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On the role of sodium and copper off-stoichiometry in Cu(In,Ga)S, for
photovoltaic applications: Insights from the Investigation of more than
500 samples

Abstract

The present article discusses the investigation of Culn,,GaS, (CIGS) thin films for photovoltaic
applications. For decades, a Cu-rich composition has been used to create solar cells with efficiencies
of up to 13.5%; however, interest in chalcopyrite sulfide has recently been revived due to its high and
adjustable bandgap, making it a serious candidate as a top cell in tandem configurations. Although
chalcopyrite selenides share many properties with CIGS thin films, crucial differences have been
reported. To further understand these materials, we studied more than 500 samples of absorbers
and resulting solar cells. First, we found that the compositional window for obtaining single-phase
CIGS thin films with a 3-stage co-evaporation process is very narrow. Second, we reported that a
combination of low copper content and sodium addition during growth is required to maximize the
Photoluminescence intensity (i.e. to minimize the absorber-related open-circuit voltage losses).
Finally, we showed that solar cell performance and stability depend not only on absorber quality but
also on phenomena at interfaces (absorber/buffer and grain boundaries). Altogether, we formulate
growth recommendations for the manufacture of stable CIGS/CdS solar cells with state-of-the-art
efficiency.
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List of acronyms

GGl: gallium/(gallium+indium) composition ratio of the absorber layer

CGl: copper/(gallium+indium) composition ratio of the absorber layer
Cu-poor/Cu-rich: absorber with CGI under/over 1

g-FLS: quasi-Fermi Level Splitting

CIGS ; CIGSe ; CIGSSe: Cu-In-Ga-S, Cu-In-Ga-Se, Cu-In-Ga-S-Se absorber layer
Voc: Open-circuit voltage

EDS: Energy-dispersive X-ray spectroscopy

CBM: Conduction Band Maximum

PLMax: Energy at which the PL emission is maximum

E: bandgap

SEM: Scanning Electron Microscope

J-V: current-voltage

EQE: External quantum efficiency

SLG: Soda Lime Glass

Na-barrier: SiN, layer deposited between SLG and molybdenum back contact
DDT: During Deposition Treatment



PDT: Post-Deposition Treatment
Jsc: Short-circuit current density
Rsh: Shunt resistance

GBs: Grain boundaries

Introduction:

In the Cu-In-Ga-S chemical system, the material of interest for PV application is the one with the
chalcopyrite structure[1]. In the absence of gallium, it has been reported that this phase does not
tolerate deviation from the 1:1:2 (CulnS,) reference composition[2,3]. Thus, a Cu/In ratio other than
1 results in a two-phase mixture. When some of the indium is replaced by gallium, chalcopyrite
tolerates a small copper deficiency resulting in a Cuy,(In,Ga)y.,/3S, composition. For the element lll
ratio used in this study (i.e. Ga/(In+Ga), later labelled GGI = 0.2), this tolerance does not exceed a few
percent according to a study based on powder material[4]. The copper content is thereafter
discussed in terms of the CGI ratio (Cu/(Ga+In)) of the absorber layer, and the samples are
referenced to as Cu-poor (CGI < 1) or Cu-rich (CGI > 1). Until recently, the highest efficiencies were
achieved with Cu-rich absorber composition, with efficiency limited to =13% by both interface and
bulk recombinations[5,6]. A low quasi-Fermi Level Splitting (g-FLS) assesses those later. Today, all
reported CIGS state-of-the-art solar cell efficiencies (=15%) are based on Cu-poor compositions[7—
10]. This allows not only to improve bulk properties but also to suppress absorber/buffer interface
recombination, provided the commonly used CdS buffer layer is exchanged for a material with lower
electron affinity such as ZnOS, ZnSnO or ZnMgO[7,11,12] . However, the efficiency of pure sulfide
CIGS solar cells remains significantly lower than that of pure selenide Cu(ln,Ga)Se, (CIGSe) [13] and
mixed sulfo-selenide CIGSSe[14] cells. Inferior bulk properties are the cause: Siebentritt et al[15]
recently concluded that the presence of a deep defect results in low carrier lifetime, hence high
Shockley-Read-Hall recombination, resulting in high non-radiative open-circuit voltage (Voc) loss, and
ultimately low g-FLS in comparison to the Schockley-Queisser limit. This represents now the main
obstacle to achieving the level of performance required to envisage a future outside the research
laboratories for sulfides CIGS. Sodium control is known to be a key factor in obtaining quality CIGSe
and CIGSSe chalcopyrite solar cells as it enables high g-FLS through long photogenerated carriers
lifetime[16,17]. Moreover, Herberholz et al[18] reported that for the selenide CIGSe, the chalcopyrite
tolerance to copper-deficiency is widened in presence of sodium. Although this has long been
suspected, the demonstration that sodium is also a key player for sulfides CIGS has only recently
been provided[15], and the subject needs to be further explored in order to fully benefit from the
effects associated with sodium addition.

This study focuses on two levers related to the chemistry of CIGS (copper content and sodium supply)
and their effects on the material properties and the electrical parameters of the resulting solar cells.
First, we modified an evaporation chamber to obtain a lateral gradient of copper content, and thus
to obtain from a single deposition run a large set of samples (here 84) with varying CGl. Compared to
a conventional approach (as many syntheses of absorbers as different compositions), the approach
used here avoids the issues related to the reproducibility of the different synthesis steps and
provides a large library of samples of different compositions in a short time. However, this requires a
large number of samples to be characterised (primarily by measuring their composition) quickly and
without modification. The first step was to establish a link between the CGl measured by Energy-
dispersive X-ray spectroscopy (EDS) and the intensity ratio of different Raman peaks.
Photoluminescence (PL) spectra are recorded immediately afterwards in the same instrument as the
Raman, to evaluate the optoelectronic properties of the absorbers. Indeed, the variations of g-FLS
are determined by the variations of the radiative efficiency (i.e. the intensity of the



photoluminescence) according to equation (1)[19-21] while the energy at which the PL emission is
maximum (PLMax) is found to be a good approximation of CIGS bandgap. In this way, the CGI, the
bandgap (Eg) and the relative g-FLS are all measured quickly and automatically from a unique device.
After completion with buffer, window layers and grids, all solar cells were then characterized by
current-voltage (J-V), and further analysis requiring more time on a few selected samples to answer
guestions related to layer morphology (cross-section Scanning Electron Microscope (SEM)) or to
evaluate the level of interface recombination (External quantum efficiency (EQE) measurements
with/without voltage reverse bias). To ensure comparability with literature and between samples of
different bandgaps, we discuss Voc-deficit = Vocso-Voc rather than the Vo itself (Vocsq is the
theoretical highest achievable Vy for a given bandgap according to Schockley and Queisser[22] for a
single junction under AM1.5 illumination).

Experimental Methods
e Cu(In,Ga)S, absorber preparation and labelling

The Cu(In,Ga)S, (CIGS) films were grown onto soda-lime-glass (SLG) substrates previously covered
with a 400 nm-thick molybdenum layer; these structures are those originally optimized for
Cu(In,Ga)Se,-based devices[23]. An additional SiN, layer was applied between the SLG and Mo-layer
of some samples; this layer is then referred to as “Na-barrier” as it is known to minimize drastically
the diffusion of sodium species from the SLG into the CIGS film. All CIGS absorbers were grown by co-
evaporation from elemental sources following a bithermal 3-stage process. The substrates
temperature during the 1%-stage was 300°C and 580°C during 2" and 3". Cu-poor/Cu-rich/Cu-poor
transitions were followed in time by the so-called end-point-detection method[24]. Gallium and
indium evaporation fluxes were equal during the 1% and 3™ stages and set so that the gallium to
indium ratio (GGI) was 0.20 + 0.02 and the films thicknesses are =800nm. To achieve the lateral
gradient of absorbers Cu-content (ie. CGl), the evaporation source of copper was slightly tilted
relative to that yielding confocal copper, indium and gallium evaporation cones onto the substrate.
Additional sodium can be supplied to the absorber layer through the evaporation of NaF from a
dedicated effusion cell within the co-evaporation vacuum chamber, at a deposition rate of
approximately 2.5 nm/min. This can be achieved either during the deposition treatment (DDT), which
lasts for the entire third stage (about 5 minutes), or after the absorber deposition is completed,
during a post-deposition treatment (PDT) that lasts for 5 minutes and is performed together with an
S flux at a substrate temperature of 350°C. The samples are named according to the sodium delivery
methods (explicitely given in Table 1): from Na-free to Na (Substrate + DDT + PDT) for which the
supply of sodium is the maximum within the frame of this study. In the absence of a sodium barrier
(SiNx), the sample names contain "Substrate". A schematic representation of the process and
resulting CGI gradient is presented in Figure 1.
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Figure 1:

a) Cross-section SEM of solar cells prepared with a (top to bottom) Cu-rich, Cu-poor recrystallized
and Cu-poor not-recrystallized absorbers

b) Mappings of the same batch absorber’s CGI (left) and main Chalcopyrite Raman Peak FWHM
(right)

c) Schematic description of the process sequence: evolution of the substrate temperature, CGl and
sodium supply over the process sequence. The time, Na-supply and CGl axis give qualitative
information; CH, SP-158 = Chalcopyrite, Spinel-158 phases

Sodium supply
Name During growth After growth

Substrate DDT PDT
Na-free No No No
Na(PDT) No No Yes
Na(DDT) No Yes No
Na(Substrate) Yes No No
Na(Substrate+PDT) Yes No Yes
Na(Substrate+DDT) Yes Yes No
Na(Substrate+DDT+PDT) Yes Yes Yes

Table 1: Description of the sodium sources of the different samples



e Raman spectra acquisition and treatment

Raman spectra were collected on absorbers with a Renishaw inVia system, using a 514 nm Laser as
an excitation source. The spectra are fitted with 8 Lorentzian curves and the CGl are determined
from the intensity ratio between selected Lorentzian curves (see Figure 2 and supplementary
information). No difference is observed between the composition measured on raw absorbers and
after the HCl etching of finished cells (such etching removing the CdS/ZnO layers).
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Figure 2: Correlation between intensity ratio of selected Raman peaks and EDX measured
composition (full description in Supplementary Information). Linear regression is performed in the
CGl <1 domain.

e Photoluminescence

Photoluminescence (PL) spectra were collected on absorbers with a Renishaw inVia system, using a
488 nm Laser as an excitation source. Spectra fit yields the PLMax and PL intensity. This later can be
used to calculate Non-Radiative (NR) Voc losses with respect to a reference sample. This reference
sample is our sample which yields the highest PL intensity signal (i.e. the lowest NR losses).

PLIntensity,sample

ANRloss = NRlossgample — NRloss ef = —kj,T * In ( ) (equation 1), with ki,

PLIntensity,reference
being the Boltzmann constant.

e Device preparation

All devices have CIGS/CdS/ZnO/ZnO:Al structure, deposited onto either SLG/Mo or SLG/SiNx/Mo
substrates. CdS buffer layer was deposited by chemical bath deposition (CBD) following the same
recipe as that described in [25]; note that all absorbers were dipped for 1 min into KCN solution (0.1
M) at room temperature. The purpose of this step is to remove the Cu,S located on the surface of the
copper-rich samples. Thus, the total composition of the copper-rich absorbers is reduced to CGI=1 (or
slightly more if the etch is imperfect), that of the copper-poor absorbers is not affected. The window
layer consists of 50 nm-thick ZnO covered with 250 nm-thick ZnO:Al layer RF-sputtered from ceramic



targets. Solar cells are finally completed with metallic grids (Ni/Al) deposited by e-beam across a
shadow mask and devices scribed mechanically.

e Electrical characterization and Vo deficit

External quantum efficiency (EQE) measurements were performed at room temperature using a
laboratory-built setup. Photovoltaic parameters were extracted from J-V measurements performed
under standard conditions. Partial absorber layers peeling off forces us to cut cells of different sizes
ranging from 0.1 to 0.5 cm?. Individual cells area being imprecisely known, we use the short-circuit
current density (Jsc) as measured from the integrated EQE of the best cell of each run. While it tends
to slightly (up to 10% relative) overestimate the efficiency of poor devices, the method gets more
and more accurate as efficiency increases. To calculate the Vo deficit, Schockley-Queisser Vo is
calculated approximating that the PLMax equals the bandgap. The difference between PLMax and
bandgap extracted from EQE (minimum of the EQE derivative) on 33 solar cells is not significant (all
values <30meV, while EQE is recorded which steps of 10nm, i.e. =20meV — see Supplementary
Information).

Results and discussions

1- CIGS films physicochemical properties

As previously mentioned, the copper evaporation source was intentionally tilted to create a gradient
of copper-flux from one edge of the substrates to the other (Figure 1). This flux variation was such
that a narrow part of the CIGS sample did not undergo Cu-poor/Cu-rich transition, and thus did not
recrystallize; the corresponding area looks much darker than the rest of the sample. Each of the
specific areas, namely Cu-rich, Cu-poor recrystallized and Cu-poor not recrystallized, were observed
by SEM after all analyses, cells completion and testing. Figure 1 shows representative cross-sectional
views of three solar cells prepared from the same run of KCN-etched CIGS absorbers, two of which
recrystallized (one Cu-rich and one Cu-poor) while not the other. Both films which have Cu-rich
composition temporarily during their growth (i.e. films which recrystallized) have the same
morphology: they are made of large grains, extended throughout the entire film thickness. The film
that did not recrystallize is compact as well but made out of much finer grains. In conclusion, the size
of the grains constituting the films appears driven only by the Cu-poor/Cu-rich transition; neither the
final CGI (in the investigated range) nor the sodium availability during or after growth (see
supplementary information) seem to affect grains size.

To investigate the influence of substrate’s nature (ie. diverse availability of sodium) and growth
specificities (i.e. Recrystallization or not and final CGl), Raman spectra were investigated. In fact, in
addition to the detection of crystalline phases thanks to assignable peaks position, Raman peaks
width increases along with the density of crystalline defects. Figure 3 plots the Full Width Half
Maximum (FWHM) of the main chalcopyrite line (at 293 cm™)[26] as a function of CGI. This graph
shows at least two pieces of information. Firstly, the peak assigned to the chalcopyrite phase
becomes narrower with increasing CGl, independently of whether the sample recrystallized or not;
note that for CGI =1, a limit value is achieved. To better observe this trend, it is advisable to limit the
analysis to samples from the same batch, due to potential batch-to-batch variations (see
supplementary information). Secondly, for similar CGl, the peak width of recrystallized samples
spectra is systematically much narrower than that of non-recrystallized films. These observations are



consistent with improved crystalline order with increasing CGI[27]; that is (i) copper deficiency
results in higher defects density, (ii) the recrystallization phenomenon drags crystalline defects out of
the grains (i.e. toward grain boundaries)[28].
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Figure 3: FWHM of the main Chalcopyrite Raman peak as a function of Cu/(In+Ga) and
recrystallization

Additionally, systematic exploitation of all Raman spectra (218 in total, see more data in
Supplementary Information) suggests that, in the range of investigated GGI, absorbers switch from a
combination of Cu,S + Chalcopyrite-CIGS (CH-CIGS) phases for CGl > 1, to a mix of spinel Cu(In,Ga)sSg
and CH-CIGS phases for CGI < 1[26]. As a consequence, the single-phase CH-CIGS domain is extremely
narrow in those experimental conditions (thin films grown by 3-stage process). A similar observation
was already reported in the case of powder samples[4]. Note that, here as well, the results of these
characterizations are similar whatever the strategy for sodium-incorporation.

As a conclusion of this section, polycrystalline films resulting from the implemented 3-stage process
are made of grains, which size only depends on whether they underwent Cu-rich composition
relative to 1:1:2 during the synthesis, leading to recrystallization. A deviation in CGI from 1 results in
the formation of either Cu,S or the so-called 158-spinel phase as secondary phases for Cu-rich and
Cu-poor compositions, respectively [4,15]. Note the same conclusions can be drawn whatever the
strategy implemented to supply sodium to the film. Also none of the different sodium supply
strategies appears to enhance the tolerance of the CH-CIGS sulfide for increased Cu-deficiency.

2- Absorber properties
In order to explore the impact of both CGI and the various ways to supply sodium, all samples were
studied by photoluminescence spectroscopy. PL intensity gives access to quantitative estimation of
non-radiative recombination variation ANRIloss (see equation 1) compared to a reference, which in
first approximation varies as g-FLS. This approximation is acceptable when Eg-PLMax does not
significantly vary, which is the case here (see Supplementary Information). This measurement will
therefore be used as a criterion to assess the quality of the films (most likely the doping and the



lifetime of the photogenerated carriers), as a tenfold increase in PL intensity rises the g-FLS by
60meV (equation 1). Figure 4 plots the PL intensity of the main peak versus CGI for both types of
substrates (i.e. SLG/Mo and SLG/SiNx/Mo) and sodium addition routes (i.e. PDT and DDT). These
plots show first that when the films are Cu-rich (i.e. CGI > 1), the PL intensity is rather low and
depends neither on the nature of the substrate nor on the sodium addition strategy. Regarding Cu-
poor composition, Na-free samples experience similarly low values as Cu-rich samples. Na(PDT)
samples show a gain of one order of magnitude but only if their CGI is very close to unity. The
addition of sodium during growth (albeit the effects are similar, NaF-DDT is more efficient than
Na(Substrate)) further increases the PL Intensity of Cu-poor material and makes it CGl-independent.
The fact that the supply during growth (at 580°C) is much more efficient than PDT (350°C) shows that
the incorporation of sodium into the CIGS bulk requires a high temperature. We note that using the
same glass, Mo and substrate temperature resulting in high-efficiency ClGSe[29], the substrate-
supplied sodium is not sufficient to obtain the best quality CIGS film.

In conclusion, contrary to the morphology/crystallinity observations reported in the previous section,
PL measurements show that the properties of the films are strongly dependent on whether the
absorber is Cu-rich or Cu-poor, on the addition of sodium and a fortiori on the way it is supplied -
DDT being the most effective. When DDT is performed, the type of substrate and PDT have no effect.
The increased PL intensity difference observed, two orders of magnitudes, is expected to result in a
Voc-deficit improvement of as much as =120mV.
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buffer layer was deposited immediately after absorber growth in order to avoid air and laser
degradation that may occur during PL measurement.

3- Solar cells properties and discussion

All CIGS films were dipped into a solution of KCN (0.1 M for 2 min) before being covered with CdS and
Zn0O/AZ0 window layer. Such KCN treatment[30,31] is known to etch Cu,S phases as well as eventual
oxides from the surface of the absorber. Consequently, the variations observed in photovoltaic
parameters of the investigated devices originate from (i) remaining secondary phases, either not
etched by KCN (158-spinel phase) or located at an unreached area (i.e. grain boundaries (GBs) or rear
interface) (ii) and/or point and 1D crystalline defects. The following sections describe the solar cell
parameters and correlate with the conclusions exposed in the previous sections. The results of cells
prepared from Cu-rich absorbers will be presented before those fabricated from the Cu-poor ones.
Figure 4 plots the V..-deficit of devices versus CGl for the two types of substrates and the diverse
routes followed to supply the films with additional sodium.

Focusing on cells based on a Cu-rich absorber, V¢ deficit and FF are extremely bad without DDT
(Figure 4). Surprisingly, they both significantly improve with DDT, independently of the substrate
which may appear in contradiction with the conclusions of PL measurements. In fact, based on their
bulk properties (PL Intensity), all so-called Cu-rich devices should have similar V,.-deficit, which is
obviously not the case. One explanation lies in the evolution of the shunt resistance (Figure 4), which
at the same time screens the effective V.. and dramatically limits the FF. DDT yields improved FF and
Voc through increased shunt resistance (Rsh).

Solar cells based on Cu-poor CIGS systematically perform over the Cu-rich from the same batch. Once
again, Na-free processes result in the poorest properties and (Cu-poor & Na-free) devices show only
slightly improved performance (Rsh, Voc and FF) compared to Cu-rich unless the CGl is increased up
to close to one. Unlike Cu-rich, the sodium supply via NaF-PDT or substrate already improves Rsh and
makes it somewhat resilient to lower CGI values. Once again, DDT has similar but more pronounced
beneficial effects. Altogether, slightly Cu-poor absorbers with DDT vyield the best solar cells, and
additional sodium supply via substrate does not seem to have a significant effect. The gain obtained
on the Na(Substrate+DDT+PDT) batch is attributed to the processing of the full device processing
straight after the absorber synthesis (hence limiting air exposure and laser induced degradation
during characterizations) rather than to effect of PDT itself.

The variations described above may be explained as follows: At first, low shunt resistance values are
likely due to copper-enriched grain boundaries — by analogy to CIGSe material, for which grain
boundaries have been extensively studied[32—-34]. Then, the addition of sodium enables excess
copper out-diffusion from grain boundaries towards the surface where depending on the stage of the
process it forms either CIGS or Cu,S; in the latter case, it is subsequently etched by KCN. The fact that
supplying NaF at high substrate temperature during the growth (DDT) is more efficient is consistent
with this speculative explanation. Then, the FF and Voc-deficit degradation observed when absorbers
get further Cu-poor (whilst absorber quality (PL intensity) remains constant) tend to confirm that the
presence of 158-spinel (whose amount increases as CGl moves away from 1) induces absorber/buffer
interface recombination. We do observe that sodium supply results in a further decrease of the Vg
deficit than expected by the intrinsic properties alone. There is no doubt that this is partly due to the
increase in shunt resistance, but additional phenomena may play a role. A complementary
explanation could be the inclusion of sodium in the spinel CulnsSg phase, resulting in (Na,Cu)lnsSg at
the surface of the absorber layer. This latter has a lower electron affinity than the former[35];
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therefore, it likely better aligns with the chalcopyrite and CdS conduction bands[36,37] which
reduces the absorber/buffer interface cliff losses. EQE measurements (see Figure 5) support this
latter hypothesis. Indeed, cells prepared with Na-free, Na(PDT) and Na(DDT) absorbers with a similar
Cu-poor composition experience similar EQE under 800mV reverse bias (i.e. similar current photo
generation and collection length). When the bias is suppressed, the Na-free cells experience a strong
wavelength-independent drop in the EQE, which is characteristic of significant interface
recombination[38]. This feature partially/almost completely disappears with PDT/DDT respectively,
demonstrating a reduction of this recombination mechanism. The best performances being obtained
for compositions as close as possible to stoichiometry suggests that the (Na,Cu) 158 spinel-phase,
although less deleterious than its copper-pure counterpart, remains problematic.
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Figure 5: External quantum efficiency without(blue) and with a 800 mV reverse bias(orange).
Difference between both conditions (green) for 4 different samples. Na-free, Na(PDT) and Na(DDT)
slightly Cu-poor samples are display to highlight the effect of Na-addition on spinel-158 phase topped
absorbers. Stoichiometric (CGI=1) Na(Substrate + PDT + DDT) is a sister-sample of the record cell.

To maximize efficiencies, the last batch of solar cells was prepared with a slightly modified
procedure: absorbers were prepared with a maximized sodium supply: Na(Substrate + DDT + PDT)
and the CdS buffer layer was deposited immediately after absorber growth to make sure that no air,
time and laser(during PL measurement) degradation occur. This strategy effectively results in the
lowest Vo deficits together with the highest FF hence the best efficiencies. Since this procedure
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prevents the PL measurements from being carried out, we cannot comment on the possible role of
intrinsic bulk properties on the Voc-deficit reduction. Nevertheless, the lowered discrepancy between
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Figure 6: Evolution solar cell electrical properties before(blue)/after(orange) 3 weeks of storage in
the dark

We also found that sodium influences the stability of solar cells (Figure 6). Here, the cells were stored
for 3 weeks in the dark before measuring again their |-V characteristics. Although very low,
performance of the Na-free cells is stable over time. Na(PDT) fresh devices, which shunt resistance
was higher than Na-free, strongly degrade during the storage down to levels achieved by Na-free
cells. As long as sodium is supplied during growth (by the substrate and DDT), the shunt resistance

appears stable over time.

In agreement with the previous observations, and considering that copper and sodium are mobile
elements, especially in the junction area (where the electric field facilitates it) one can imagine that
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copper-sodium exchange mechanisms explain the observed ageing effects. In the absence of sodium
during growth (Na-free and Na(PDT) samples), the bulk of the grains is Na-free. The PDT brings
sodium to the grain boundaries, increasing the shunt resistance. Over time, the sodium in the grain
boundaries would exchange with copper in the bulk, forming copper-rich grain boundaries and thus
drastically reduce shunt resistance values down to those seen in Na-free samples. If no sodium is
available (Na-free sample) or if the interior of the grain already contains sodium because of its supply
during growth (by DDT and/or substrate), this mechanism would not occur thus the resistance be
stable over time. When insufficient sodium is supplied during growth (Na(Substrate) and
Na(Substrate+PDT) samples) both the V¢ deficit and FF deteriorate over time despite the shunt
resistance remains similar. The problem being solved with DDT, we suggest an additional copper-
sodium exchange mechanism to occur and degrade bulk or interface properties. Altogether,
optimizing sodium supply does not only improve efficiency but also makes it stable over time. Our
proposed explanation for this instability involves mechanisms of copper-sodium redistribution
between grain boundaries, grains interior, and surface.

Table 2: Comparison of this work most efficient solar cell with literature cells
act= active area, ARC= with antireflection coating

Buffer |Eg(eV) Voc(mV) | Voc get (MV) | FF (%) | Jsc (%) n (%)
This work cds 1.63 884 469 74 20.8° 13.6°
Shukla[10] cds 1.6 854 472 71.6 21 12.8°
Shukla[10] Zn0S 1.6 902 424 73| 23.1%ARC| 15 pactARC
Hiroi[7] ZMO 1.57 920 378 72.2 23.47R¢ 15.54R¢

4- Conclusions
The present study investigated the influence of copper content and sodium supply on Culn,,Ga,S,
(CIGS) thin films for photovoltaic applications, with a focus on understanding the factors that
influence the stability and efficiency of these materials. Through the analysis of more than 500
samples of absorbers and resulting solar cells, we found that the compositional window for obtaining
single-phase CIGS thin films with a 3-stage co-evaporation process is very narrow, and that a
combination of slightly copper-poor composition and sodium addition during growth is required to
minimize absorber-related open-circuit voltage losses. In addition, we identified the formation of a
copper-poor secondary phase (the spinel phase) and the presence of copper-enriched grain
boundaries as detrimental to solar cell performance. Sodium supply at any time was found to yield a
massive performance improvement driven by an increase in shunt resistance. We attribute it to the
repel of copper excess out of the grain boundaries. Sodium supply during the growth process
(through the absorber or via DDT) also improved the intrinsic properties of Cu-poor absorbers and
reduced losses at the absorber/buffer interface. These findings have several implications for the
design and manufacture of stable, high-efficiency CIGS solar cells. For example, our results suggest
that careful control of copper content and sodium supply is critical for achieving optimal device
performance, and that alternative buffer layer materials may be needed to reduce interface
recombination losses. In addition, our study highlights the importance of understanding the role of
interface phenomena, including the spinel phase and grain boundaries, in CIGS solar cell
performance and stability, and the need for further research to clarify the mechanisms at play.
Overall, our study provides new insights into the factors that influence the properties of CIGS thin
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films, and represents an important step towards the development of practical, high-performance and
stable photovoltaic devices based on these materials.
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