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Vacuum-Healing of Grain Boundaries in Sodium-Doped

CulnSe, Solar Cell Absorbers

Finn Babbe, Nicoleta Nicoara, Harvey Guthrey, Nathalie Valle, Omar Ramirez Sanchez,
Damien Aureau, Hossam Elanzeery, Deepanjan Sharma, José Luis Virtuoso,
Jean-Nicolas Audinot, Anastasiya Zelenina, Sevan Gharabeiki, Tom Wirtz,

Susanne Siebentritt, Phillip J. Dale, Sascha Sadewasser, and Diego Colombara*

Alkali metal doping and grain boundaries (GB) have been at the center of
attention within the Cu(In,Ga)(S,Se), photovoltaics community for years. This
study provides the first experimental evidence that the GB of sodium-doped
CulnSe, thin films may undertake reversible oxidation even at room tem-
perature, whereas undoped films may not. The findings are corroborated by
cathodoluminescence imaging, secondary ion mass spectrometry, and Kelvin
probe force microscopy on air-exposed films subsequently subject to vacuum.
A thermochemical assessment identifies the likely solid—gas equilibria
involved. These reactions open new research questions with respect to the
beneficial role played by alkali metal dopants in chalcopyrite solar cells and

may steer the community toward new breakthroughs.

1. Introduction

Cu(In,Ga)Se, (CIGS) solar cells are the leading thin film photo-
voltaic technology in terms of power conversion efficiency. Yet,
nearly 25 years after the seminal work by Kronik et al. on the
so-called “sodium effect,”lM and despite a triple-digit number
of publications and patents on the topic, alkali metal doping of
CIGS keeps stimulating intense debates as to the root mecha-
nism of its efficiency-boosting properties.[*-®l

The classical explanation for the ben-
eficial enhancement of p-type conductivity
in CIGS by sodium extrinsic doping was
to assume a replacement of (Inc,) antisite
donor defects by neutral (Nac,) substitu-
tionals.”) However, since (Inc,) defects
were suggested to be highly stabilized
both thermodynamically and kinetically,!'”!
the discussion on the extraordinary role
played by sodium in CIGS was reopened.

The latest interpretation by Yuan et al.”]
focuses on the bulk of the CIGS grains.
According to their model, the solubility of
sodium as (Nac,) increases at high tem-
peratures, causing Cu to migrate out of
the grains. When the samples are then
cooled down, the solubility of sodium decreases, that is, sodium
is expelled from the grain interior (GI) and its excess is later
removed by rinsing. The end result would be an increased con-
centration of copper vacancies (Vc,) in the CIGS grains, which
would then explain the increased p-type doping of CIGS films
exposed to sodium.

Once segregating at grain boundaries (GB), sodium was also
proposed to passivate defects there.'l However, as per the grain
interior case, it is unclear how sodium could play a direct role
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Figure 1. a) He-induced secondary electron micrograph of the Na-doped CIS film after 2 h of air exposure. b) Corresponding correlative SIMS elemental
distributions of 8Se (green), '°0 (red), 2Na, and "°In (blue), and corresponding superpositions. c) Corresponding overlay of the O (red, m/z =15.995
amu) and Na (blue, m/z = 22.990 amu) SIMS images. d) Corresponding distribution of the ('®*0?3Na) atomic cluster measured at mass m/z = 38.985
amu. e) He induced secondary electron micrographs showing the morphology of undoped (top) and Na-doped (bottom) CIS films after 2 h of air
exposure and f,g) corresponding ®O SIMS images of the bare oxidized surface (f) and the identical surface after material removal by Ne* sputtering
(g). The same normalized intensity scale applies to SIMS images in (f) and (g). Solid circles are guides to the eye. Dashed green circles highlight the
presence of aggregates with high O content in the Na-doped films. Note that the blisters in (e) are caused by He gas accumulation.["]

from an electronic viewpoint. The pioneering chemical passiva-
tion mechanism proposed by Kronik et al. in 19981 suggests
that sodium catalyzes the oxygenation of selenium vacancies.
Selenium vacancies were proposed to otherwise form ampho-
teric complexes with copper vacancies in copper-poor surfaces
and grain boundaries, which was recently confirmed to cause
device performance losses.'Zl By easing the formation of Og,
substitutionals, sodium helps neutralize the amphoteric defect
complex, thus passivating grain boundaries.

The present research shows that sodium located at the grain
boundaries of CulnSe, (CIS) also minimizes the detrimental
oxidation of indium and copper acting as sacrificial getters of
molecular oxygen. This gettering reaction is a reversible solid—
gas equilibrium, as revealed by secondary ion mass spectrom-
etry (SIMS) depth profiling and nano-imaging on specimens
deliberately exposed to air and subsequently subjected to ultra-
high vacuum (UHV). A recently developed SIMS imaging
technique on a helium ion microscope (HIM)™ reveals
preferential oxidation of grain boundaries and edges with a
sub-20 nm resolution. The chemical composition of the sur-
face and the reversibility of the oxygen chemisorption are ana-
lyzed by X-ray photoelectron spectroscopy (XPS), and the con-
sequences of the equilibrium reaction on the optoelectronic
properties are investigated by cathodoluminescence (CL) spec-
trum imaging and Kelvin probe force microscopy (KPFM).

2. Results and Discussion

Figure 1 provides high spatial resolution information on the
elemental distribution within the Na-doped air-exposed film
acquired by HIM-SIMS. The %0 (red, R) and #Se (green, G) SIMS
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maps enable the superposition with either 2*Na or In signal
(both blue, B), leading to the corresponding RGB combina-
tions. These show that the grain boundaries display compara-
tively higher intensities for both Na and In, consistent with
the known segregation of Na and Culn;Ses (ordered defect
compound) at grain boundaries.’>l Some (but not all) grain
boundary regions also display high O and Se SIMS signals,
thus appearing white in the superposed images. The coexist-
ence of O, Se, Na, and In in some regions is a potential sign
of partial oxidation of the air-exposed CIS film. The correlation
between 1°0 and #*Na ions yields a map (c) with magenta areas
that match well with the spatial distribution of the (*0%*Na)
atomic clusters removed by the primary ion bombardment and
detected independently (d). The O—Na correlation suggests that
O is not simply physisorbed, but chemically bound (at least to
Na). The higher 1°O signal at the grain edges is consistent with
preferential reaction due to a gas phase diffusion limitation.

Surface oxidation also occurs on undoped CIS. Figure le shows
the images of the undoped and Na-doped films exposed to air for
2 h, with Figure 1f,g showing the corresponding °O ion SIMS
images. The Na-doped film displays a higher °O SIMS signal
than the undoped film at the bare surface. Sputter-rastering of the
film’s surface with a 20 keV Ne* beam reduces substantially the
overall 0 SIMS signal. Crucially, the sputtering reveals that
the Na-doped film contains submicrometer-sized zones with high
O content, clearly absent in the undoped film. These submicrom-
eter-sized zones are named aggregates thereafter.

In order to add in-depth compositional information to the
bi-dimensional surface imaging of Figure 1g, Figure 2 shows
a series of 1°0 Nano-SIMS images acquired through the depth
of the oxidized Na-doped film. °0 Nano-SIMS images at three
different depths are selected to highlight one of the following:
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Figure 2. a) Laplacian pyramid fusion(?)l (dashed smaller portion) and overlay (remaining portion) of the Ne*-sputtered 'O SIMS image and He-
induced secondary electron micrographs (shown in Figure Te—g) corresponding to the Na-doped CIS film air-exposed for 2 h, enabling the identification
of both aggregates and grain interiors. b—d) '®O Nano-SIMS images of the same sample (with a different instrument at a different location) obtained
at the surface (b), at 25% relative depth (c), and integrated between 50% and 100% relative depth (d). e) Secondary electron image corresponding to
the same area in (b—d) with highlighted grain interior (Gl), grain boundaries (GB), and aggregates sites of interest. f) Cumulated area-normalized ®O
(red) and ("*O%Na) (blue) SIMS depth profiles reconstructed from the sites of interest highlighted in (b—e). The black solid lines correspond to the

total SIMS signals for the whole imaged area. The %3Cu depth profiles (green) are shown in the inset for clarity.

GIs (Figure 2b), aggregates (Figure 2c), and GB (Figure 2d). The
ensemble of locations and corresponding %O (red), (*®0?*Na)
(blue), and ®Cu (green) depth profiles are shown in Figures 2e
and 2f, respectively. With the visual aid of the marking circles,
it is clear that the aggregates do not necessarily occur prefer-
entially at grain boundaries, but seem to grow (or have segre-
gated) in their vicinity. SIMS provides semi-quantitative com-
positional information in the absence of calibrated standards.
The aggregates yield the highest 1°0, (*0%*Na), and ®*Cu SIMS
signals, followed by GB and GI. Despite a lower sensitivity for
the (**023Na) atomic cluster, it is clear that the (**O%3Na) signal
correlates spatially with 1°0 through the depth of the film. The
Na—O correlation is consistent with earlier evidence in CIGS
and Mo,[¥-21l confirmed recently in the kesterite system.l??l The
9Cu depth profiles also correlate with °0 and the (*0O%3Na),
especially in the aggregates, where oxidation has occurred to
the largest extent. Cu ions are known to behave similarly to
alkali metal ions in a number of phases. Therefore, it is not
surprising that a Cu-containing residual of CIS decomposition
coexists with Na and O.

The spatial correlation between the 0 and the (1*0%Na)
atomic cluster signals shown in Figure 3a corresponds to >90%
overlap (cf. Figure S1, Supporting Information), suggesting
further that O and Na are likely bound together. Exposure to
vacuum reduces substantially the '°O signal, but the distribution
of the (**0%3Na) atomic cluster signal appears unchanged. This
suggests that the aggregates lose O during the vacuum treatment
but still contain enough O to be detected via the (1*0?3Na) atomic
cluster. In order to assess the reversible nature of the oxygen
loss, Figure 3b shows the 0 SIMS depth distribution averaged
over an area of =3000 wm? of a pristine Na-doped film (solid line)
and after 2 h of air exposure at room temperature (dashed line).
O penetrates the film to a depth of at least 0.6 um, as the °0
SIMS signal increases by approximately one order of magnitude.
The film is then left in UHV for 10 and 14 h and the O content
decreases back almost to the original level (dotted lines).

Figure 3c shows the Ols, Se3d, and Cu2p3 XPS spectra of
the undoped and Na-doped films after 2 h of air exposure and
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subsequent 16 h of vacuum (averaged over an area of approx-
imately ten times as large as that of the SIMS depth profiles
shown in Figure 3b). Peak assignment is consistent with the
extensive study by Loubat et al.2!l The O concentration of the
Na-doped film is higher compared to the undoped film after air
exposure, consistent with Figure 1. The Se3d signal shows two
distinct contributions. The doublet at low binding energies is
compatible with both CIS and elemental Se, while the peak at
59 eV binding energy is a known signature of Se—O bonds.
Exposure to vacuum leads to a decrease of the Ols and Se—O
peaks, while the Cu2p3 and the lower energy Se3d peaks
increase. Both effects are reversible and consistent with deox-
ygenation of the CIS surface (In3d signal also increases with
vacuum, cf. Figure S2, Supporting Information). Whereas most
of the Ols signal may come from physisorbed oxygen, the
higher level in the Na-doped film and the Se3d peak near 59 eV
are clear signs of chemisorption.

In order to investigate the effect of deoxygenation on the opto-
electronic properties of the films over a similar length scale to
the imaging and SIMS measurements, CL spectrum imaging is
performed on both undoped and Na-doped films after oxidation
in air and subsequent exposure to a vacuum. Figure 4 shows the
300 K CL analysis of the films at identical locations before (left
side of each image) and after (right side of each image) being
subject to the SEM chamber vacuum for 75 h. For both films
before the vacuum, the CL intensity (Figure 4a) largely depends
on surface topography. GB regions exhibit weaker overall CL
emission than GI, which is typically observed?*?*! also on pol-
ished samples.?®l Even within GI regions, there are large varia-
tions seemingly caused by grain roughness and extended defects.
The peak energy of the emitted photons (Figure 4b) reflects only
weakly the grain surface topography, but GB regions display
lower peak energies, due to a higher level of compensation.”-%!
Exposure to a vacuum (right side of each image) induces mean-
ingless changes to peak photon distribution and a very small
decrease in the emission intensity (cf. Supporting Information).

The low energy side of the CL spectra is fitted with a
Gaussian function aimed at extracting gamma, which is a
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Figure 3. a) Morphology, °O and ("*0?*Na) atomic cluster Nano-SIMS images of a Na-doped CIS film before and after 96 h of UHV. b) Inset:
pixel-by-pixel histogram distribution of normalized '®O counts from the SIMS maps shown in (a) before (red) and after vacuum (black). Main graph:
high-resolution 1®O SIMS depth profiles (obtained with the CAMECA SC-Ultra depth profiling instrument) of the film in its pristine state (solid), after

air exposure (dashed) and after different durations of UHV (dotted lines).

c) Offset OTs, Se3d, and Cu2p3 XPS spectra of undoped and Na-doped CIS

films after 2 h of air exposure (solid lines) and subsequent 16 h of vacuum (dashed lines).

measure of the magnitude of potential fluctuations (cf. Sup-
porting Information).?! A high gamma represents broader
emission peaks, implying a higher degree of potential fluctua-
tions. Gamma is obtained for every pixel of the map, yielding
the corresponding gamma maps (c). These maps clearly reveal
a higher gamma mode associated with GB regions. In the Na-
doped film, the effect is so pronounced that it results in a clear
bimodal gamma distribution (d). Here, the majority of pixels
(mainly away from grain boundaries) display a gamma para-
meter below 0.1 eV, whereas a second mode around 0.15 eV
appears that is correlated with grain boundaries. Exposure of
the undoped film to a vacuum in the SEM chamber for 75 h
does not alter the gamma distribution appreciably. However,
the effect in the Na-doped film is exceptional, as the higher
gamma mode disappears almost completely. The effect is con-
firmed also for areas not previously subject to CL (cf. Figure S4,
Supporting Information), suggesting that exposure to vacuum
has a healing effect on GB.

CL analysis is also performed at 10 K (Figure 5a), with the
aim of gaining insights into the luminescent electronic tran-
sitions. As for the 300 K measurements, the 10 K CL yield
depends on the film topography (independent of roughness, cf.
Figure 5b), being lower at GB compared to GI, but the overall
intensity increases considerably after vacuum. Figure 5c¢ shows
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typical CL spectra of the air-exposed films before and after 75 h
of vacuum. Three spectral features are clearly seen, attributed
to the excitonic transition (EX: 1.03 eV) and donor-acceptor
pair transitions (DAL 0.99 eV and DA2: 0.97 eV).3% These
three emission ranges are labeled in RGB format and the corre-
sponding maps (d) indicate their dominant spatial distribution.

The accelerating voltage for the 10 K CL analysis is one-third
of that employed for the 300 K analysis. Therefore, charge car-
rier generation occurs closer to the film surface, making the
results in Figure 5d more sensitive to surface chemical effects
(cf. Figure S4, Supporting Information).}!l Exposure to vacuum
clearly decreases the relative intensity of DA1 and DA2 peaks
with respect to EX in the Na-doped film, while the undoped
film mostly shows an overall increase in CL yield. Furthermore,
there is a noticeable change in the distribution of the DA1 peak
after the vacuum exposure in the Na-doped film. Prior to expo-
sure, grain interiors are dominated by DA1 emission, whereas
EX emission takes over after the exposure, with DA1 emission
occurring primarily at grain boundaries. The DA2 seems unaf-
fected by the vacuum exposure. Interestingly, the distribution
of DA1, DA2, and EX emission in the undoped sample seems
unaffected by the vacuum treatment.

Comparing CL and compositional inhomogeneities can help
to inspect further the correlation between surface chemistry and
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Figure 4. CL analysis at 300 K of the undoped and Na-doped CIS films after 2 h of air exposure (left side of each image) and after 75 h of vacuum in
the SEM chamber acquired at identical locations (right side of each image). a) CL intensity maps. b) Maps of the photon energy corresponding to the

CL spectral peak of intensity (same scale applies). c) Gamma parameter maps extracted by fitting the low energy side of the CL spectra at each pixe

1491

(same scale applies). d) Histograms of the gamma parameter distributions. Inset: corresponding SEM micrographs of the site of interest, where the

white circles indicate the same areas as in (a—c).

optoelectronic properties. Figure 6 reports the 10 K CL map (cf.
Figure 5d) and SIMS compositional distribution (cf. Figure 1b)
of the Na-doped film at the same magnification (note that these
analyses were not performed simultaneously, but comparing
all the different methods side-by-side should bring added
value).It is clear that the length scale and visual appearance of
the features in Figure 6d-f are very similar. Exposure to vacuum
appears to decrease the extent of DA pair transition in favor
of the excitonic emission (Figure 6¢,d). The removal of oxygen
from the Na-doped films occurs hundreds of nm below the sur-
face, as revealed by the SIMS depth profiling (Figure 3c), and is
mostly associated with grain boundaries (cf. Figure 2f). There-
fore, the reduced extent of DAl and DA2 after the vacuum is
directly or indirectly associated with oxygen removal. This fact,
together with the evidence of gamma reduction after vacuum
(Figure 4d), suggests that the oxygen removal from CIS surfaces
and grain boundaries is beneficial, correlates with the presence
of Na, and is eased by Na.The vacuum-induced CL effects are
tentatively assigned to the desorption of physisorbed and chem-
isorbed oxygen in the undoped and Na-doped films, respectively.
Considering the topographical correlation between Cu, Na, and
O in the Na-doped film (cf. Figure 2f), the oxygen removal and
concurrent drop of DA1 and DA2 signals suggest the chemical
reversibility of the CIS decomposition. In such a hypothetic sce-
nario, the outgrown Cu—O phase is stripped of its oxygen and
results in Cu redistribution (given its high mobility),133 which
lowers the concentration of Inc, defects that are likely involved
as shallow donors in both DA1 and DA2 transitions.%33]

Figure 7 shows the KPFM analysis of Na-doped and undoped
CIS films. The analysis includes several independent grain
boundaries, across which contact potential difference (CPD)
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line profiles were extracted from images acquired periodi-
cally over a timeframe of >20 h under UHV. The Na-doped
film shows a progressive drop of CPD signal over time while
being held in a vacuum (Figure 7b,c). The CPD drop is gen-
eralized, but is manifest at grain boundary regions, as shown
in Figure 7g where the CPD signal is extracted along the grain
boundary only. Conversely, the undoped film reveals almost
no change in the CPD profiles across the grain boundary
(Figure 7e,f), or along the grain boundary (Figure 7g) and a
narrower distribution of CPD over the analyzed surface area
(inset). By combining this information with the other experi-
mental techniques, it is possible to state that the variation with
time of the CPD signal observed for the Na-doped film is com-
patible with vacuum-induced charge redistribution at the film
surface, especially along the grain boundaries.

In order to account for the improvements of early CIS devices
upon post-fabrication air annealing, Cahen and Noufi pro-
posed in 1991 a model involving the passivation of (Vs.) donors
by oxygen via the formation of (Og.) substitutional defects.[34
It was argued that the reduction of recombination losses was
directly linked to the oxygenation of selenium vacancies. Their
model was later expanded by Kronik et al. when it occurred that
the presence of sodium in the CIGS film diffusing from the
soda lime glass (SLG) substrate made the air annealing step
unnecessary.!l A catalytic mechanism was invoked, consistent
with older literature on carbon soot oxidation,*”! for which the
sodium-containing segregations at the CIGS surface and grain
boundaries induce polarization of the molecular oxygen bond
(physisorbed on the CIGS surface, e.g., due to air exposure),
easing its dissociation into atomic oxygen and subsequent
capture by Vs.. The result was the known increased p-type
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doping and reduced charge carrier recombination, leading to
higher open circuit voltages.>®!

Unlike early CIS devices, modern absorbers contain low ini-
tial concentrations of selenium vacancies due to the improved
deposition processes. Yet, it was shown that the chemical
instability of the CIS surface against oxygen causes the spon-
taneous formation of selenium vacancies even at room tem-
perature, especially on CIS samples grown under Cu excess.!!
As a result, whereas a short exposure to air may be beneficial,
extended air annealing of bare CIGS films is detrimental for
absorber/buffer interfaces, as shown by Hélscher et al.l’”]
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Figure 5. a) SEM micrograph of the undoped and Na-doped CIS films analyzed by CL at 10 K at identical locations after 2 h of air exposure (top) and
after 75 h of vacuum in the SEM chamber (bottom). b) Corresponding CL intensity maps. c) CL spectra of the films averaged over the entire analyzed
areas featuring three distinct emissions labeled in RGB format (same normalized intensity applies for each sample before and after vacuum). d) Cor-

responding RGB maps reveal the spatial distribution of the three emission ranges. The white circles are a guide to the eye for identification of the
identical locations within each sample type, thus accounting for slight unintentional lateral shifts.

Monig et al. have shown that 280 °C annealing under UHV
leads to homogeneous current imaging tunneling spectros-
copy maps on bare CIS films, while the same maps acquired
on films subsequently subject to air annealing display gran-
ular inhomogeneities. They concluded that thermal annealing
under UHV enables to passivate CIS surface defects and
increases significantly the surface band bending leading to a
prospective increase of open circuit voltage.?® In this sense, the
success of alkali metal doping seems at odds with the study by
Shin et al., who clearly showed that Na and K promote oxygen
chemisorption into bare CIGS films.1’]
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Figure 6. Ensemble of independent analyses displayed at the same magnification for discussion purposes. a) SEM and b) He-induced secondary
electron micrographs of the Na-doped CIS film exposed to air for 2 h. ¢) 10 K CL spectrum of the film with labeling of the DA2 (red), DAT (green), and
excitonic (blue) transitions. d) Correspondingly colored CL emission map at 10 K. e,f) SIMS imaging of (b) with overlaid 'O (red), ¥°Se (green), and

either "°In (e) or #Na (f) (blue) signals.

These seeming contradictions are reconciled by the present
study. The phenomenon observed by Ménig et al.l*® may relate
to the vacuum-induced deoxidation of the CIS surface, dem-
onstrated here at room temperature. Air exposure of bare CIS
leads to the formation of mostly indium oxides—according to
experimental observation*’—but also copper oxides, according
to thermochemical equations. In this study, air exposure of CIS
in the absence of sodium leads to lower luminescence yields and
higher overall electrostatic potential fluctuations. If Na is present
in the films, oxygen incorporation may be enhanced, in accord-
ance with Shin et al.*> However, CIS decomposition into In and
Cu oxides may be curbed thanks to the preferential formation of
Na—O phases segregating into aggregates (cf. Figure 2), leading
to high electrostatic potential fluctuations at the grain bounda-
ries. These phases appear to be amenable to de-oxidation upon
exposure of the films to vacuum, healing the gamma parameter
at grain boundaries, as revealed by CL (cf. Figure 4c). The revers-
ible nature of these equilibria is consistent with thermochemical
equations shown in Figure 8a,b and with the phenomenological
interpretation described in Figure 8c,d.

Previous findings indicate that oxygen initially passivates Vs,
at the CIS surface, exerting a beneficial action, and then induces
the formation of In—O and Cu—Se, generating the V¢,V
complex.'Zl Hence, the phenomenological interpretation is that
once Og, defects are formed, they can shuffle O to other more
thermodynamically favorable locations, as supported by Sahoo
et al.* In the case of undoped CIS, the path leads to the irre-
versible growth of In—0, especially at grain boundaries.! This
is even supported by a recent study where undoped air-exposed
epitaxial CIS films subject to annealing at 200 °C under UHV
reveal irreversible alteration of the work function. Na doping,
instead, was already suggested to catalyze In—O bond forma-
tion,!34 but it is argued here that it may also act as a sacrificial
oxygen buffer by forming Na—O phases. Now, even though the
growth of Na—O phases is unlikely to prevent the detrimental
formation of the divacancy complex (chemical equations in
Figure 8c), the lower free energy involved ensures that the pro-
cess is reversible. Upon application of vacuum, it is then pos-
sible to revert Na and O back into the CIS phase to re-passivate
the divacancy complex, which would account for the drop of
gamma parameter observed in the CL map (if the complex is
present in its donor configuration) and for the drop of the DA1
PL peak. The equations in Figure 8a,b do not consider the role
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of moisture because its effect on the energetics of ion hydration
is not trivial. Nevertheless, water is likely to play a crucial role
in speeding up the sacrificial oxygen gettering, as the reaction
is consistent with the observed drop of resistivity in Na-doped
CIGS upon exposure to (moist) air rather than pure oxygen,*!
a sign of electrical ionic conduction across grains.

3. Conclusions

This study shows that Na doping minimizes the detrimental
decomposition of CIS upon exposure to air and heals oxidized
grain boundaries with positive effects on the radiative recom-
bination of the bare absorbers. It confirms the catalytic effect
invoked 25 years ago by Kronik to explain the Na-enhanced
oxygen incorporation into CISH and posits that oxygen desorp-
tion from CIS may simply be the consequence of the catalytic
effect exerted by alkali metal dopants in the opposite direction.
This hypothesis unites previous studies with seemingly contra-
dicting results. Future research will be devoted to testing the
hypothesis, especially on heavier alkali metal dopants,! and to
identify the link between the reversibility of oxidation and the
chemical processes happening in the liquid phase still encoun-
tered during most baseline solar cell finishing.?%# Likewise,
the impact on device performance will have to be assessed.

4. Experimental Section

Sample Preparation and Surface Treatments: The CIS absorbers were
fabricated by physical vapor deposition in a molecular beam epitaxy
system at 530 °C using a 1-stage co-evaporation process. The substrates
employed were Mo-coated SLG (Na-doped films) that in the case of
undoped films also comprised an alkali metal diffusion barrier between
the glass and the Mo layer. The as-prepared CIS films grown under Cu
excess were etched in a KCN 10 wt% aqueous solution for 5 min in
order to remove any residual Cu—Se phase that may have formed during
the growth, leading to a Cu/In atomic ratio of 1.07 £ 0.05 measured
by energy-dispersive X-ray spectroscopy (EDS), that is, an essentially
stoichiometric CIS.['7 The films were then exposed to air and analyzed
either with the shortest possible delay (transfer times =5 min) or
intentionally left in air for up to 24 h under dark conditions to ensure
a reproducible “oxidized” surface state. Subsequently, the films were
analyzed under each technique’s typical vacuum environment (Table 1)
as soon as allowed, and after various periodic intervals, as described in
the manuscript.
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Figure 7. Topography image of the Na-doped (a) and undoped (d) air-exposed CIS films. Corresponding contact potential difference (CPD) maps
(b,e) at the beginning (top) and end of acquisition (bottom). The CPD line scans across the grain boundaries indicated by the solid lines in (b) and
(e) are shown in (c) and (f), respectively, for various exposure times under UHV (dark to light). g) Distribution of CPD values along the grain boundaries
indicated by the dashed lines in (b) and (e) as a function of exposure time under UHV. Inset: overall CPD distributions extracted from the initial (dark)
and final (light) image acquisitions of the Na-doped (top) and undoped (bottom) CIS films.

Helium and Secondary lon Mass Spectrometry Imaging: Helium and
neon-induced secondary electron microscopy and SIMS images were
acquired with an HIM (Zeiss, Peabody (US)) coupled with an add-on
SIMS system (LIST, Luxembourg)™ (cf. Figure 1 also reported in
Figures 2a and 6b,e,f). In this case study, the HIM-SIMS images
were acquired with a 20 keV helium beam of 0.5 pA and a 20 keV
neon beam of 2pA, respectively. The secondary ions were collected
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and detected in both polarities. The SIMS images were recorded for
a matrix of 512 x 512 pixels and with a counting time of 3 ms/pixel.
In these conditions, a sub-20 nm lateral resolution was expected for
SIMS analysis. The air-exposed CIS film was analyzed twice at an
identical location, before and after =18 h under vacuum (10~ mbar)
in the HIM chamber and for comparison on an area not scanned
initially.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Temperature—pressure (O,) diagrams of chemical equilibria involving CIS decompositions (solid black curves) and O-uptake/release by
defected CIS (black dashed), and relevant sodium (blue) phases. b) Corresponding standard Gibbs free energies calculated from refs. [41,33,42,43].
c) Tentative energy diagram inspired by refs. [12,34] and d) sketch acknowledging the (ir)reversibility of grain boundary oxidation in the Na-doped
(undoped) CIS film including its consequences on point defect passivation/formation.

Secondary lon Mass Spectrometry: The SIMS technique was used in
two modes: depth profiling and nano-imaging. The depth profiling was
carried out on a CAMECA SC-Ultra instrument (CAMECA, France) with
a 1 keV Cs* beam. Secondary negative ions (e.g., '®0) were collected
from an area of 60 um in diameter center on a (200 x 200) pm?
sputtered area. After 2-h of air exposure, the Na-doped CIS film was
rapidly introduced in the SC-Ultra analysis chamber and then stored
in a vacuum of about 8 x 10° mbar for successive in-depth analyses
(main graph in Figure 3b). A CAMECA NanoSIMS 50 (CAMECA, France)
was used to acquire 3D (Figure 2b—f) and 2D (Figure 3a) SIMS images.
These images were acquired with a 16 keV Cs* beam of 1.5 pA for
studying the distribution of °0~, ("*0?*Na)~ atomic cluster, 3Cu~ and
78Se~ simultaneously in multicollection mode. The Nano-SIMS images

Table 1. Summary of vacuum exposure conditions, duration, and relevant
figures.

Technique Vacuum Duration [h] Figure
HIM-SIMS 107 mbar 18 1

SIMS NanoSIMS 50 10~° mbar 96 3a, 3b (inset)

SIMS SC-Ultra 8 %107 mbar 10, 14 3b

XPS 1077 mbar 16 3c

XPS 10~ mbar Upto88  S2, Supporting Information
cL 10~ mbar 75 4,5

KPFM 4x10" mbar >20 7
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were recorded for a matrix of 256 x 256 pixels and with a counting time
of 10 ms/pixel. The size of the images was (20 x 20) um?. The size of
the beam was adjusted to 150 nm as a good compromise between the
sputtering rate (reasonable acquisition time to image the whole oxidized
layer) and the lateral image resolution. The analysis chamber pressure
was =1 x 107 mbar.

Cathodoluminescence Analysis: The CL analysis was performed with
an acceleration voltage of 15 (at 300 K) and 5 kV (at 10 K) and a beam
current of =InA over a scanned area of 15 X 15 um?, 200 x 200 pixels. The
analysis of the air-exposed CIS film was repeated at the identical location
after =75 h in an SEM chamber vacuum and for comparison on a region
not scanned initially, in order to exclude measurement artifacts. The
CL emission intensity images were panchromatic and formed from all
emissions from the samples. The pixel color in the CL emission energy
maps resulted from segmenting the emission spectrum into various
energy channels (indicated in the accompanying spectra), normalizing
the intensity of each pixel, and then summing the contributions of the
red, green, and blue channels to determine the RGB value of each pixel.
The red/green/blue color scheme was chosen because it was easy to
understand the images qualitatively in terms of lower (red) to higher
(blue) energy emissions.

Kelvin Probe Force Microscopy: KPFM experiments were performed in
a UHV scanning probe microscope (SPM), Omicron Nanotechnology
GmbH, controlled by Nanonis electronics and using a Ptlr-coated cantilever
(fo = 167 kHz). Amplitude modulation (AM) was used for the detection
of the CPD with an ac bias of 400 mV at the 2nd oscillation mode of the
cantilever. In this setup, the CPD was defined as CPD = @, — Py

The samples were air-exposed for =22 h and then loaded into the
pre-vacuum chamber (where a decrease from atmospheric pressure

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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to =2 x 1078 mbar occurs within =18 h), before being transferred into
the analysis chamber (with a pressure of =4 x 107" mbar). KPFM was
used to locally probe the changes in the CIS surface potential, by
monitoring the spatially resolved CPD in a time-dependent study. The
acquisition time of a KPFM measurement, consisting of a topographic
and a CPD image was =1 h and 30 min. A continuous scan of an
identical area of the sample with 3 um x 3 pm size was performed
over =23 h and 40 min for the undoped-CIS sample and over =21 h
and 20 min for the Na-doped CIS sample. The identification of grain
boundaries was performed according to the methodology described
in ref. [48].

X-Ray Photoelectron Spectroscopy: The XPS spectrometer used was a
Thermo Scientific Nexsa X-Ray System. Data were acquired using an Al
Koy monochromatic X-ray excitation. The photoelectrons were collected
perpendicularly to the sample surface over an elliptical spot with a major
axis of 400 um. The detection was performed in a constant analyzer
energy mode (CAE), using a step of 0.1 eV and a pass energy of 20 eV.
For aging measurements, the samples remained in the analysis chamber
under a pressure of about 107 mbar. The data was processed using the
Thermo Electron “Avantage XPS software.”

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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