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1. Introduction

Cu(In,Ga)Se 2 (CIGSe) solar cells have
steadily improved in the past four decades,

with a laboratory record ef ciency of

23.35% [1] and a proven viability for large-

scale industrial development. [2] Along with

these impressive achievements, innovative
photovoltaic applications and markets are

being considered, among which building-

integrated photovoltaics (BIPVs)[3] and

the Internet of Things (IoTs) [4] are the most
promising. Hence, the properties of exist-

ing standard solar cells will be, and already

are in some respect, nely tuned to deliver

the highest performance possible through

this new paradigm. Characteristics such
as mechanical exibility, cell lightweight-

ness, spectral absorption tunability, and

transparency or bifacial properties are

highly desirable features, for which thin-
lm technologies such as CIGSe have

undeniable assets. The question of sub-

strate transparency is critical in that regard,

as it opens the door not only for both bifa-
cial and semitransparent devices, but also to the realization of

low-cost high-ef ciency tandem solar cells.
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With the recent rise of new photovoltaic applications, it has become necessary

to develop speci c optoelectronic properties for thin- lm technologies such as 

Cu(In,Ga)Se2 and to take advantage of their high degree of tunabili ty. The

feasibility of ef cient wide bandgap absorbers on transparent conductive oxide

substrates is, in that context, of critical importanc e. Using an original approach

based on a predeposition sodium treatmen t, Cu(In,Ga)Se2 absorbers fabricated

by sputtering and reactive annealing w ith a Ga to (Ga In) content over 0.7 andþ

an optical bandgap above 1.4 eV are deposited on transparent uorine-doped tin

oxide lms, with the insertion of an ultrathin MoSe 2 layer preserving the contact s’

ohmicity. Different material characterization s are carried out, and a thorough

Raman analysis of the absorber reveals that the sodium pretreatme nt signi -

cantly enhances the Ga incorporation into the chalco pyrite matrix, along with

markedly improving the lm s morpholo gy and crystalline quality. This translates ’

to a spectac ular boost of the photovoltaic performance for the resulting so lar cell

as comp ared with a reference device without Na, speci cally in the voltage and ll 

factor. Eventually, an ef ciency exceeding 10% is obtained without antire ection 

coating, a record value bridging the gap with the state of the art on nontrans-

parent substrates.
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The fabrication of high ef ciency CIGSe solar cells on transpar-

ent substrates is not new, and nearly two decades ago, the pioneer-

ing work fr om Nakada e t al. in Japa n [5] unequivocally demonstrated

that the contact ohmicity coul d be preserved both on indium tin

oxide (ITO) and uorine-do ped tin oxide (FTO) substrates by insert-
ing an ultrathin Mo layer at the back interface. Recent reports of

bifacial CIGSe solar cells on ZnO also exist albeit with compara-

tively lower efciencies.[6]

Wide bandgap CIGSe solar cells, feasible by increasing the

amount of Ga, are especially needed for potential applications

as a top cell in low-cost tandem devices,[7] but high Ga-content devi-

ces have been long known to harbor more detrimental deep defects
than their high In-content counterparts.[8,9] More importantly, the

large majority of wide bandgap CIGSe absorbers currently

reported are fabricated on opaque metallic Mo substrate, defeating

the original purpose. Reported ef ciencies are in the range of

11.0% for the pure CuGaSe 2 compound,[10] and range from

12% up to n early 16% for C IGS compounds w ith 60–70% of gal-

lium a nd ban dgaps of 1 .4–1.5 eV,[11–13] all the se report s b eing o n

soda–lime glass (SLG)/Mo substrates. Very few wide bandgap

devices have previously been made on transparent substrate, often

with e fciencies well under their Mo-substrate counterparts.[14]

In this work, we propose to combine transparent FTO
substrates and wide bandgap CIGSe absorbers ðE g ≥ 1.4 eV ,Þ

and fabricate a proof of concept device with an ef ciency exceed- 

ing 10% without antire ection coating. It is also worth noting

that a deposition method based on metallic precursor sputtering

and reactive thermal annealing was used, giving these results

even more relevance for a fast technology transfer to the industry.

Sodium doping is found to be a key parameter in the devices

presented here, and in the course of this study, a comparison
will be made with a reference sample, without Na. Moreover,

the Na incorporation in the lm follows an original approach,

whereas postdeposition treatment (PDT) by an alkaline uoride

compound became the standard since the landmark publication

from Tiwari and coworkers, [15] we instead propose here a

predeposition treatment (PreDT), by evaporating 15 nm of NaF

at the surface of the substrate before the fabrication of the

CIGSe absorber. Glow discharge optical emission spectroscopy

(GDOES) reveals a steep Ga grading with a single-slope pro le,

as opposed to the commonly reported double grading pro le.
[16]

Using Raman spectroscopy, Na-doping is found as a driving
parameter enhancing both the general crystalline quality of

the lms, but also the Ga incorporation in the matrix. From

the scanning electron microscopy (SEM) images, a clearly

improved back contact is observed in the case of Na doping,

and the tting of the dark JV curves shows a general improve-

ment in the diode parameters of the solar cells with Na PreDT.

A record ef ciency of 10.15% for a 1.41 eV bandgap is achieved

on SLG/FTO substrate, with a Ga content in the absorber
measured at 68% by X-ray uorescence (XRF). This represents

an absolute 1.6% increase in the ef ciency ascribed to the Naþ 

PreDT. This result is, to the best of our knowledge, the highest
reported ef ciency for a wide bandgap CIGSe absorber grown on

transparent substrate. To conclude this study, a short paragraph

detailing improvement pathways will be presented.

2. Results and Discussions

2.1. Material Analysis

The SEM images of the sample #1 (with Na PreDT) and

sample #2 (reference) with a similar magni cation are shown

in . The morphology of both samples appears similarFigure 1
at rst sight; both samples have a decrease in quality toward

the back interface and a bilayer aspect is seen with much smaller

grains. The back side of the absorber is where a Ga accumulation
is expected;[17] those images hint at a possible phase segregation

without the possibility to conclude on differences stemming

from the presence of sodium. The complete set of SEM micro-

graphs is presented at the end of the Supporting Information.
To complement the visual observation, samples #1 and #2 are

analyzed by X-ray diffraction, with a speci c focus on the

(112) and (220)/(204) peaks ( ). A clear difference canFigure 2
now be made between both samples. Without Na, two different

phases are observed, a feature particularly visible for the (112)

peak (Figure 2b) with a Ga-poor and a Ga-rich contribution,
indicating a strong inhomogeneity in the incorporation of Ga to

the CIGSe matrix. In the presence of Na however, a well-de ned

single peak is shown in Figure 2b, a result consistent with a more
homogeneous material and thus a better Ga incorporation to the

CIGSe matrix. A phase segregation may still exist for this sample

as the peak appears slightly asymmetric, but this possible segre-
gation remains at a level low enough to be below the instrument s’

resolution. Regarding the (220)/(204) peaks shown in Figure 2c,

a peak splitting is expected for high Ga content samples due to
the / axis distortion of the tetragonal structure rather thanc a

phase separation; [18] in the case of sample #1 (with Na PreDT),

two peaks are indeed observed, along with a much smaller

shoulder at 45.55; the latter could be attributed to a limited phase

Figure 1. SEM images of the cross section in a) sample #1 and b) sample #2 with a 10k magni cation.
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separation, which is not visible in Figure 2b. For sample #2, how-
ever (without Na), three well-de ned peaks are visible, indicating

again a clear phase separation between a Ga-poor and a Ga-rich

layer, much more pronounced than in the presence of Na.

The samples depth composition pro le is investigated by’ 

GDOES analysis and shown in a,b; several remarksFigure 3

can be made. For both samples #1 and #2, a Cu depletion is

observed near the front interface, hinting at the presence of

an ordered vacancy compound (OVC) phase though not unequiv-

ocally demonstrating it as GDOES lacks reliability close to the sur-

face. Both samples exhibit a single Ga grading pro le, with a steep

accumulation toward the back interface, and without appreciable
difference between both samples. Very little differences are

observed in the In and Se pro les, a result anticipated as both

samples are processed within the same batch. The Na element

is as expected present throughout the absorber for samples #1,
whereas the analysis of sample #2 con rms that FTO is an ef - 

cient barrier for its diffusion from the SLG substrate. As a general
observation, it is interesting to note that no sample shows speci c

features from an elemental depth composition viewpoint.

Raman spectroscopy is a valuable tool to dwell in the Na
PreDT in uence regarding the lm properties, and we chose 

an approach based on two excitation wavelengths; a high energy

excitation of 325 nm extremely sensitive to the samples surface,’

and a more standard 532 nm excitation allowing a deeper prob-

ing of the lms. The Raman spectra shown a,b are for Figure 4

325 and 532 nm excitation wavelengths, respectively, for sample
#1 and sample #2. As explained in Experimental Section, a direct

comparison between both excitations should not be made, and

only a relative comparison between both samples at a given exci-
tation wavelength is relevant. For both wavelengths, the spectra

are characterized by a dominant peak around 180 cm1 followed

by smaller contributions. The peak at 180 cm1 is identi ed with

the A1 mode of the Cu(In,Ga)Se 2 in the chalcopyrite structure

(space group I 42d) with a [Ga]/([Ga] [In]) ratio in the rangeþ

of the 50 60%, consistent for both excitation wavelengths;–
[19,20]

a value slightly lower than determined by XRF, but in line with

the expectations, as it was shown that a signi cant part of the Ga

is accumulated at the back side of the lms. Additional weak con-

tributions at 195, 223, 242, and 257 cm1 are observed for the

532 nm excitation (Figure 4b), and at 146 cm1 for the 325 nm

excitation speci cally (Figure 4a); identifying the origin of these

contributions is not trivial. The 195 cm1 contribution can

possibly be attributed to the Cu Au Cu(In,Ga)Se– 2 structure
(space group P 4M2), showing similitudes with the very copper-

poor CuInS 2 case. [21] This would however be, to our knowledge,

the rst time that such phase is reported in Ga-rich CIGSe

samples, and caution should thus be exercised.

The 146 cm1 peak observed under UV conditions only

(325 nm excitation, Figure 4a) has several possible interpreta-
tions. It can rst be ascribed to a resonant enhancement effect

of the Cu(In,Ga)Se 2; however, one should note that it could also

be associated with the presence of an OVC rich in Ga.[22,23] To
unequivocally identify the origin of this peak, a more detailed

analysis using a known reference samples would be necessary.

Finally, the complex structure in the region of the 200 260 cm–
1,

which is visible for both excitations, is associated with the E and
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Figure 2. XRD analysis of sample #1 and sample #2. a) Overview;
b) 112 peak; and c) 220/240 peaks.

Figure 3. Depth composition pro les of a) sample #1 and b) sample #2 determined by a glow discharge optical emission spectrometry analysis.
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B modes of the chalcopyrite structure of CIGSe and their
variations are related to the ratio of the Ga/(Ga In) in theþ

CIGSe solid solution. [24] However, the overlapping of the OVC

and Cu Au contributions cannot be discarded.–

The comparison of samples #1 and #2 spectra shows that clear

differences exist between both. Focusing on Figure 4b (532 nm

excitation) only, the main peak of the CIGSe is slightly shifted,

suggesting a higher Ga ratio in the Na PreDT samples, possibly

5 10% higher. This agrees well with the shift and the relative–

intensity of the weak peaks in the 220 260 cm–
1 region observed

under 532 nm and the similar shift observed under 325 nm

excitation. As the GDOES analysis showed a similar Ga elemen-

tal pro le between both samples, this result tends to indicate a

better Ga incorporation to the CIGSe matrix in the presence of

Na close to the surface. This observation is consistent with pre-

vious work on Na doping of CIGSe absorbers. [25] Remarkably, the

195 cm1 contribution associated with the Cu Au structure is–

absent in sample #1 (Na PreDT sample) under 532 nm excita-

tion, whereas it appears for both samples under 325 nm

excitation. While the presence of this phase has been associated

with a degradation of the devices performance, previous studies’

by our group on CuInS 2 device [21] showed an improvement of the

Jsc , but a reduction of the Voc, and Rs. This was ascribed to a

reduction of the defect concentration in the Cu-poor CuInS 2

by the accumulation of these defects in the more disordered
Cu Au phase, hence allowing a better crystalline quality in–

the chalcopyrite CuInS 2. It is uncon rmed if a similar conclusion

is applicable here.

Focusing again on 532 nm excitation (Figure 4b), the full

width at half maximum (FWHM) of the main 180 cm 1 peak

is markedly reduced in sample #1 (from 7.9 to 6.7 cm1).
This indicates that the Na PreDT is associated with an improve-

ment of the crystal quality of the CIGSe, which would be in agree-

ment with the reduction of the Raman contributions of the Cu–

Au-disordered phase. Finally, a small shoulder in the 155–

165 cm1 region is observed in sample #1 (Figure 4b), and it

is attributed to the presence of the OVC. This phase allows to

accommodate the Cu-poor conditions of the absorber; the order

of the defect in the structure allows to obtain an absorber with

better optoelectronic properties. [26]

As a summary of the Raman analysis of the samples, two main

observations should be kept in mind. The most important one is
that Na PreDT signi cantly improves the Ga incorporation in the

CIGSe structure (by 5 10% in our estimation), as shown by the–

peaks shift for both excitation wavelengths; and second, a possi-’

ble improvement of the general crystalline quality of the lms

can also be attributed to the Na doping, illustrated by the reduced

FWHM of the 180 cm1 peak in Figure 4b. A similar observation

can, however, not be made in Figure 4a, and this should remain
at this point an hypothesis as different interpretations (additional

contributions) may exist for this FWHM difference.

2.2. Electrical Characterization of Devices

Solar cells are fabricated for samples #1 (with Na PreDT) and #2

(without Na) following the previously described standard process
and electrically characterized by current voltage analysis ( )– JV

under AM1.5 illumination and dark conditions, and external

quantum ef ciency (EQE).

Figure 5 shows the characteristic of samples #1 and #2JV

along with their respective photovoltaic and diode parameters.

A remarkable improvement of the performance is observed

Figure 4. Raman spectra of sample #1 and sample #2 obtained using the a) 325 nm and the b) 532 nm excitation wavelengths.

Figure 5. Current voltage curves under illumination and diode parameters
for sample #1 (Na PreDT) and sample #2 (reference).
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for the device with a Na PreDT; speci cally, the ll factor jumps 

from 60.3% to 65.6%, and the Voc is brought from 588 to 668 mV.
A similar observation was made in the study by Wang et al.[22]

regarding the in uence of Na on these two parameters. While

a slight reduction of the current is observed (from 24.3 mA cm2

without PreDT down to 23.2 mA cm2 for sample #1), the ef -

ciency is markedly improved and reaches a record value of

10.15%. This value is the main result of this work, and it is to
the best of our knowledge that the highest reported ef ciency

for a CIGSe solar cell on transparent substrate with a bandgap

larger than 1.4 eV, getting close to those obtained with similar
absorbers fabricated on metallic Mo substrates. It should also

be noted that it was obtained without an antire ection coating,

and there still exists a straighforward margin for improvement in
that regard. shows an overview of the most relevant con-Table 1

tributions in wide bandgap CIGSe solar cells; our device, albeit

on transparent substrate, favorably compares with the highest
reported values in terms of both ef ciency and Voc. The tting

of the dark curves using a single diode model reveals that bothJV
the shunt resistance and reverse saturation current are improved

by the Na PreDT in sample #1. This observation is consistent

with a possibly improved lm morphology observed in the

Raman analysis (Figure 4b). The Na PreDT, by improving the
lm s crystallinity, would reduce both the shunt pathways along’

with the density of recombination centers, the latter being closely

related to J0, [30] yielding an overall superior diode performance.
The EQE analysis of samples #1 and #2 is shown in ,Figure 6

using EQE curves normalized to 1 for relative comparisons
between both samples (see Experimental Section). A clear differ-

ence in the bandgap between both samples is visible, and while

the GDOES composition analysis indicated a roughly similar GA
pro le in the lms, such difference comes to no surprise; the 

X-ray diffraction (XRD) analysis indicated a clear phase separa-

tion in sample #2 (without Na), with a poor homogeneity in Ga
incorporation and thus a Ga-poor phase reducing the bandgap

of the absorber. Sample #1, in contrast, exhibited a more homo-

geneous Ga incorporation, resulting in a material with an
overall higher bandgap. The Raman characterization additionally

con rmed this observation that Na PreDT leads to a better Ga

incorporation in the CIGSe. The normalized EQE onset at the
vicinity of the bandgap is also steeper for sample #1, an indica-

tion of a better collection of charge carriers generated from low

energy photons, and thus of an improvement of the back inter-

face s quality of the absorber. A result consistent with a material’

with a lower level of phase segregation is obtained.
For a direct bandgap, the absorption coef cient depends on

α ν νh ∝ ðh  Eg
1
2 . Hence, a plot of ln 1 EQEhν  ð  Þ2 against

h Eν gives a reasonable extrapolation of the electronic bandgap g,

as shown in the inset of Figure 6. Using Na PreDT, Eg is

increased from 1.32 to 1.41 eV, an effect fully attributed to the
more homogeneous Ga incorporation discussed during the

XRD and Raman analysis, allowing the material to maintain a

higher minimum bandgap.
The electrical characterization of our samples demonstrates

that the Na PreDT permits the fabrication of wide bandgap

CIGSe solar cells on a transparent substrate with performance

rivaling the state of the art on metallic Mo substrate; it is,

however, important to point out that some limitations and
improvement pathways remain, which are discussed in the last

part of this work.

2.3. Limitations and Improvement Pathways

The most critical improvement pathway lies in the actual trans-

parency of the back contact. In this work, the MoSe2 thickness
was estimated to be 30 40 nm while still allowing for a certain–

level of transparency (45% at 700 nm in our case, see Figure S1,

Supporting Information), our recent work on transition metal

oxides reveals that the transparency of the back contact can poten-
tially be doubled (Figure S2, Supporting Information), though

electrical optimizations are still needed to improve the contact s’

ohmicity.

While beyond the scope of this work, other alkali elements are
under evaluations for wide bandgap CIGSe lms on FTO, with 

Rb and Cs being the most promising pathways for further

improving the solar cell s performances. Wider bandgaps are’

also aimed at, with the hope that heavier alkali elements will

allow for an even better Ga incorporation in the lms. Similarly,

a comparison between predeposition and the more standard

postdeposition of the alkali element would bring valuable

Table 1. Summary of the photovoltaic properties of wide bandgap CIGSe
solar cells as reported in relevant references, and compared with the
record device from this work.

Ref GIG [%]
or Eg [eV]

Substrate Voc
[mV]

Jsc
[mA cm2]

FF
[%]

Eff (no ARC)
[%]

[27] 67% Mo 750 21 70 11

[28] 69% Mo 633 13.7 57.3 4.97

[29] 76% Mo 718 13.1 51 4.8

[10] 1.70 eV Mo 1003 15.8 67.1 10.7

[12] 1.44 eV Mo 813 26.9 72.2 15.8

[13] 70% Mo 643 25.9 73.2 12.2

[14] 1.65 eV ITO 780 12.8 50.6 5.0

This work 68% and 1.41 eV FTO 667 23.2 65.5 10.15
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Figure 6. Compared normalized external quantum ef ciency of sample #1

and sample #2. Inset: bandgap determination plot ln 1 EQEhν ð  Þ2

against .hν
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insights on the species diffusion dynamics and its interplay with
the lm s morphology. Such study will be combined with an ’

exhaustive defect analysis using a combination of admittance

spectroscopy techniques and Raman spectroscopy.
In addition, this work focused on the improved Ga

incorporation when using a Na PreDT, as demonstrated by the
XRD/Raman analysis and the bandgap increase; at this point, we

do have data to infer other mechanisms through which Na
doping would improve the performance of the cells, but such

possibility should not be discarded. Also, the mechanism of

phase separation in the absence of sodium is currently under
investigation by our team, with an interplay with the deposition

conditions which will be discussed in a future communication.
Finally, the solar cells reported here do not have an antire ec-

tion coating. In wide bandgap CIGSe, such layer would provide a
signi cant current bump, and more than 1% of absolute ef - 

ciency gain was previously reported from the addition of an
anti-re ection coating (ARC).

[10] The tested solar cells do not have

a metallic grid, and thus could not be certi ed. While the meas-

urement s reproducibility is thoroughly assessed during this’

study (Figure S3, Supporting Information), our future work will

focus on improving that speci  c point for ef ciency certi cation.

3. Conclusion

The work presented here unequivocally demonstrates that wide

bandgap CIGSe solar cells can be made with a transparent
substrate and retain performances close to the state of the art

on metallic nontransparent substrates. With a combination of
XRD, GDOES, and Raman analysis, we identify the Na PreDT

as a key parameter permitting a better and more homogeneous
Ga incorporation to the CIGSe lm and markedly reducing the

phase segregation, resulting in an overall larger bandgap mate-
rial with improved PV properties. The electrical characterization

of complete solar cell devices shows a spectacular performance

improvement with the sodium pretreatment, enhancing both the
open-circuit voltage and ll factor of the photodiodes, by way of

reducing both the shunts and the recombination parameter J0,

and resulting in a record ef ciency over 10% without antire ec- 

tion coating. Several improvement pathways are given, and this
work represents a proof of concept for ef cient wide bandgap

CIGSe solar cells with a transparent back contact.

4. Experimental Section

Solar Cells Fabrication: The solar cells presented were fabricated
with the following material stack: SLG/FTO/Mo/(NaF)/CIGSe/CdS/
ZnO/ITO. Also, samples with and without NaF were compared (sample
#1 and sample #2).
The SLG/FTO substrate was purchased from Sigma-Aldrich (reference

#735183). A thin Mo layer ( 15 nm) was deposited by direct current (DC)<

sputtering on the substrate, to help with the formation of MoSe2 during
the reactive annealing stage. The Na PreDT consisted the thermal evapo-
ration of a 15 nm NaF layer for sample #1, whereas sample #2 was the
reference without the NaF layer. It was worth noting that FTO was known
to ef ciently block the diffusion of Na from the SLG substrate, and we

made the assumption that the absorber for sample #2 was Na-free.
For the fabrication of the CIGSe absorber, a Cu In Ga metal precursor– –

was deposited by DC magnetron sputtering for the Cu and Ga elements,
and by thermal evaporator for the In element. A two-step reactive

annealing under Se atmosphere was carried out by placing the metallic
precursor samples in a graphite box along with an optimized amount
of elemental Se, and the graphite box was inserted in a quartz tubular fur-
nace. In a rst step, the temperature was increased from room tempera-

ture to 400 C with a 20 C min1 increase rate and a constant 1.5 mbar
pressure under an Ar ux (pump valve open); the maximum temperature

was maintained for 30min. In a second step, the temperature was
increased (same rate) to a maximum value of 550 C for 15 min, and
the pressure was kept at 1 bar (Ar) without an Ar ux (pump valve closed).

The samples were let to naturally cool down at the end of the process.
Being Cu de cient in general composition, the as-grown lms were 

expected to feature the formation of a Cu(In,Ga)3Se5 OVC phase at the
vicinity of the front interface. XRF data were acquired for each
1.25 2.5 cm 2 sample on nine different positions, and averaged to obtain
what was referred in the text as the sample s composition. This analysis’

revealed the ratio of Cu
In Gaþ ¼ 0.7 0.01 (CGI) and Ga

In Gaþ ¼ 0.68 0.01
(GGI) for both samples, which should correspond to a bandgap of
Eg  1.45eV.
Before the deposition of the CdS buffer layer by chemical bath deposi-

tion (CBD), the as-grown samples were etched for 10min in a 2% KCN
bath. The window layer was completed with a 50 nm i:ZnO layer and a
300nm ITO layer deposited by DC sputtering. Each sample was mechani-
cally scribed with individual solar cells of dimension 3 3mm2. However,
the record efciencies were reported here, several sets of samples were fab-
ricatedand showed a remarkable consistency. The electrical characterization
of the samples was carried out several times to assess any possible light
soaking effect, without showing signicant variations (less than 0.5% in
absolute on the same cell). The tting of the dark curves was made using JV
a 1-diode model code developed in-house. The values reported in this work
are based on the total area of the cell. The reported EQE are normalized to
1 and should only be used for relative comparisons, as a strong current
discrepancy was observed from the integration of the raw curves (related
to calibration issues of the equipment). As samples #1 and#2 had a similar
front contact, and as the absorption of the cells was limited by the front
contact re ectivity, using normalized curves was deemed appropriate to dis-

cuss the bandgap shift between both samples and the absorption onset.
Material Characterization: The as-deposited CIGSe lms and complete

solar cells were observed by SEM to assess their morphology. The mor-
phological features presented in the following section were based on the
SEM analysis of hundreds of micrometers (width) in different cross-
sectional preparations to avoid biased results. We chose in this work
to present the images of the complete devices in cross section.
The lms were analyzed by XRD using a Bruker D8 Advance, with a

scanning rate of 0.6 min1, a step size of 0.010, and a 2 range fromθ

10 to 120 , using the Cu K radiation ( 1.5406 Å) operating at 40 kVα λ¼
and 40mA.
GDOES was used to obtain the relative depth composition of the lms,

analyzing each element pro le by a Horiba Jobin Yvon GD Pro ler 2 spec- 

trometer, equipped with an anode diameter of 4mm and 19 element
channels.
Raman spectroscopy using a Horiba Jobin-Yvon FHR640 spectrometer

was carried out on the bare CIGSe lms with a focus on the identi cation 

of possible secondary phases and the qualitative evaluation of the crystal-
line quality. A high energy 325 nm excitation was used to provide surface
information (penetration depth 10 nm), and a lower energy 532 nm exci-<

tation was used for a more in-depth assessement of the lms (penetration

depth 60 nm). In both cases, the power density was kept below<

25W cm2 to avoid any substantial heating of the samples. The spectra
were acquired on ve different positions of a 1.25 2.5 cm  2 sample. It is
important to note that these systems have not been previously studied
under 325 nm excitation, and a direct quantitative spectra comparison
between 532 and 325 nm is thus not possible. Our study will then focus
on comparing lms with and without the Na PreDT under a similar exci-

tation wavelength. To reduce the uncertainty originating from punctual
measurements in the Raman spectra, a large spot diameter (of the order
of 100 m) was used, allowing to reduce the impact of the microcrystalline

inhomogeneities. This was carried out using a Raman probe speci cally

developed in our laboratory.
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