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Abstract 

 

Either metallic Na or NaF were deposited onto Cu(In,Ga)Se2  surfaces and studied by photoelectron 

spectroscopy and surface photovoltage spectroscopy without breaking the ultra-high vacuum. The 

deposition of elemental Na at room temperature led to the formation of an intermediate Cu and Ga rich 

layer at the CIGSe surface, whereas for NaF the composition of the CIGSe surface remained 

unchanged. A metal like surface induced by an inverted near surface region with a reduced number of 

defect states was formed after the deposition of Na. Under the chosen experimental conditions, the 

near surface layer was independent on the amount of Na and stable in time. In contrast, the usage of 

NaF weakened the inversion and led to an increased band bending compared to the untreated CIGSe 

sample. The SPV signals decreased with proceeding time after the deposition of NaF. 
 

 
 

Keywords: CIGSe, photovoltaic, XPS, SPV, sodium, thin films 
 
 
 
 

a) Email: wolfram.calvet@helmholtz-berlin.de 
 

b) Email: dittrich@helmholtz-berlin.de 
 

c) Current address: EMPA, Überlandstr. 129, CH-8600 Dübendorf, Switzerland 
 

d) Email: iver.lauermann@helmholtz-berlin.de 

mailto:wolfram.calvet@helmholtz-berlin.de
mailto:dittrich@helmholtz-berlin.de
mailto:iver.lauermann@helmholtz-berlin.de


2  

1.   Introduction 
 

Latest improvements of the efficiency of Cu(In,Ga)Se2 (CIGSe) based solar cells up to 22.6 % were 

related to the post-deposition treatment with alkali metal fluorides such as NaF, KF or RbF [1, 2]. 

However, the detailed mechanism of these treatments is not yet understood, in spite of numerous 

activities by our and other groups [3]. Therefore, we have resumed the investigation of the effect of 

the deposition of alkali metals or their fluorides, starting with Na and NaF on CIGSe using physical 

vapor deposition (PVD) techniques. Although treatments with either Na metal or NaF have been 

examined, no previous work has been devoted to a direct comparison of Na and NaF treatments with 

identical samples in the same UHV system [4-6]. By comparing of both, the Na metal and the fluoride 

in contact to the absorber, a distinction between the effect of the Na alone and the presence of both Na 

and F in the CIGSe is possible. Furthermore, the interaction of the valence electron of sodium with the 

host should become visible when comparing metallic Na as electron donor with ionic Na as electron 

acceptor. 

Therefore, photoelectron spectroscopy (PES) was used in order to investigate the near surface 

composition by x-ray photoelectron spectroscopy (XPS) and to probe the work function ϕ as well as 

the valence band maximum EVBM  (difference between the valence band edge and the Fermi level) by 

ultra violet photoelectron spectroscopy (UPS) on both, semiconductor or metal surfaces, respectively 

[7, 8]. This technique is feasible to monitor changes of the respective parameters upon the stepwise 

deposition of additional material on the sample. To complement the UPS measurements, modulated 

surface photovoltage (SPV) spectroscopy in fixed capacitor arrangement [9-11] was applied at the 

same CIGSe surfaces before and after the deposition of Na or NaF. This method allows to determine 

qualitatively the degree of charge separation in a device and to measure the band gap of the 

predominant absorber material. All experiments were performed without breaking the ultra-high 

vacuum (UHV) at any step. 
 
 
2.   Experiment 

 

Thin CIGSe absorber layers were deposited by co-evaporation from elemental sources (three-stage 

process) onto soda lime glass substrates coated with Mo [12, 13]. The average composition (surface 

and bulk) was measured with x-ray fluorescence (XRF) and revealed a Cu-poor regime with a 

Cu/(Ga+In) ratio (CGI) of 0.95 for sample 1 used for the deposition of Na and 0.85 for sample 2 used 

for the deposition of NaF. In contrast, the surface composition of both samples determined by XPS 

(not explicitly shown here) was equal with a CGI ratio of 0.40±0.05 and proves the well-known Cu 

depletion at the CIGSe surface in accordance to the literature [14, 15]. Therefore, we regard both 

samples to be identical within the found composition variation. Moreover, the morphology of both 

samples as measured with secondary electron microscopy (SEM) was similar and revealed the typical 

micro-crystalline structure and micro-roughness of CIGSe films used for thin film solar cell devices 

[16]. Before inserting the samples into the UHV system, they were etched with aqueous potassium 
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cyanide (3 min, KCN 5%), rinsed with deionized water, and then dried under an ultrapure nitrogen gas 

flow. The UHV based PVD of Na and NaF was realized with a metal dispenser and a water cooled 

standard effusion cell. Both sources were calibrated with XPS by analyzing the Mo3d and Na1s peak 

ratio on a Mo coated glass substrate after the successive deposition of Na or NaF. For the experiments, 

a growth rate of 0.1 nm/min was adjusted and the exposure time was chosen according to a nominal 

thickness of 0.1 nm for each deposition step as denoted by dNa[Mo] and dNaF[Mo] for Na and NaF, 

respectively. Throughout the complete growth process, the samples were kept at room temperature 

(RT). Furthermore, a dedicated UHV chamber for modulated SPV measurements in fixed capacitor 

arrangement was developed and placed between the preparation and the XPS chamber. The base 

pressure was below 5⋅10-9 mbar in both analysis chambers (XPS and SPV) and below 5⋅10-10 mbar in 

the preparation chamber (PVD). All units were separated by valves which only were opened for 

sample transfer from one entity into another. By this in-situ approach, combined XPS, UPS, and SPV 

measurements were possible without breaking the UHV, thus avoiding uncontrolled contamination 

and oxidation. As PES facility, a standard laboratory system was used based on a non-monochromatic 

x-ray source with a Mg anode providing an excitation energy of 1253.6 eV [17]. UPS measurements 

were done with a standard He lamp, yielding 21.22 eV (HeI) excitation energy. As photoelectron 

analyser, a standard system with a hemispherical energy filter and an electron detector based on 

discrete channeltrons was operated at 20 eV pass energy. The angle between x-ray source and entrance 

cone of the analyser is 54° (magic angle) [18] with the electron lens placed perpendicular to the 

probed surface.  A sputtered Au  foil served as reference sample in order to calibrate the energy 

analyser by making use of the Au4f7/2 transition at 84.0 eV [19]. All measurements were performed at 

RT. For the analysis, the peaks of interest were fitted by Gaussian-Lorentzian (Voigt) profiles after 

subtraction of a linear background, yielding intensity I, binding energy position EB, and line width ΔE 

of the considered transition. The SPV signals were excited by a halogen lamp that was operated 

together with a grating monochromator (range 800-1600 nm) and a chopper using a modulation 

frequency of 7 Hz. The modulated response signals were fed into a high impedance buffer followed by 

a lock-in amplifier. Therefore, a dedicated chopper with two reference signal channels (in-phase and 

90°-phase-shifted) was developed together with a miniaturized double-phase lock-in amplifier and a 

variable preamplifier integrated into the buffer device. 
 
 
3.   Results and discussion 

 

Figure 1 shows XPS survey spectra of the samples 1 and 2 before and after the deposition of Na and 

NaF for nominal thicknesses of dNa[Mo] = 0.1 nm and dNaF[Mo] = 0.1 nm. Prior to the Na and NaF 

deposition, only the substrate related Ga2p, InMNN, Cu2p, In3p, CuLMM, O1s, In3d, SeLMM, C1s, 

Se3s, SeLMM, Se3p, and Se3d peaks including their spin-orbit split components are present. The 

measured oxygen and carbon peaks on the bare CIGSe absorbers are small indicating a contamination 

in the sub-monolayer regime. Since they vanished during the experiment they are neglected in the 
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following. After the Na or NaF deposition, respectively, additional Na1s, NaKLL F1s, and/or FKLL 

peaks appear, while the substrate peak intensities related to Cu, In, Ga and Se are weakened due to 

attenuation effects, which are induced by the thin deposit layer on top of the absorber. The effective 

thicknesses of deposited Na and NaF were determined by making use of the XPS peak intensities. 

Assuming a homogenous Na or NaF overlayer, a basic Lambert-Beer formalism was applied in order 

to analyze the layer formation by using the following equation I = I0·exp(-λ/d) with I: measured peak 

intensity of the respective transition with deposit, I0: measured peak intensity of the respective 

transition without deposit, λ: inelastic mean free path of the photoelectrons from the respective 

transition in the overlayer, and d: theoretical thickness of the deposit layer. Thereby, λ is dependent on 

the kinetic energy Ekin  and on the investigated material. It was calculated by the TPP-2M formula 

using the QUASES program code [20, 21]. Since I and I0 are experimentally available and λ is 

theoretically accessible, semi-empirical values for d can be calculated leading to the reduced 

thicknesses dNa and dNaF. 

In Figure 2, Cu 2p3/2 spectra of both samples before and after deposition of metallic Na and NaF for 
 

various nominal thicknesses are shown with according fits based on single Voigt profiles pointing to 

pure Cu states at the surface. Besides weak intensity changes due to damping, strong binding energy 

variations are primarily visible for metallic sodium as deposit. For the fluoride, the binding energy 

shift is less significant. The XP spectra of Cu stand exemplarily for Ga, In, and Se that are treated the 

same way. 

In Figure 3, dNa  and dNaF  are plotted as a function of dNa[Mo] and dNaF[Mo] for the analysis of the 

different elements of the CIGSe sample. In case of NaF, dNaF increases linearly with dNaF[Mo] for Cu, 

In, Ga, and Se as indicated by the green straight line which is representative for all elements. The slope 

of this line is nearly two which is twice as high as expected which means that the reduced layer 

thickness appears thicker than the nominal one. This could be either explained by a new homogenous 

phase consisting of further species with an increased thickness or by an overestimated value of λ, 

which leads to a systematic error. From our experience, a deviation of λ in the range of a factor 2 is 

unlikely and a lower sticking coefficient of NaF on Mo compared to CIGSe is also not expected since 

a larger slope means an increased amount of deposited material on top of the CIGSe absorber in 

comparison to the molybdenum coated glass substrate. Thus, the reaction of NaF with CIGSe forming 

a new surface phase is most reasonable, keeping in mind that even small changes in the surface 

composition can have a large impact on the measured XPS intensity. 

In case of Na, the dependencies of dNa on dNa[Mo] are different for the observed elements. In case of In 

and Se, the relationship between dNa and dNa[Mo] is similar to the NaF case, but now with an offset of 

0.63 nm. The values of dNa  related to Cu are much smaller than for In, Ga, and Se. In addition, the 

dependency of dNa on dNa[Mo] is not linear anymore and could only be fitted with a quadratic function 

in a first approximation using a pre-factor of 0.31 nm-1  and an offset of 0.02 nm. This trend is also 
obtained for Ga but now with an additional offset. The course of dNa over dNa[Mo] follows a quadratic 
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function with a pre-factor of 0.27 nm-1  and an offset of 0.57 nm. The qualitative behavior of Ga is 

similar to that of Cu with an additional offset that is equal to the one used for In and Se. As already 

mentioned a slope larger than one can be only interpreted by a new layer which was formed upon the 

reaction of the deposited material with the substrate material that is thicker than the expected nominal 

layer. However, the found deviations of dNa for the various elements is further explained by thickness 

dependent changes of the near surface composition of the Cu(In,Ga)Se2  material due to Na-induced 

migration of Cu and Ga. In this picture, the assumed formalism of a linear attenuation as described by 

Lambert-Beer’s law is not valid anymore because it is based on a homogenous and single layered 

system. Hence, lower dNa values of Cu and Ga with increasing dNa[Mo] are not interpreted as thinner 

layers but as higher concentrations within the same volume. Cu is accumulated at the initial CIGSe 

surface when pure Na is deposited. With ongoing Na deposition, an additional Ga enrichment occurs 

within the same analysis volume. Besides that it seems that In and Se form a rigid framework where 

mainly Ga and Cu become mobile in the presence of Na. 

The relative shifts ΔEpeak of the Cu2p3/2, In3d5/2, Ga2p3/2, and Se3d peaks of samples 1 and 2 before 

and after deposition of Na or NaF are depicted in Figure 4(a) as a function of dNa[Mo] or dNaF[Mo]. 

Hereby, the peak positions of the bare CIGSe substrates serve as reference. All peaks except those of 

Cu and Ga, which are related to the Na deposition show the same behaviour of a continuous increase 

in binding energy with increasing dNa[Mo] and dNaF[Mo] up to ΔEpeak = 0.3 eV for dNaF[Mo] = 0.5 nm. 

In contrast, the shifts of the Cu2p3/2 peaks are much larger with values up to ΔEpeak  = 1.00 eV for 

dNa[Mo] = 0.3 nm. They are only slightly broadened in the range from ΔE = 0.65 to 0.9 eV which is 

not explicitly shown in the graph. The relatively large shift of the Cu peaks could be explained by the 

formation of Cu(II), but additional satellite peaks typical for an oxidation state of II are very weak 

[22]. However, the Cu2p and CuLMM based modified Auger parameter α increases from 1849.3 for 

the bare absorber to 1850.2 for the Na-treated CIGSe, indicating the transition of Cu(I) to a species 

that is closer to Cu(II). We assume that surface near copper still exists as Cu(I) after the deposition of 

elemental sodium, but with a strongly reduced local electron density as indicated by the binding 

energy shift. A similar behaviour is also found for the Ga2p3/2 peaks with less pronounced relative 

shifts. The fact that the shift of the remaining peaks follows the nominal thickness more or less 

linearly is attributed to a downward band bending, which supports the assumption of field induced 

migration of ionized Cu and Ga species [23, 24]. The valency of Cu that remains in the near surface 

and Cu-poor host lattice is changed due to the formation of Cu vacancies in the neighborhood that are 

filled with Na forming NaCu defects [25]. This induces a local variation of the electron density as well 

as a distorted lattice, leading to a stronger oxidized Cu atom. In this very simple model the binding 

state of Na is not clear. XPS data for Na that we obtained (not explicitly shown here) do not reveal any 

differences between Na and NaF  and fit well to the ‘unreacted’ Na species  at about 1072.8 eV 

according  to  the  literature  [26].  Obviously,  a  more  profound  explanation  requires  theoretical 
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calculations depending on different sites of Cu and Na in the CIGSe lattice under the prerequisite of an 

unchanged near surface stoichiometry. 

In Figures 4b) and c), the values for the valence band maximum EVBM = EF - EV and the work function 

ϕ as derived from UPS measurements are shown as a function of dNa[Mo] and dNaF[Mo]. In case of the 

NaF deposition, the valence band maximum follows EVBM  = 0.55, 0.66, 0.64, 0.76, and 1.00 eV for 

dNaF[Mo] = 0.0, 0.1, 0.2, 0.3, and 0.5 nm, respectively. This means that the CIGSe surface changes 

from a depleted surface towards a nearly inverted one. For the deposition of Na, EVBM  equals nearly 

zero for all valence band spectra which points to metallic states at the surface pinning it. The work 

function decreases according to ϕ = 4.78 (no deposit), 4.00, 3.80, 3.47, and 2.86 eV for dNaF[Mo] = 

0.1, 0.2, 0.3, and 0.5 nm in case of NaF, whereas it changes only very little for Na (ϕ = 3.32, 3.25, and 
 

3.18eV for dNa[Mo] = 0.1, 0.2, and 0.3 nm) which is in accordance with [27]. For comparison, the 

work function of bulk Na is ϕ = 2.7 eV [28]. The fact that the value of bulk Na is not reached on 

CIGSe hints to either an inhomogeneous coverage or partially reacted Na with a value of ϕ below the 

one of CIGSe [29]. Both, valence band maximum and the work function behave consistently in terms 

of a negligible band bending considering metallic Na (pinning effect). For NaF, the course of the 

valence band maximum and the work function is consistent with a  downwards band bending but 

cannot be fully explained by it because the maximum spread of EVBM  is with 0.45 eV much smaller 

than the maximum spread of ϕ with 1.92 eV. The only explanation for this is an additional surface 

dipole that reduces the value of the work function accordingly. This could be either induced by an 

additional surface phase or a different termination based on NaF. 

Figure 5 shows typical SPV spectra of sample 1 after deposition of Na (dNa[Mo] = 0.3 nm). The sign 

of the in-phase signals is negative, i.e. photo-generated electrons are separated and move towards the 

external surface, which is typical for a p-type semiconductor in depletion. The phase-shifted signals 

are very low in comparison to the in-phase signals because the time-dependent response is much faster 

than the modulation period. For the deposition of Na, the SPV signals increase from 18 µV to 14 mV, 

independent of dNa[Mo] and independent of storage time in UHV as it can be seen in the insert of 

Figure 5. The variation is with three orders of magnitude rather moderate due to metallic states at the 

surface injecting free electrons into the conduction band. The SPV signal does not change with further 

deposition of Na and a relatively low value of 14 mV of the modulated SPV signal indicates a strong 

inversion at the CIGSe surface. For the NaF deposition, the SPV signals increases continuously from 

10 µV (no deposit) to 35, 70, 160, and 690 µV after successive deposition of NaF for dNaF[Mo] = 0.1, 
 

0.2, 0.3 and 0.5 nm. The increase of the thickness, which goes along with more and more NaF leads to 

an increase of the band bending from depletion towards inversion. Nevertheless, it must be mentioned 

that the SPV signals after the deposition of Na are much larger. Furthermore, the SPV signals decrease 

after 24 h storage in UHV for the last NaF deposition step on sample 2 (dNaF[Mo] = 0.5 nm). It is well 

known that CIGSe has defect states close to the conduction and valence band edges leading to 

exponential tails in the SPV spectra below the band gap. The band gaps, which are obtained from 
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Tauc-plots of the SPV spectra amount to 1.02 and 1.06 eV for sample 1 and 2, respectively, which is 

in good agreement to the theoretical value of Ga-poor CIGSe. 
 
 
Summary 

 
In order to investigate the influence of alkali metals and their fluorides on chalcopyrite absorbers, a 

comparative study of Na versus NaF on CIGSe was conducted within an in-situ approach using both 

XPS and SVP, respectively. It turned out that both species show a different behavior in contact to the 

absorber. In case of pure sodium, diffusion into the bulk material occurs, leading to a partial accumu- 

lation of Cu and Ga. The changed chemical environment induces a pronounced shift of the Cu2p line 

in XPS to higher binding energies while maintaining the oxidation state +1. In addition, metal-like Na 

states at the CIGSe surface are pinning the band edges accordingly. This is attributed to a Na-induced 

phase with a work function larger than the one of metallic sodium which points to an intermediate Na 

species as mentioned in the literature [26], which is unknown so far. The SPV measurements are in 

agreement with these findings and hint to a strong inversion. In contrast to this, the deposition of NaF 

leads to a defined overlayer with strongly reduced interdiffusion effects. UPS/XPS data reveal a strong 

band bending which shows an inverted p-type semiconductor. However, SPV indicates a less 

pronounced inversion for NaF compared to Na. The electronic properties of the CIGSe surface change 

linearly with increasing thickness in case of NaF, whereas for elemental Na a step like behavior after 

the first Na deposition is observed. In both cases the SPV signals are stable over time. In the next step 

we will compare solar cell performance of devices treated with either Na metal or NaF. 
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Figure captions 
 

Figure 1: XPS survey spectra of samples 1 and 2 before and after deposition of Na or NaF (dNa[Mo] = 

dNaF[Mo] = 0.1 nm). The specific Ga2p1/2, Ga2p3/2, InMNN, Na1s, Cu2p1/2, Cu2p3/2, 

In3p1/2, In3p3/2, CuLMM, O1s, NaKLL, In3d3/2, In3d5/2, SeLMM, C1s, Se3s, SeLMM, 

Se3p1/2, Se3p3/2 and Se3d3/2,5/2 peaks are marked. 

Figure 2: Cu 2p3/2 spectra of samples 1 and 2 before and after deposition of 0.1; 0.2 and 0.3 nm of Na 

and NaF, respectively. Raw data are marked with symbols (as indicated in the figure), and fits 

(with Voigt functions) are shown as lines 

Figure 3: Dependencies of the reduced thicknesses on the nominal thicknesses of Na (filled symbols) 

and NaF (open symbols). The reduced thicknesses were obtained by analysis of the Cu2p3/2 

(squares), In3d5/2 (circles), Ga2p3/2 (triangles) and Se3d (stars) peaks of samples 1 and 2 

before and after deposition of Na or NaF. The solid, dashed and dotted lines represent fits of 

linear or quadratic functions which are further discussed in the text. 

Figure 4: Dependencies of the shifts of the Cu2p3/2 (squares), In3d5/2 (circles), Ga2p3/2 (triangles) 

and Se3d (stars) peaks (a), of the differences between the Fermi level and the valence band 

onset (b) and of the work function values (c) of samples 1 and 2 before and after deposition of 

Na (circles) or NaF (triangles), respectively. 

Figure 5: In-phase (filled circles) and 90° phase-shifted (open circles) modulated surface photovoltage 

spectra of sample 1 after deposition of Na (dNa[Mo] = 0.3 nm). The insert shows the 

dependency of the absolute in-phase signals at 1000 nm of samples 1 and 2 before and after 

deposition of Na (filled circles) or NaF (filled triangles). The open circles and triangles 

correspond to measurements after 24, 48 or 72 h, as indicated. 
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