CL image, both acquired on the identical area 
of a cross-sectional ZnO:Al/i-ZnO/CdS/(Na free) CIGSe/Mo/glass specimen. CL profiles 
were extracted across various GBs (along the red lines). The calculated recombination 
velocities sGB ranged from 2 to 6103 cm/s. 
 
Since Na-free CIGSe layers exhibit a low net-doping density on the order of 1014 cm-3, high-
injection conditions for CL analyses are almost unavoidable.  We repeated the CL 
measurements at 200 pA and determined similar recombination velocities at GBs as for the 
analysis at 1 nA. By estimating the density of electron-hole pairs generated by the electron 
beam via the equations provided by Maurice and Marfaing [39], it became clear that low-
injection conditions for CL analyses of the Na-free CIGSe layer would only be achieved for 
beam currents of about 10 pA. However, beam currents of smaller than 100 pA resulted in CL 
images which exhibited a signal-to-noise level too low to evaluate sGB values accurately.  
 
How can the GB signals acquired on the Na-free CIGSe layer under high-injection conditions 
and the resulting recombination velocities be related to corresponding signals and values 
under low-injection conditions? If we use Eq. 3 on GBs in the Na-free CIGSe layer, the 
exponential term containing the barrier height Φb becomes 1 since Φb  is very small (5-10 
meV) for a net-doping density of about 1014 cm-3. Thus, the recombination velocities at GBs 
for Na-free CIGSe layers (with very low net-doping concentrations) are quite similar under 
low and high-injection conditions. This fact is corroborated also by the result that the CL 
intensities are still considerably lower at the GBs than in the grain interiors (Figure 2), even 
under apparent high-injection conditions.  
 
Although we had performed CL measurements on a Na-/K-free CIGSe layer, the 
experimental evidence remains poor when considering the impact of the NaF and KF PDTs 
separately on the recombination velocities. This is, further measurements were necessary to 
obtain conclusive results on this matter. In a recent work, Guthrey et al. [40] studied GBs in 
CIGSe absorbers on sapphire (Na-free, K-free) and SLG substrates (Na-containing and K-
containing) as well as with or without NaF or KF PDT by means of hyperspectral CL 
imaging. Qualitatively, their CL data indicate no substantial difference between Na/K-free 
and Na/K-containing CIGSe layers in terms of the detected CL contrast and thus of the 
enhanced nonradiative recombination at GBs. Since these authors did not extract any CL 
profiles across GBs nor calculated values for sGB, we performed this evaluation in the present 
work. TRPL analyses (performed on CdS/CIGSe/Mo/substrate stacks) provided the electron 
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lifetimes in the CIGSe layers, and CL profiles across 20 GBs were evaluated using Eq. 5. We 
summarize all the investigated samples, the photovoltaic parameters, the net-doping densities 
in the CIGSe layers (taken from Ref. 40), as well as the electron lifetimes in Table 1. We note 
that we omitted on purpose the samples studied in Ref. 40 with combined NaF and KF PDTs, 
since we wanted to concentrate on individual effects of each alkali metal on the 
recombination velocities at GBs. 
 
Table 1: Photovoltaic parameters (Voc: open-circuit voltage, jsc: short-circuit current density, 
FF: fill factor) of the solar cells as well as the net doping densities NA and the electron 
lifetimes  in the studied CIGSe layers. Some values were taken from Ref. 40. We also give 
the average sGB values (horizontal lines in Fig. 4). It can be seen that NA is increased by one 
order of magnitude after the NaF PDT and KF PDT on sapphire substrates (Na-free and K-
free). We note that the electron lifetimes in CIGSe layers on Mo/SLG and Mo/sapphire 
substrates differ by one order of magnitude. 
 

Sample 
Voc 

(mV) 
jsc 

(mA/cm2) 
FF 

Efficiency 
(%) 

NA (cm-3)  (ns) 
Average 

sGB 
(cm/s) 

No PDT on 
sapphire 

522 30.3 0.59 9.4 21014 2 8103 

NaF PDT 
on sapphire 

619 30.1 0.70 13.0 31015 2 1104 

KF PDT on 
sapphire 

615 30.8 0.70 13.1 51015 2 8103 

No PDT on 
SLG 

718 31.9 0.79 18.1 51015 21 2103 

NaF PDT 
on SLG 

710 32.2 0.78 18.0 31015 15 3103 

KF PDT on 
SLG 

718 32.3 0.78 18.0 71015 21 2103 

 
The CL maps of the samples listed in Table 1 are given in Figure 3, and the sGB values 
determined for 20 GBs in each of these samples are provided in the spreadsheet depicted in 
Figure 4. We can see that for the samples on sapphire, most of the sGB values remain in the 
range of 103-104 cm/s, whereas for the CIGSe/Mo/SLG stacks, the recombination velocities at 
some of the CIGSe GBs are on the order of 102 cm/s. Nevertheless, the average sGB values are 
on the order of 103-104 cm/s, which is consistent with the results of precedent reports 
[33,34,35]. Moreover, there are no apparent positive influences of neither the NaF nor the KF 
PDT on recombination velocities at CIGSe GBs; it seems, actually, that the sGB values are 
even slightly larger for CIGSe with NaF PDT than for the “No PDT” or KF PDT samples. 
The sGB values always remain in similar ranges for samples on identical substrates, 
independently of whether no PDT, NaF PDT, or KF PDT was applied. We explain the 
differences between samples on sapphire and SLG by the different electron lifetimes (about 
one order of magnitude, see Table 1). 
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Figure 3: Plan-view CL intensity distribution maps (panchromatic) for the six samples listed 
in Table 1. The scale bars are 2 µm. 
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Figure 4: Recombination velocities obtained by extracting CL profiles across 20 GBs from 
the samples listed in Table 1 and by evaluating them using Eq. 5. The horizontal, black lines 
indicate the average sGB values for each sample. 
 
 
5. Discussions  
 
Taking all the available, experimental results together, we cannot identify any passivating 
effect of Na or K at CIGSe GBs. Considering the increased barrier heights at GBs for Na-
containing CIGSe as compared with those of Na-free layers, Na exhibits - concerning the 
recombination activities at GBs - a rather detrimental influence. It is not clear in how far K or 
KF PDTs affect the barrier heights at GBs, since up to now, no conclusive effect of KF PDTs 
on the net-doping densities NA in CIGSe layers was demonstrated (see again Ref. 3 and the 
references therein), even if in the present work, the KF PDT exhibited a similar effect as the 
NaF PDT on the NA values in the CIGSe layers on Mo/SLG and Mo/sapphire substrates (see 
Table 1).  
 
In spite of these considerable differences with respect to the barrier heights at GBs, similar 
recombination velocities at GBs were measured (when using the identical substrate, i.e., as in 
the present work, SLG or sapphire), irrespective of whether the polycrystalline CIGSe thin 
film was Na-/K-free or Na-/K-containing, with average sGB values on the order of 103-104 
cm/s. We note that the sGB values at individual GBs (Figure 4) overall exhibited magnitudes 
on a wide range with orders of 102-104 cm/s. This finding can be linked to the mechanism of 
atomic/ionic reconstruction at CIGSe GBs described in Refs. 14 and 15. The result of this 
reconstruction is a residual density of point defects, which is always composed differently for 
different GBs (and thus, also the magnitude and sign of its excess charge density is different). 
Therefore, also the barrier heights and the recombination velocities at the GBs can be 
expected to be (largely) different. Still, similar average sGB values are found, which are not 
changed significantly by the absence/presence of neither Na nor K. 
 
We can use Eqs. 1-3 to elucidate possible ways to reduce nonradiative recombination at 
CIGSe GBs. We will discuss each quantity contributing to these equations separately. 
 
a) Decrease the localized defect density at GBs, Nit. Such a decreased density by the presence 
of alkali metals is not expected. Increased densities of impurities should rather increase the 
density of point defects segregating to the grain boundaries. Moreover, alkali metals on a 
vacant Cu site (e.g. NaCu) do not lead to charge-neutral defect states; the electronegativities of 
alkali metals (0.93 and 0.82 for Na and K) are smaller than that of Cu (1.9), and therefore, the 
defects act as weak donors.  
 
b) Very low (about 1014 cm-3) or very large (about 1017-1018 cm-3) net-doping densities NA.  In 
general, higher net-doping densities in the CIGSe layers lead to increased open-circuit 
voltages Voc of the corresponding solar cells via increased quasi-Fermi-level splitting.  
However, the increase of the net-doping density via introduction of higher concentrations of 
Na during the growth of during the PDT is limited by the solubility of Na in CIGSe (about 10-

4 to 10-3 [41]). Much less impact due to even smaller solubilities can be expected by K 
diffusion into the CIGSe lattice. Instead, in order to obtain CIGSe layers with very high net-
doping densities of 1017-1018 cm-3, the integral [Cu]/([In]+[Ga]) ratio of the produced CIGSe 
thin film needs to be very close to 1. 
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c) Decrease of the capture cross-sections σcap,e / σcap,h for electrons or holes. Their terms in 
Eqs. 3 and 4 exhibit a linear dependency of the recombination velocity sGB. If impurities 
diffused to the CIGSe GBs forming point defects which reduce the average capture cross-
sections considerably, consequently, the average sGB value would be decreased.  
 
 
6. Conclusions 
 
In the present work, we discussed the impact of the alkali metals Na and K on GB properties 
in polycrystalline CIGSe layers for corresponding solar cells. Overall, we can not confirm any 
passivating effect of neither Na nor K at CIGSe GBs. This is in contrast to the (presumably) 
confirmed influence of K on the passivation of the interfaces to the back contact and to the n-
type buffer layer. With respect to the recombination velocities sGB at CIGSe GBs, their 
average values remain on the same order of magnitude, about 103-104 cm/s, irrespective of 
whether or not the CIGSe layer contains Na or K. We attribute this paramount behavior of 
CIGSe GBs to the atomic/ionic reconstruction occurring in the two atomic planes adjacent to 
the GB plane, which results in residual defect concentrations Nit at GBs, leading to similar 
recombination velocities.  
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