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Abstract

Sodium is known to play a crucial role in thin-film solar cells based on Cu(In,Ga)Se, (CI1GSe) absorbers,
however, the chemical state of Na in CIGSe is still under discussion. In this work, an Auger parameter
analysis has been carried out to identify the differences in the chemical states of Na in CIGSe, originating
from two different sources: the soda-lime glass substrate (Na-SLG) and from a post-deposition treatment
(Na-PDT). In Na-PDT CIGSe, a Na state with extra positive charges, an InyO, phase, a reduced [Cu]/[In]
or [Cu]/[Se] ratio at the surface and most favorable formation of Nac, defects indicates the possible
formation of a (NaxCui)(InyO,) complex compound. In Na-SLG CIGSe, only Na states possibly located
at the grain boundaries at the absorber surface could be identified. Both CIGSe with sputtered Zn(O,S)
buffer have been studied to gain an insight on the influence of the absorber surface states on the energy

band line-up at the respective absorber/buffer interfaces.
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1. Introduction

The understanding of the importance of alkali doping began with the research of Hedstrom et al. [1] in 1993
wherein they investigated Cu(In,Ga)Se; (CIGSe) growth on various substrates, one of which included soda-
lime float glass that resulted in improved solar cell efficiencies of ~14 %, thus setting a milestone in the
development of CIGSe-based solar cell devices. A year later, Holz et al. [2] concluded that the Na from
soda-lime glass (SLG) is responsible for the efficiency enhancement in terms of increasing carrier
concentration and hence electrical conductivity in the CIGSe layer. After that many different ways of
incorporating Na externally into the CIGSe layer were studied, since the Na incorporation from SLG could
not be controlled in terms of the amount of Na being incorporated. An overview of all such strategies has
been gathered in Salomé et al.’s review paper [3] on incorporation of alkali metals in chalcogenide-based
solar cells. One of the last methods to emerge was the so-called “post-deposition treatment” (PDT), which
involved depositing ~30 nm of NaF on as-grown CIGSe absorbers [4] that resulted in solar cells as good as
the ones using SLG substrates. The same authors investigated the structural effects of Na from SLG and
PDT on CIGSe prepared with various substrate temperatures by comparing their device performances [5].
Before Rudmann et al. [4], Lammer et al. [6] had investigated devices made from a Na co-evaporation that
involved evaporating elemental Na instead of NaF and compared them to devices using SLG substrates
prepared at varying substrate temperatures. Therefore, this has been the motivation behind this work,
whereby the structural and electronic effects of Na from SLG and PDT exclusively at the CIGSe surfaces
have been studied and compared.

In order to eliminate the toxic CdS buffer layer and its costly preparation process, Zn(0O,S) films with freely
adjustable [S]/([S]+][Q]) (SSO) ratio were prepared by Grimm et al. [7] by reactive sputtering from a ZnS
target and the best solar cells were obtained for an SSO composition of 0.25. From band alignment
calculations, the results suggested that sputtered ZnSxO1x could be used as a substitute for the CdS buffer
and the i-ZnO part of the window layer [8]. A detailed band alignment calculation for the CIGSe/ Zn(0O,S)
interface was done by Pankow et al. [9], where they extracted large conduction band offsets (CBOs), which
should normally be detrimental to device performance; but they obtained 18.5 % device efficiencies. They
attributed this to thin buffer layers facilitating charge transfer via tunnelling or by defect states. Therefore,
in this work, exclusively CIGSe/Zn(0O,S) interfaces have been investigated for the CIGSe containing Na

from the above mentioned two sources.



2. Material and methods (Experimental)

In this work, an attempt has been made to distinguish (i) Na diffusing from SLG substrate and reaching the
CIGSe surface, and (ii) Na incorporated externally by post-deposition of Na metal after CIGSe growth, in
terms of chemical changes at the CIGSe absorber surface studied by X-ray Photoelectron Spectroscopy
(XPS), as well as electronic changes at the CIGSe absorber surface studied by Ultraviolet Photoelectron
Spectroscopy (UPS). The band-alignments at sputtered Zn(O,S)/CIGSe heterojunctions have also been

studied for both cases.

For this purpose, surfaces of two types of CIGSe absorbers were studied: (i) CIGSe absorbers grown on a
Mo-coated SLG substrate by the standard three-stage co-evaporation process (SI 1), and (ii) Na metal
evaporation on CIGSe absorber of type (i) but with an alkali barrier material (SiOxNy) deposited before the
Mo back contact deposition in order to not allow Na diffusion from SLG. From here on, the CIGSe absorber
of type (i) will be called the Na-SLG CIGSe sample and the CIGSe absorber of type (ii) will be called the
Na-PDT CIGSe sample for simplicity’s sake, even though this alkali treatment is not the same as the
conventional PDT, where the post-deposition materials are alkali fluorides in the presence of a Se
atmosphere and heated CIGSe substrates and the deposition time being 15-20 minutes, resulting in thick
films of thickness of ~10-30 nm. The Na metal deposition for the Na-PDT sample was done in a separate
physical vapor deposition (PVD) chamber under ultra-high vacuum (UHV) at the XPS/UPS experimental
set-up CISSY (details in SI 3), which is not the same as the CIGSe growth chamber, hence no Se
atmosphere. Both the CIGSe absorbers prepared in the CIGSe growth chamber: the Na-SLG CIGSe and
the bare CIGSe before Na-PDT, were transferred to the CISSY set-up after a waiting period of ~24 hours,
all the while being sealed inside a nitrogen-filled packet. These CIGSe absorbers were exposed to air for
the duration of the time that it took to load the samples inside the PVD chamber (~10 minutes). Before
loading, the CIGSe absorbers were etched with 5% KCN (aqueous potassium cyanide) solution for three

minutes, then washed with deionized water, followed by drying with a nitrogen stream.

For preparation of the Na-PDT CIGSe sample, Na metal in the vapor form was evaporated from a Na
dispenser (Sl 2) fitted inside the PVD chamber at CISSY with a deposition time of ~2 mins resulting in ~2
nm of Na metal. The Na dispenser is a controllable source of clean Na atomic vapor that is evaporated as a
result of a reaction between the mixture of NaCrO,4 and reducing/getter agent SAES St 101 (an alloy of
84% Zr and 16% Al) upon Ohmic heating. The action of the getter material is to irreversibly adsorb
chemically active gases created during the reduction reaction in order to release clean Na vapor only [10].
The deposited Na metal might not be a completely covered layer but rather an estimate of the amount of

Na deposition obtained by depositing Na on a reference Si sample at first (Sl 2). This reference sample was
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also measured for the Na 1s1» core-level signal and Na KLL Auger line signal and is called the Na-PDT
(Si) sample and is treated as the reference sample for the Na-PDT CIGSe sample. Another reference sample
for both the Na-SLG CIGSe and Na-PDT CIGSe samples is a CIGSe absorber with an alkali barrier material
(SiOxNy) but no Na deposition, which is called the Na-free CIGSe sample. None of the samples were

subjected to annealing.

For the XPS peak analysis, a linear type background was subtracted for every measured peak. After
background subtraction, a measured peak was given a line-shape fitting with a Voigt function, which is a
convolution of the Lorentzian and Gaussian functions. All measured peaks were processed using the
software PeakFit [11]. All core-level binding energy (BE) values and Auger line kinetic energy (KE) values
have been referenced to the Au 4f;; signal of a sputter-cleaned gold foil that has been corrected to a BE

position of 84.00 eV as per convention [12].

After XPS/UPS analysis of the Na-SLG CIGSe and Na-PDT CIGSe absorbers in CISSY, the samples were
transferred to the sputter chamber of the same setup, thus avoiding intermediate surface contaminations.
The Zn(0,S) was RF (radio frequency)-sputtered (13.56 MHz) from a mixed (ZnO, ZnS) target of diameter
125 mm, with an Ar pressure of 5 pbar. The target, with a nominal [ZnS]/([ZnO]+[ZnS]) ratio of 25% [13],
was obtained from a commercial supplier. The deposition was carried out with a power density of 1.6 W

cm- at the target surface without deliberate substrate heating.

3. Results and discussion
3.1 Auger parameter analysis of Na chemical states

3.1.1 XPS core-level photoelectron and Auger peaks

The following results are an analysis of the XPS core-level signals Cu 2psp, In 3dsp2, Ga 2p1s, Se 3ds, and
Na 1s1/2 as well as the Auger lines Na KLz23L 3, Cu LsMasMoas, In MsNasNas, Ga LsMasMas and Se LsMasMas
obtained using an Al Ka X-ray source. Figure 1 (a) and (b) show the Na 1s1, photoelectron and Na KL23L 23
Auger spectra, respectively, measured for the Na-SLG CIGSe, Na-PDT CIGSe samples and the reference

sample Na-PDT (Si). Theoretically, the Na KL2sL o3 Auger spectrum for the metal has four components:
1s 252 2p® 3s 1S, 3S > 152252 2p* 3s 2S collectively called KLzl o3 (*S);
1s 2s% 2p® 3s 1S, 3S > 15?252 2p* 3s 2D collectively called KLsLos (*D) [14];
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along with several Auger satellite lines due to shake-up of 2p electrons [15] . Table 1 shows all the Na

KLasl 23 Auger spectra peak components obtained in this work.

Table 1 Na KLsL 23 Auger peak components for Na-PDT (Si), Na-SLG CIGSe and Na-PDT CIGSe.

Samples Na-PDT (Si) Na-SLG CIGSe Na-PDT CIGSe
Peaks KE (eV) % Area KE (eV) % Area KE (eV) % Area
Na KLzsLos (*S) 983.95+0.08 9
Na KLzsLo3 (*D) (@) 986.88+0.22 17
Na KLzsLo3 (*D) (a) 988.23+0.07 74 990.25+0.05 100 988.34+0.06 31
Na KLzsLos3 (*D) (b) 989.90+0.16 19
Na KLzsLos (1D) (c) 991.59+0.03 50

The experimental Na KL2sL o3 Auger spectrum of Na-PDT (Si) in Figure 1 (b) (top panel) was resolved into
the main peak of interest KLzsL23 (!D) (a) at the highest kinetic energy (KE) side at 988.23+0.07 eV (black
bold curve). The peak at the lowest KE side at 983.95+0.08 eV (black dashed curve) was identified to be
KLasL2s (1S) because of the experimental values of separation between KLasLos (D) (a) and KLzsLos (*S)
peaks being 5.0 eV according to [16] and 4.5 eV according to [15] and in this case the separation being
4.28 eV. A third peak in the middle at 986.88+0.22 eV (black dashed curve) was identified to be an Auger
satellite peak Na KLsLos (1D) (a') because of the experimental value of separation between Na KLysLos (D)
and the first Auger peak on its lower KE side being 1.35 eV [15].

The experimental Na KL23L23 Auger spectrum of Na-SLG CIGSe in Figure 1 (b) (middle panel) is a highly
noisy spectrum because the final amount of Na that diffused from the SLG substrate via the CIGSe matrix
and accumulated at the surface was very low in quantity as can be seen from the Na 1si, photoelectron
signal intensity of Na-SLG CIGSe (middle panel of Figure 1 (a)) that itself is a noisy spectrum as compared
to the Na 1s1/» photoelectron signals of Na-PDT (Si) (top panel of Figure 1 (2)) and Na-PDT CIGSe (bottom
panel of Figure 1 (a)). Therefore the Na KL2sL23 Auger spectrum of Na-SLG CIGSe has been fitted with a
single Voigt peak instead of a cumulative (envelope) fit of all the components of the reference Na KLasL 23
Auger spectrum of Na-PDT (Si). The fitting resulted in a peak position of 990.25+0.05 eV. The case of this
small signal being fitted with the reference envelope fit is shown in SI 4 along with the associated residual
plot. This has been compared with the case of the single Voigt peak fit and the associated residual plot
shown in Sl 4. It can be seen that the reference envelope fit leaves higher residual intensities (~+150/-250)
than the single Voigt peak fit (~+50/-150). It is to be noted that the amount of Na diffusing from the SLG

substrate could depend on a number of factors and is a topic of research in itself. To begin with, the



composition and thermal expansion of the SLG substrate could be a deciding factor [17]. Next, the amount
of Na accumulated at the Mo surface may determine the amount of Na incorporated into CIGSe [18]. It is
known that the oxidization of the Mo layer opens diffusion channels for Na at the Mo/CI1GSe interface [19].
The diffusion of Na through the CIGSe then depends on the grain boundary density in CIGSe [20, 21].
Moreover, Na accumulation at the C1GSe surface is directly proportional to the duration of air-exposure of
the CI1GSe sample [22]. Another CIGSe absorber taken from the same batch in which the currently studied
Na-SLG CIGSe absorber was also prepared, was further processed for complete solar cell preparation
(standard CdS buffer deposition) that yielded a 14.0 % device efficiency [23].

The experimental Na KLasL2s Auger spectrum of Na-PDT CIGSe in Figure 1 (b) (bottom panel) was fitted
with the cumulative (envelope) fit of all the components of the reference Na KL2sL,3 Auger spectrum of
Na-PDT (Si). The corresponding fitting resolved the spectra into three main peak components: Na KL 3L 23
(!D) (a) at 988.34+0.06 eV, Na KLasL2s (:D) (b) at 989.90+0.16 eV and Na KLzsL2s (*D) (c) at 991.59+0.03.
Similar peak components should also be present in the corresponding Na 1s1, photoelectron peak but the
fitting software could not resolve the Na 1si, into three peaks of varying binding energy (BE) positions.
So, it is possible that the three components in the photoelectron peak overlap. Moreover, with lab-based X-
ray sources, the resolution is not high enough. An alternate fitting of the Na KL2sL,3 Auger spectrum of
Na-PDT CIGSe is also possible (SI 5), but owing to the complex nature of Auger spectra it is difficult to
conclude which one is the better fit. However, the KE positions of the Na KLzsL,3 (*D) (a) and Na KLz3L2s
(!D) (c) components obtained from the two different fits are quite similar, the differences being 0.18 eV
and 0.08 eV, respectively. Considering either of the KE positions leads to the same interpretation of the Na
KLasL2s (*D) (a) and Na KLzsLos (*D) (c) components shown in Section 3.1.3 and thereafter. The fit of
Figure 4.1 (b) (bottom panel) has been chosen for further analysis which involves an extra Na KLzsL3 (*D)
(b) component. Measurements were also done with a Mg Ka source and a similar Auger spectrum for Na-
PDT CIGSe was observed. A similar Na Auger spectrum was also observed by Song et al. [24] in their
NaF-CIGSe depositions.

O 1sy» peaks were measured with a Mg Ka source to avoid the overlap of the Na Auger peak Na KLiL 3
(*P) (KE 952.63 eV) [15] with the O 1sy, BE region, which would be the case if measured with an Al Ka

source.

3.1.2 Auger parameters and Wagner plot



The difference in binding energies between two chemical states depends on both the change in core-electron
energy and change in intra-atomic and extra-atomic relaxation energies. In the simplest approximation, for

an atom A, a chemical shift as a result of two different chemical environments is expressed as [25-27]:
AEg (A) = kAQa + AViat AR, 1)

where (KAga + AVwma) is the initial state effects contribution and AR®s is the change in extra-atomic
relaxation energies in the final state of the photoemission process. Vi and q are the local Madelung potential
and the ground state valence charge in the core-ionized atom, respectively. ‘k’ is an indication of the
interactions experienced by the core state as a result of the changes induced in the valence shell of the atom

in two different chemical environments.
The modified Auger parameter (o'a) calculations were done according to the following equation:
Exin (KLle,S) =o' —Es (K) (2)

where, o' is called the modified Auger parameter that includes polarisation energy terms needed to stabilize
the final state of the Auger emission. Thus, the Auger parameter is the sum of the BE of the photoelectron
and the KE of the Auger electron. Such a parameter rules out a possible error from any surface charging

effects and is independent of the X-ray source excitation energy.

The initial state Auger parameter (C+2(Vmatkaga)) calculations were done according to the following

equation:
Exin (KL1L23) = [C + 2(Vma + kga)] — 3E& (K) (3)

where, the term [C + 2(Vma + kga)] is called the initial state Auger parameter [28] and is the sum of three
times the BE of the photoelectron and the KE of the Auger electron. The quantity ‘C’ which is a constant
is derived from the Hartree-Fock energy of the core electron in the free atom. Both Auger parameter values,
a' and [C + 2(Vwma + kga)] have been tabulated in Table 2.

Compounds with similar final state effects (a'a=constant) have a linear relationship with slope +1 on the
Wagner plot (due to the reverse scale of photoelectron BE). a'a provides a direct measurement of the extra-
atomic relaxation energy, R®a due to the total electric field experienced by the ligands, i.e. the one generated
by the central positive charge and the one due to induced dipoles on the ligands [29]. On the Wagner plot,
the intercept of the line with slope +1 on the ordinate (at Eg=0) gives the value of o'a. The shifts in this

quantity between the different chemical states and the metallic state are the values 2Aa'a or the modified
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Auger parameter shift, which are approximately 2AR® in the simplistic electrostatic model [26].
Compounds with similar initial state effects (C+Vwuat+kga=constant) have a linear relationship with slope +3
on the Wagner plot, i.e. the sum of the site potential Vma or Madelung potential (from surrounding atoms)
and local valence charge on the atom ga is a constant. On the Wagner plot, the intercept of the line with
slope +3 on the ordinate (at Es=0) gives the value of C+2(Vwuatkga). The shifts in this quantity between the
different chemical states and the metallic state are the values 2A(Vmatkga) oOr the initial state Auger

parameter shift, where C being a constant value for the free atom is not in the expression.

Figure 2 is a Wagner plot of Na compounds. The photoelectron BEs are plotted in the negative x-axis and
the Auger KEs are plotted in the y-axis. The +1 slope intercepts or the modified Auger parameters (o’na)
are also shown on the plot. The intention of the experiments was to be able to deposit clean metallic Na on
Si substrate, however, that was not the case as the presence of O and C were detected along with Na in XPS
measurements. Na vapor is highly reactive; the presence of even small traces of most elements will result
in some form of chemical reactions. Hence, the reference Na-PDT (Si) sample is not pure metallic Na. The
position of metallic Na has not been shown in the Wagner plot of Figure 2 as its position on the plot is at
the extreme far left corner (i.e. at the highest photoelectron BE and highest Auger electron KE) and its
inclusion in the plot would have clustered the rest of the compounds position at a confined spot and made
them indistinguishable.



Table 2 All elemental core-level photoelectron BE, Auger electron KE and modified and initial state Auger
parameter values obtained for Na-SLG CIGSe, Na-PDT CIGSe, Na-free CIGSe and Na-PDT (Si).

CIGSe Samples

Photoelectron BE

Auger electron

Modified Auger

Initial state Auger

(eV) KE (eV) parameter (eV) parameter (eV)

Na 1s1/2 Na KLa23L23 o'Na C+2(VmnatkQgna)
Metallic Na [30] 1071.50+0.10 994.20+0.10 2065.70+0.14 4208.70+0.32
Na-PDT (Si) 1072.18+0.01 988.23+£0.07 2060.41+0.07 4204.77+0.08
Na-SLG 1071.61+0.01 990.25+0.05 2061.86+0.05 4205.08+0.06
Na-PDT (a) 1072.06+0.01 988.34+0.06 (a) 2060.40+0.06 4204.52+0.07
Na-PDT (b) 1072.06+0.01 989.90+0.16 (b) 2061.96+0.16 4206.08+0.16
Na-PDT (c) 1072.06+0.01 991.59+0.03 (c) 2063.65+0.03 4207.77+0.04

Cu 2psz2 Cu L3MuasMas a'cu C+2(Vmcutkgcu)
Metallic Cu [31] 932.80+0.10 918.50+0.10 1851.30+0.14 3716.90+0.32
Na-free 931.88+0.01 917.44+0.05 1849.32+0.05 3713.08+0.06
Na-SLG 932.02+0.01 917.25+0.03 1849.27+0.03 3713.31+0.04
Na-PDT 932.45+0.01 917.07+0.03 1849.52+0.03 3714.42+0.04

In 3dsr2 In MsNasNass a'in C+2(Vmintkqin)
Metallic In [32] 443.40+0.10 403.90+0.10 847.30+0.14 1734.10+0.32
Na-free 444.48+0.01 400.84+0.04 845.32+0.04 1734.28+0.05
Na-SLG 444.61+0.01 400.65+0.10 845.26+0.10 1734.48+0.10
Na-PDT 444.62+0.01 400.54+0.06 845.16+0.06 1734.40+0.07

Ga 2ps3e Ga L3MusMas a'Ga C+2(Vmeatk(ca)
Metallic Ga [33] 1116.30+0.10 1068.30+0.10 2184.60+0.14 4417.20+0.32
Na-free 1117.48+0.01 1065.68+0.08 2183.16+0.08 4418.12+0.08
Na-SLG 1117.78+0.01 1065.60+0.06 2183.38+0.06 4418.94+0.07
Na-PDT 1117.76+0.01 1065.32+0.12 2183.08+0.12 4418.60+0.12

Se 3ds2 Se LsMusMas o'se C+2(Vwmsetkqse)
Metallic Se [34] 55.70+0.10 1306.70+0.10 1362.40+0.14 1473.80+0.32
Na-free 53.92+0.01 1307.21+0.01 1361.13+0.01 1468.97+0.03
Na-SLG 54.10+0.01 1307.12+0.02 1361.22+0.02 1469.42+0.04
Na-PDT 54.18+0.01 1306.79+0.01 1360.97+0.01 1469.33+0.03




3.1.3 Separation of initial and final state contributions

In order to separate initial and final state contributions using the two types of Auger parameter shifts, the
A(Vmatkga) and AR®a values have been calculated for all elemental components relative to the respective
metallic state values. This is represented graphically in Figure 3, which shows a plot of the initial state
(A(Vmatkaga)) and the final state (-AR®2) contributions for all elements involved. The -AR®4 values (red
bars) have been plotted (on the positive x-scale) to separately show their variation from the A(Vuatkga)
(grey bars) values. Shorter red bars compared to the reference Na-PDT (Si) or Na-free component red bars
imply less negative AR®a values, i.e. higher relaxation energies as compared to the Na-PDT (Si) or Na-free
components. This actually implies higher polarizabilities of the attached ligands. Shorter grey bars
compared to reference Na-PDT (Si) or Na-free component grey bars for A(Vmat+kga) values imply more
positive charge or decreased electron density [35] as compared to the Na-PDT (Si) or Na-free components.
Among all elements, it seems that considering the error margins, BE shifts in only the Na components (w.r.t
their respective metallic states) are majorly affected by the final state relaxation of the core hole. Cu and
Ga component shifts seem to be affected majorly by initial state effects, i.e. contribution from initial charge
and/or local Madelung potential from surrounding atoms. Within the error margins there are no changes in

Auger parameters for In and Se.
3.1.4 Na speciation

From Figure 3, it can be seen that within the error margins, the Na-PDT (a) component of Na has the same
initial and final state effects as the reference Na-PDT (Si) component. In the Wagner plot of Na shown in
Figure 2 as well, these two components lie on the same slope. Therefore, the Na-PDT (a) component of Na
in Na-PDT CIGSe is basically the state in which the Na is evaporated from the Na dispenser. Therefore,

this component is called the as-deposited Na state and could be some oxidized form of Na.

Looking at the Wagner plot of Figure 2, the Na-PDT (b) component of Na lies along a line with compounds
like NaCl and Na,SeOs that indicate bonding with highly polarizable anions and high coordination number.
It can be further seen that the Na-SLG component of Na also lies within the error margin of the Na-PDT
(b) component. Both these components also have higher relaxation energies (red bars). This could mean
that such components are in close proximity to polarizable anions. These could be attributed to Nain grain
boundaries as are known to be present in the CIGSe grain boundaries for Na from SLG [36]. These could
be the grain boundaries that open up at the CIGSe surface. It should be noted that the formal oxidation

numbers of Cu, In, Ga, Se and Na in all the sample surfaces are +1, +3, +3, -2 and +1, respectively,
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From Figure 3 it can be seen that the Na-PDT (b) component of Na shows a positive A(Vwnatkgna) change
(grey bars) w.r.t the reference Na-PDT (Si) component. However, there are no complementary changes i.e.
negative A(Vmatkga) values seen in any of the CIGSe-related components. This means the Na-PDT (b)
component of Na has a reduced local electron density or extra positive charge. Within the error margins,
the Na-SLG component of Na shows no A(VwnatkQna) Change. But there is a slight positive A(VmcatkQca)
change in the Na-SLG component of Ga. This means the Na-SLG component of Ga has a reduced local

electron density or an extra positive charge.

From Figure 3 it can be seen that among all the Na-PDT components of Na, Na-PDT (c) seems to have the
largest positive AR®\a change as well as the most influenced by initial state effects indicated by the largest
positive A(VmnatkQgna) change w.r.t the reference Na-PDT (Si) component. This indicates a positive
potential due to withdrawal of electrons by highly polarizable surrounding ligands [35] as well as a high
coordination number. Heske et al. [37] had suggested the formation of a Na-O-CIGSe complex at room
temperature. This Na-PDT (c) component of Na can therefore be attributed to electron contribution for the

formation of a similar Na-containing complex compound at the Na-PDT CIGSe surface.

A positive A(Vucutkdceu) change is also seen in the Na-PDT component of Cu. This means these components
have largely reduced local electron densities and are hence highly polarizable. Parvan et al. [38] have also
observed an increase in BE of Cu 2ps; after Na metal deposition, which they have also attributed to reduced
electron density in Cu. A Cu depletion at the Na-PDT CIGSe surface is also seen from surface composition
calculations ([Cu]/[In] and [Cu]/[Se] ratios) obtained from XPS quantitative analysis, shown in Table 3.
Quantitative analysis of the XPS measurements was done by converting the raw data into normalized peak
intensities by dividing the peak areas by the following factors: the number of scans (N), the IMFP () of
ejected photoelectrons which is a measure of the average distance travelled by an electron beam through a
material before it loses energy through inelastic scattering and its intensity is reduced to a fraction of 1/e of
the initial intensity, the photoionization cross-sections of emitted photoelectrons (o) [39] and the
transmission function of the spectrometer (T). According to Malitckaya et al.’s theoretical paper [40], Nacy

is the most stable state defect that can form.

Table 3 Surface composition from XPS quantitative analysis.

Samples | [Cu]/[In] | [Cu]/[Se]

Na-free 0.50 0.45
Na-SLG 0.50 0.43
Na-PDT 0.44 0.34
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A change in the BE position in the O 1sy, peak in Na-PDT CIGSe relative to the Na-free CIGSe can be an
indication of the changed state of oxygen due to the above mentioned Na-containing complex compound
formation (Sl 6).

Although Auger parameters of In components do not seem to differ significantly, the In MasNasNas Auger
peaks measured for the samples (Figure 4) show a significant change in the shoulder of the In MsNasNas
Auger peak (most intense peak on the lower KE side) as well as in the shoulder of the In MaNisNss Auger
peak (most intense peak on the higher KE side) in the In component of Na-PDT CIGSe. This indicates the
possible formation of a thin InyO, containing layer which can possibly be part of the above mentioned Na-
containing complex compound. The role of the In atoms in the case of a Na-O-CIGSe complex formation

has also been indicated by Heske et al. [37].

Thus, the Na-PDT (c) component of Na maybe part of a complex compound in the surrounding of highly
polarizable ligands in the form of reduced electron density in Cu and which also involves Na replacing Cu
and an InyO, containing surface layer being part of the complex. Therefore, the complex compound itself
could be of the form (NaxCu1)(InyO;). It would be insightful to calculate the formation enthalpy of such a
compound using first-principles Density Functional Theory (DFT), but it is out of the scope of this study.
Theoretically, the possibility of the formation of a NalnSe; secondary phase was predicted by Wei et al.
[41] because of the high negative formation enthalpy (-3.9 eV) of this compound. However, in our studies
of the Na-PDT CIGSe absorber surface, XPS measurements showed no change in the Se environment (seen
in Figure 3) that would indicate such a phase formation upon Na deposition. Moreover, NalnSe; is supposed
to be a high band-gap compound (theoretical band gap of 2.16 eV [40]). But valence band maximum (VBM)
position measurement (shown in Figure 5 of the next section) of the Na-PDT CIGSe absorber surface also

does not indicate a wide band-gap surface phase formation.

Table 4 summarizes all the Na-components identified at the Na-SLG CIGSe and Na-PDT CIGSe surfaces

with the help of Auger parameter analysis.

Table 4 Components at Na-SLG CIGSe and Na-PDT CIGSe absorber surfaces.

Na-SLG CIGSe Na-PDT CIGSe
v’ Grain boundary Na states v" As-deposited Na states
v’ Ga states with extra positive v Grain boundary Na states with extra positive
charges charges

v Na-containing complex: (NaxCui-)(InyO;)
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3.2 Effect of Na on the Cu(In,Ga)Se2/Zn(0O,S) interface

Studying the band-alignment of the Na-SLG CIGSe and the Na-PDT CIGSe absorber surfaces with an in-
system, sputter-deposited Zn(O,S) layer (in-contrast to wet-chemically deposited CdS buffers) was chosen
in order to avoid a break in vacuum and enable instantaneous XPS/UPS measurements after Zn(O,S)
sputter-deposition onto the Na-SLG CIGSe and Na-PDT CIGSe samples. An initial ultra-thin layer
deposition of 10 s of Zn(O,S) deposition time was followed by a final thick layer deposition of
approximately 90 s of Zn(O,S) deposition time on both CIGSe samples. XPS core-level measurements for
the CIGSe absorber surfaces and Zn(O,S) buffer layers were done using the Mg Ka X-ray source. The
initial ultra-thin layer deposition was such that it allowed XPS core-level measurements from both the
overlayer Zn(0,S) as well as the CIGSe surface below it. The final thick layer deposition was such that
only the overlayer Zn(0O,S) core-level XPS signals were attainable and no signal for the underlying CI1GSe
surface could be observed. So the thickness of this layer can be approximated to be at least 10 nm, which
is the average information depth for lab-based XPS measurements. The core-level BE positions were used

to obtain the interface-induced band-bending effects in the junction formation.

The current procedure of band-alignment calculation has been adapted from [9]. The valence band offset

(VBO) and the conduction band offset (CBO) energy values were calculated as:
AEveo = [ECLZn(O,S) _ EVBZn(O,S)] _ [ECLCIGSe _ EVBCIGSe] — AEcL (4)
AECBO - [Ean(O,S) _ EgCIGSe] + AEVBO (5)

where Ec 2"©9) is the core-level BE position of Zn 2pa line in the final thick Zn(O,S) layer, Evg?"©9 is
the valence band maximum (VBM) position for the final thick Zn(O,S) layer, Ec.“'®* is the core-level BE
position of the In 3ds line in the CIGSe absorber before Zn(0,S) deposition, Eveg©'®>® is the VBM position
for the CIGSe absorber before Zn(0O,S) deposition in Equation (4). E&#"©S) and E,“'®¢in Equation (5) are
the band gap (Eg) values of the final thick Zn(O,S) layer and the CIGSe absorber before Zn(O,S) deposition.
AEc_ is the core-level energy difference between the Zn 2ps line BE position from the initial ultra-thin
Zn(0,S) overlayer and In 3dsy, line BE position from the CIGSe surface below it. This is the correction

factor for interface-induced band-bending at the absorber/buffer interface region.

The VBM positions (relative to Er=0 eV) for Na-SLG CIGSe and Na-PDT CIGSe absorbers were measured
using UPS with a He | source (21.22 eV) as shown in Figure 5. The method of determination of the VBM
position has been explained in SI 7. The VBM at the reference Na-free CIGSe absorber surface has been
measured to be 0.62+0.06 eV. It is to be noted that extrapolation of the last linear portion of the VB spectrum

of the Na-PDT CIGSe absorber surface (blue dashed lines in Figure 5) would result in negative values of
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VBM which is physically meaningless. Therefore, this linear portion has not been considered for the VBM
determination. However, such a feature on the VB spectrum is usually an indicator of a surface species
formation [42]. Nevertheless, from the VBM determination approach considered in this work, it has been
found that the Na-PDT CIGSe absorber surface has a reduced VBM at 0.48+0.06 eV compared to the Na-
free CIGSe VBM value. This could indicate enhanced p-type doping at the Na-PDT CIGSe surface. On the
other hand, the Na-SLG CIGSe absorber surface has an increased VBM value at 0.87+0.06 eV and hence
reduced p-type doping at the surface. A decrease in VBM in Na-PDT CIGSe may also indicate reduced
band-bending at the surface and this has also been observed by Rau et al. [43]. From UPS measurements
(SI 8), it has been also observed that there is a significant reduction in work function (¢) at the Na-PDT
CIGSe surface ($=3.24+0.04 eV) as compared to the Na-SLG CIGSe surface (¢p=4.23+0.06 eV) and Na-
free CIGSe surface (¢=4.66+0.04 eV).

The AEveo values were calculated using the above attained VBM values for the two CIGSe absorbers before
Zn(0,S) deposition as well as the VBM values for the final thick Zn(O,S) layer deposited on both CIGSe
absorbers whose values have been shown in Table 5 along with their core-level BE positions and AEc.
values at the Zn(O,S)/CIGSe interface (initial ultra-thin Zn(O,S) deposition) for the two absorbers.

Table 5 VBO calculation of the Na-SLG CIGSe/Zn(0O,S) and Na-PDT CIGSe/Zn(0,S) interfaces.

Sample Ec 2n(©S) EcLC'GSe EvgZn(©$) Evg®!Cse AEcL (eV) AEveo(eV)
Zn 2p3p In 3dsp2 (ev) (eVv) Zn 2p3p In 3ds;2
(eV) (eV) (eV) (eV)
Zn(0,S)/Na-SLG 1021.84+0. | 4445040 | 1.99+0.05 | 0.87+0.06 | 1021.99+0 | 444.84+ | -0.93+0.08
01 .01 .01 0.01
577.15+0.01
Zn(0,S)/Na-PDT 1022.06+0. | 444.56£0 | 1.95+0.06 0.48+0.06 | 1021.96+0 | 444.73+ | -1.20+0.09
01 .01 .01 0.01
577.23+£0.01

E,'®% values for both Na-SLG CIGSe and Na-PDT CIGSe absorbers were calculated from the
[Cul/([In]+[Ga]) (CGI) and [Ga]/([In]+[Ga]) (GGI) ratios in the two absorbers obtained from quantitative
XPS analysis. It is known that the Cu content affects the surface band gap through the formation of Cu-
poor defect chalcopyrite phases like Cu(InixGay)sSes, which is an ordered defect compound (ODC) [44].
Hence, surface band-gaps are typically larger than their bulk values of ~1.1 eV [45] and are relevant for

band-alignment calculations. So, E4 values for both CIGSe samples were estimated as [9]:

E,'®% = 1.5 - (Eg!*? - Eg™®) - [Cu}/[(In+Ga)] + 1.5 - Eg**®* - 0.5 - Eg'*? (6)
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where, Eg**2is the band gap of the Cu(In;xGax)Se, phase and Eg**® is the band gap of the Cu(In1xGax)sSes
phase. E4''? values have been calculated as [46]:

E¢!?=1.01+0.626 - x— 0.167 - x - (1-x) @)
whereas, E4**° values have been calculated as [44]:
E,1%=1.193 + 0.415 - X + 0.24 - X2 ®)
where, x = [Ga]/[(In+Ga)] values were obtained from quantitative XPS analysis.

E“"(©9) values for the Zn(O,S) deposition on both Na-SLG CIGSe and Na-PDT CIGSe absorbers were
calculated from the [S]/([S]+[O]) ratios of the Zn(O,S) layers obtained from quantitative XPS analysis.

Band gap values for Zn(O,S) layers deposited on the two CIGSe absorbers were estimated as [7]:
EgZ"OS) = x -Eg?™ + (1-X) - E&#© -3.0 - (1-X) - X 9

where E¢#" and E4“" are the band gap values of the end-point materials, which are 3.6 eV and 3.2 eV,
respectively [7].

The AEcgo Values were calculated using the above calculated band gap values and AEvgo values (in Table
5) shown in Table 6.

Table 6 CBO calculation of the Na-SLG CIGSe/Zn(0O,S) and Na-PDT CIGSe/Zn(0O,S) interfaces.

Sample GGl CGl E C'GSe SSO E¢Z"©9(V) | AEvso(eV) | AEcso(eV)
(eV)
Na-SLG 0.06£0 | 0.26x0 | 1.24+0.06 | 0.35%0 2.66x0.13 -0.93+0.08 0.49+0.16
CIGSe/zZn(0,S) .01 .02 .04
Na-PDT 0.07£0 | 0.26x0 | 1.24+0.06 | 0.35%0 2.66x0.13 -1.20+0.09 0.22+£0.17
CIGSe/zZn(0,S) .01 .03 .04

With the VBO and CBO values established, band diagrams were then constructed for the bare Na-SLG
CIGSe and Na-PDT CIGSe absorbers (shown in Figure 6 (a)) and the subsequent Zn(O,S) depositions
(shown in Figure 6 (b)). For the beginning, the bulk of both absorbers has been assumed to be purely p-

type, i.e. VBM values of 0.25 (net shallow acceptor density, Np ~ 10%® cm™ [45]) have been considered for
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both absorbers (Figure 6 (a)). The VBM value being 0.87+0.04 eV and 0.48+0.05 eV for Na-SLG CIGSe
and Na-PDT CIGSe surfaces, respectively, the band-bending at the surface is 0.62+0.04 eV and 0.23+0.05
eV for Na-SLG CIGSe and Na-PDT CIGSe, respectively. With the deposition of the initial ultra-thin
Zn(0,S) layer, a +0.34 eV (444.84 - 444.50 eV from Table 5) further band-bending is introduced (left panel
of Figure 6 (b)) with net band-bending being 0.96 eV at the Na-SLG CIGSe/Zn(0O,S) interface and a +0.17
eV (444.73 — 444.56 eV from Table 5) further band-bending is introduced (right panel of Figure 6 (b)) with
net band-bending being 0.40+0.05 eV at the Na-PDT CIGSe/Zn(0O,S) interface. The deposition of the final
thick Zn(0O,S) layers establishes the band-alignment of the Zn(O,S) layers with the CIGSe absorbers using

the calculated AEveo and AEcgo values.

It is known that a few important parameters from the interfacial band-alignment picture can be used to
predict device performances in the interfacial recombination regime [47]: (i) the CBO that determines the
type of CB alignment; either spike-like (AEcgo>0), cliff-like (AEcgo<0) or flat-band (AEcgo=0), which
influences the electron transport through the interface, (ii) the charge carrier cross-recombination barrier
height (energy difference between CB of buffer layer and VB of absorber at the interface) which directly
influences the open-circuit voltage (Vo) of a device, (iii) type inversion (CB of absorber close to Er at the

interface) or band-bending.

From the band-diagram of Figure 6 (), it is observed in Na-SLG CIGSe, a type-inverted (p = n) surface
is formed (band-bending is greater than or equal to half the band gap). Also, it is seen that the point of
midgap (POM), where Ek lies in the middle of the bandgap, is shifted into the absorber (Figure 6 (b)). This
indicates Fermi level pinning at the interface. This could be attributed to the presence of positively charged
states at the Na-SLG CIGSe surface. This is in accordance with the heterojunction electronic model [43]
how larger density of interface states pins Er at the absorber/buffer interface. The recombination probability
in the presence of a high defect density at the interface depends on the product of electron (n) and hole
concentration (p) and is maximum for n=p, i.e., at the POM [48]. This way, separating the metallurgical p-
n junction from the absorber/buffer interface should significantly reduce recombination losses. On the other
hand, in case of Na-PDT CIGSe the passivated states (the (NaxCui)(InyO;) complex formation) may be
pre-dominant over the positively charged surface states and hence in this case the Fermi level is not pinned.
The charge carrier cross-recombination barrier height at the Na-SLG CIGSe/Zn(0O,S) interface is also larger
than that at the Na-PDT CIGSe/Zn(O,S) interface which are 1.73 eV and 1.46 eV (Figure 6 (b)),

respectively.

From the band-alignment diagrams of Figure 6 (b), it is found that AEcgo is positive for both Na-SLG
CIGSe/Zn(0,S) and Na-PDT CIGSe/Zn(0,S) interfaces, i.e. spike-like CBO but being 0.27 eV lesser in the
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case of the Na-PDT CIGSe/Zn(0O,S) interface. Minemoto et al. [45] showed the influence of the CBO of a
CIGSe/Zn0O interface on device parameters by numerical calculations. In their device simulations, they vary
the CBO from -0.7 to 0.6 eV. In the spike-like or positive CBO regime, their results show constant and high
values of all cell parameters as long as CBO is 0.4 eV and below. Above 0.4 eV CBO, both the short-circuit
current density (Jsc) and the fill factor (FF) decrease abruptly and with that the efficiencies (). Therefore,
the limiting barrier height seen by photo-generated electrons in the absorber is 0.4 eV. Thus, the higher
AEcgoat the Na-SLG CIGSe/Zn(0O,S) interface could have a significant detrimental influence on the V. of

the device.

4. Conclusions

In this work, a systematic analysis of the differences in Na from the SLG substrate (Na-SLG) and Na from
a post-deposition treatment (Na-PDT), as per their surface chemical and electronic effects on CIGSe, has

been done.

The origin of the shifts in the various experimental XPS peak components observed in the case of Na-SLG
CIGSe and Na-PDT CIGSe surfaces have been interpreted in terms of initial and final state contributions
to the BE shifts w.r.t. the metallic states as well as with the aid of reference surfaces of Na-PDT (Si) and
Na-free CIGSe. Na as post-deposition brings about a Cu-depletion and InyO, formation at the CIGSe
surface. Furthermore, Na replacing Cu indicates towards formation of a Na-containing complex of the form
(NaxCui)(InyO,). On the other hand, no chemical interaction of Na in Na-SLG with any of the CIGSe-
related components has been found. In this work, we have shown how an Auger parameter analysis of the
XPS data can be utilized to determine chemical states of elements. By separating initial and final state
effects, it was possible to associate different Na components to different possible surface species in a
complex material like CIGSe, which has not been done before. This kind of detailed surface analysis

approach can be applied to studies involving CIGSe subject to other alkali PDT (K, Rb, Cs).

Band-alignment studies of the Na-SLG CIGSe and Na-PDT CIGSe surfaces with Zn(O,S) overlayer helped
in providing insight into the electronic structure of the heterointerface in both cases and revealed some
significant differences in the band-offsets. A greater VBM and interface-induced band-bending induces a
type-inversion at the Na-SLG CIGSe/Zn(0O,S) interface, which can reduce greatly reduce recombination
losses at the interface. The CBO is slightly enhanced to more than the limiting value of 0.4 eV, which may
possibly lead to a degraded cell performance. On the other hand, the Na-PDT CIGSe/Zn(0,S) interface has
a near optimal CBO value that could lead to a good working solar cell device. However, a Na-containing

complex formation at the absorber surface hinders the occurrence of an interfacial type-inversion and a

17



reduced VBM increases possibility of interface recombination. In general, it is clear that the presence of a
surface compound formation is not desirable if it cannot improve the heterojunction, which is the case here.
But in spite of a surface species formation, other factors like an optimum CBO may compensate for the

absence of a type-inversion provided that the major recombination losses are not from the absorber bulk.
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Figure captions

Figure 1 (color online) (a) Na 1s1» photoelectron and (b) Na KLasL 23 Auger XPS signals from Na-SLG CIGSe, Na-
PDT CIGSe and Na-PDT (Si). The Na KL3L 3 peak contributions are shown in Table 1.

Figure 2 (color online) Wagner plot for sodium. Core-level BE, Auger line KE values of compounds from literature
(black) were taken from [49].

Figure 3 (color online) Initial (A(Vmatkga)) and final state (-AR®,) effects separation in the Auger parameter shifts.

Figure 4 (color online) In M45N4sNas Auger emission signals from Na-free CIGSe, Na-SLG CIGSe and Na-PDT
CIGSe. Closed circles represent raw data and open circles represent the overall envelope of the spectra. Inset 4 (a)
and (b) show the normalized intensities of the In MsNisNas and In M4NasNas regions, respectively, in detail to show

the differences in peak shape.

Figure 5 (color online) UPS spectra of the valence band region probed for the Na-SLG (in red) and Na-PDT (in
blue) CIGSe absorbers. Inset shows the valence band region probed for the reference Na-free (in black) CIGSe

absorber surface.

Figure 6 (color online) (a) Band-bending at the Na-SLG CIGSe and Na-PDT CIGSe absorber surfaces; (b) Band-

alignment of the absorber surfaces with Zn(O,S) buffer layer. All energy values shown are in eVs.
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