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Abstract

The stability of molybdenum (Mo) back contact and Cu (InxGa(1-x)Se2(CIGS) absorber

layers interfaces relevant for CIGS-based solar cells was investigated using acceler-

ated aging test, considering humidity and temperature daily variations as well as

atmospheric pollution. Different configurations of sputtered Mo and co-evaporated

CIGS layers deposited on soda lime glass with or without ALD-Al2O3 encapsulation

were investigated. They were exposed for 14 days to 24 h-cycles of temperature and

humidity (25�C at 85% RH and 80�C at 30% RH) with and without solution of the

pollutant salts (NaCl, Na2SO4, and (NH4)2SO4) deposited as drops on the sample to

mimic marine, industrial, and rural atmospheric conditions, respectively. ALD-Al2O3

encapsulation failed to protect the samples against the pollutants regardless of con-

figuration. The evolution of the films was characterized by Raman spectroscopy,

grazing incidence X-ray diffraction, X-ray photoelectron spectroscopy, scanning elec-

tron microscopy, and energy-dispersive X-ray spectroscopy. Unencapsulated Mo

degraded forming a mixture of oxides (MoO2, MoO3, and Mo8O23). Unencapsulated

CIGS on glass substrates was not altered, whereas dark spots were visible at the sur-

face of Mo/CIGS configurations. Further characterization evidenced that even

though the Mo layer was buried, its corrosion products were formed on top of CIGS.

Mo corrosion products and copper selenide, Cu2-xSe, were identified in dark spots.

Their formation and evolution were further investigated by in situ Raman spectros-

copy. A speculative mechanism explaining the interplay of molybdenum and CIGS

layers during aging is proposed. In place of Mo oxides, detected on the open surface

of bare Mo, soluble molybdates are expected in confined environment where alkalin-

ity locally increases. The molybdate ions may then react with sodium ions accumu-

lated at the grain boundaries of CIGS, forming Na2MoO4. The latter could form

Na2Mo2O7 during drying because of pH decrease by atmospheric CO2 adsorption.

High pH in confined zone, combined with relatively high temperature, is also believed

to lixiviate gallium into soluble tetragallates [Ga (OH)4]
2�, which could precipitate

into Ga2O3 with pH decrease leaving Ga depleted Cu2-xSe.
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1 | INTRODUCTION

Chalcopyrite Cu (InxGa(1-x))Se2 (CIGS)-based photovoltaic cell com-

prises a widely used technology either as a single absorber CIGS

cell (a world record of 23.6% efficiency has been reported by

Evolar/Uppsala in 20231,2) or as a subcell in tandem technolo-

gies.3,4 Thanks to the high absorption coefficient (>105 cm�1), it is

possible to make CIGS photovoltaic cells thin enough to allow

flexibility and reduce the use of raw materials.5 As these cells are

now produced on an industrial scale, long-term stability of such

technology is important.

Under operating conditions, a photovoltaic (PV) system is facing

multiple external stresses that can affect its performance: tempera-

ture, humidity, ultraviolet (UV), mechanical load (snow, wind), and so

on. Reliability tests are designed for quality control of materials and

devices in laboratory. These tests use the conditions which are sug-

gested to be the most harmful and able to accelerate the aging.

Among them, damp heat (DH) is the most common test examining

temperature and humidity effects on aging. In DH, samples are aged

for 1000 h at a constant temperature of 85�C and constant relative

humidity (RH) of 85% (described in Standard EN 612156). Tempera-

ture effects are also studied by thermal cycling: Temperature varies

from �40 ± 2�C to 85 ± 2�C for 20 cycles with a maximum duration

of 6 h/cycle (also described in Standard EN 61215, no specification

for humidity6) in order to better mimic daily or seasonal temperature

variations. To further replicate the outdoor conditions and in particu-

lar dew phenomena, we have recently proposed a novel degradation

protocol.7 It not only considers daily variations of temperature and

humidity but also takes into account outdoor pollutants, well-known

as corrosion promoters in corrosion science but rarely included in

aging test in PV.7–9

To understand degradation processes, it is necessary to consider

the complete cell architecture because the stability of each layer and

interface can affect the stability of other layers and the overall cell

performance. A typical architecture of a CIGS cell consists of several

layers:

• substrate (glass for rigid or metal, polymer, or ceramic materials for

flexible substrate);

• electrical back contact (usually molybdenum);

• p-type absorber (CIGS) covered by a thin n-type buffer (CdS or less

toxic alternatives like Zn(O,S) and others);

• window layer (transparent conductive oxide like intrinsic zinc oxide

and aluminum-doped zinc oxide [AZO]);

• top metallic grid contract (e.g., nickel/aluminum).3

On a module level, cells are encapsulated to limit the effects of

the environment (water or oxygen ingress, UV radiation etc.). Glass is

an excellent encapsulation material for rigid modules, but ultrathin

glass, more adapted to flexible modules, is expensive and mechanically

limited.5 Multilayers of organic layers or stack of polymers and

inorganic barriers, especially thin layer such as Al2O3, TiO2, or SnO2,

are investigated as alternatives.10 Recent work reported that CIGS

cells with a 25-nm thick Al2O3 encapsulant can successfully pass

2000 h of the DH test.11 Even if the mechanical protection could not

be fully provided by this single layer, the present work is focused on

the chemical stability so this encapsulation was selected for the study

on the basis of its chemical stability in DH test.

According to the literature, the main cause of the efficiency loss

of CIGS cells in the presence of humidity can be ascribed to the

resistivity increase of the AZO layer.12–14 Our previous work7 has also

demonstrated that the atmospheric aerosols can crucially decrease

the life time of AZO. The combined effect of humidity and

atmospheric aerosol pollution on other layers of the CIGS cell, in

particular the back contact and absorber, was not reported in the

literature to the extent of our knowledge.

Concerning the back contact, molybdenum (Mo) remains the

material of choice because of its good conductivity, resistance to

high temperatures12 and limited diffusion in the CIGS layer.15 How-

ever, it is very sensitive to humid environments, causing failure of

the cell.14 The scribes usually named P2 (interfacing the molybde-

num and AZO layer) and P3 (interfacing the molybdenum with the

atmosphere), necessary to create the series interconnected struc-

tures to reduce photocurrent and resistance losses, are especially

sensitive to humidity.15 The formation of molybdenum oxides

(MoOx with 2 ≤ x ≤ 3) leads to a loss of conductivity, detrimental to

the cell performance.12,15 However, some other work suggests that

MoO3-x could actually be beneficial for the cell as it is used to

improve the carrier transport across the junction thanks to a large

work function.16 The formation of MoSe2 at the interface between

the molybdenum and CIGS improves the stability of molybdenum,

particularly to oxidation.9,15 Additionally, Na- and Se-containing

products were observed on the surface of degraded molybdenum

layer after DH tests.15,17,18

The CIGS absorber is not considered to be the most sensitive cell

component to humidity in accelerated weathering tests. This layer

contains some alkali elements (Na, K) at grain boundaries, which

improve its electronic ability (increase in charge carrier concentration,

passivation of defect at grain boundaries19) but can negatively influ-

ence stability against humidity.20 Pure CIGS degradation is usually

described in the literature by diffusion mechanisms of copper21 or

sodium17,20,22 and oxidation.21,23 The performance loss of the CIGS

layer was described in the literature as occurring due to the formation

of shunting paths (through which the electrons produced in the cell

will preferentially recombine inside through the cell instead of being

extracted at the top and bottom contacts) in the cell, created by
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secondary phases of CIGS (e.g., Cu2-xSe) or sodium compounds, which

were indeed detected on the degraded surfaces.22–25 Alkali elements

(Na, K) are observed to be redistributed after aging.20,26 The removal

of corrosion products by mechanical scribing or chemical etching

(e.g., using KCN) allowed the cell to recover its initial perfor-

mance.22,23 Since CIGS layer growth might be influenced by

molybdenum morphology and composition, it can be expected that

the Mo/CIGS interface is relevant in the long-term stability of PV

cells.

The present work aims to improve the understanding of

long-term outdoor stability of Mo/CIGS interface for flexible

applications. Taking into account that thick glass encapsulation cannot

be used in flexible structure, several secondary objectives are as

follows:

i. To test the performance of the selected inorganic encapsulant

(25 nm Al2O3) with respect to temperature/humidity and

atmospheric pollutants for different systems.

ii. To verify the impact of the Mo/CIGS interface on the corrosion

of the solar cell

iii. To understand the degradation mechanism of CIGS and

molybdenum layers separately and in the Mo/CIGS stack on

glass

To improve the understanding of CIGS degradation, stability of

three different model configurations, molybdenum deposited on soda

lime glass (SLG/Mo), CIGS deposited directly on glass (SLG/CIGS), and

combined SLG/Mo/CIGS stack, with and without encapsulation was

studied by a cyclic accelerating aging procedure7 with temperature

and humidity variations. Furthermore, the effect of atmospheric pol-

lutants was tested by the deposition of three salts: NaCl, Na2SO4, and

(NH4)2SO4 typical of marine, industrial, and rural exploitation condi-

tions, respectively. The proposed degradation mechanisms were sup-

ported by an in situ Raman spectroscopy during aging at controlled

temperature and humidity.

2 | METHODOLOGY

2.1 | Materials and samples architecture

Prior to deposition, 3 mm thick soda lime glass substrates were

washed by sonication in acetone, isopropanol (2 � 5 min), and dried

with nitrogen blow. Molybdenum (Mo) was deposited on SLG by DC

magnetron sputtering from a 99.95% pure Mo target as a bilayer, with

a total thickness of 0.5 μm. A 1.5 μm thick CIGS layer was deposited

by a three-step co-evaporation process as described elsewhere,27 cor-

responding to copper-poor absorber composition (atomic ratios of

CGI = Cu/(Ga+In) � 0.80 and GGI = Ga/(Ga+In) � 0.39, with the

composition gradient from top to bottom, decreasing CGI, and

increasing GGI). Such an absorber is characterized by a band gap of

Eg � 1.3 eV. CIGS layers were deposited either on SLG or on SLG/Mo

substrates.

A 25 nm thick layer of Al2O3 was deposited by atomic layer depo-

sition (ALD) from trimethylaluminum and H2O at deposition tempera-

ture of 160�C, according to Zhang et al.11 These process parameters

were selected because it was reported that such a layer effectively

protects AZO in DH for 2000 h.11

Five different configurations, referred as SLG/Mo/CIGS/Al2O3,

SLG/Mo/Al2O3, SLG/Mo/CIGS, and SLG/Mo, SLG/CIGS (layers listed

from bottom to top), were fabricated and tested in accelerated aging

tests (see Table 1).

2.2 | Accelerated degradation protocols

The accelerated aging was performed in a climatic chamber “Weiss

WKL 100” for a duration of 10 or 14 days (see Table 1). Temperature

and RH were cycled over 24 h with targeted steps between 25�C at

85% RH and 80�C at 30% RH. This simulates day/night and seasonal

variations as proposed in Zhang et al.7 The recorded temperature and

RH variations during one cycle are shown in Figure 1A. The arrow

indicates the moment when the sample is under room conditions as it

is taken out of the chamber for pollutant deposition and intermediate

characterizations (visual observation, optical images, and Raman

spectroscopy).

For each series, some samples were tested with salts typical of

atmospheric aerosol pollutants. The corrosion process is very sensitive

to water layer thickness on top of the material, and aqueous and

atmospheric corrosion mechanisms can significantly differ. This is

largely known for metallic corrosion of structural materials28 and was

also recently demonstrated for molybdenum in photovoltaic applica-

tions.9 In function of conditions (temperature, humidity, atmospheric

pollutants …), microdroplets are present in the atmosphere and could

condensate on the surface. Cyclic drying and redeposition of new

atmospheric aerosols could lead to the accumulation of salts on the

surface up to several hundreds of mg m�2 day�1.28 To reach these

concentrations, a 100 μL drop of an aqueous solution containing

selected atmospheric pollutant (NaCl, Na2SO4, or (NH4)2SO4) was

deposited on the top of the sample daily for 5 days. The thickness and

distribution of the electrolyte in the drop were naturally controlled by

the humidity and temperature condition inside the climatic chamber.

The concentrations of the solutions were as follows: 1.06 mmol. L�1

for NaCl, 0.78 mmol. L�1 for Na2SO4, and 0.78 mmol. L�1 for

(NH4)2SO4. These quantities were chosen to reproduce average salt

TABLE 1 Overview of samples per configuration and test
duration.

Configuration Duration of test (days)

SLG/Mo/CIGS/Al2O3 14

SLG/Mo/Al2O3 14

SLG/Mo/CIGS 10 (4 samples)—14

SLG/Mo 14

SLG/CIGS 14

DEBONO ET AL. 139

 1099159x, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3742 by N

tnu N
orw

egian U
niversity O

f S, W
iley O

nline L
ibrary on [02/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



deposition of 7.5 μg cm�2 day�1 of Cl�, 15.0 μg cm�2 day�1 of

SO4
2�, and 11.2 μg cm�2 day�1 of NH4

+ inside the drop. The daily

deposition of NaCl and (NH4)2SO4 was two times higher than in the

previous work.7 Na2SO4 was not previously tested therefore its con-

centration was calculated to ensure the same SO4
2� deposition as

from (NH4)2SO4. The samples aged with pollutant salts are referred as

“NaCl”, “Na2SO4,” and “(NH4)2SO4.” The samples that are referred as

“No pollutant” were exposed to the same conditions in the climatic

chamber but without drop deposition. Additionally, for each experi-

ment and configuration, samples were kept in a desiccator under vac-

uum at room temperature and are referred to “Reference.” To ensure

the reproducibility of the results, at least two samples of each configu-

ration were exposed to the same conditions (“No Pollutant”, “NaCl”,
“Na2SO4,” and “(NH4)2SO4”).

For the verification of the mechanistic hypotheses, additional

experiments were made by in situ Raman measurements during

75 h of degradation of SLG/Mo/CIGS sample in a home-built Raman

cell with temperature and humidity-control.29 The setup is pre-

sented in Figure 1B. The temperature control was achieved through

a hollow aluminum support with hot water circulating inside it (mea-

sured by the sensor, temperature inside the cell was 45�C). The

humidity level was controlled by the presence of a saturated KCl

solution in the connected compartment, leading to 80.4%–82.8%

RH.30 To accelerate degradation, the sample was illuminated by

defocused green laser (532 nm at 30 mW) for a total of 54 h. The

illuminated area was estimated with a diameter of 33 μm diameter

from the back-reflection image; this gives an estimation of the aver-

age power density on the order of 107 W�m�2. Please note that the

maximum temperature achieved in these conditions depends nontri-

vially on the spot size, incident power and substrate thermal con-

ductivity. A study conducted in similar conditions leads to a

maximal increase of temperature in the spot of 100 K.31 The power

has been chosen in a way that in a dry state under the beam there

was no surface modification detected by either microscope or

Raman spectra change. Three drops of 3 μL each, containing

7.81 mmol. L�1 (NH4)2SO4 solution were deposited and dried before

the aging in three selected area of the sample.

2.3 | Thin films characterization

Ex situ Raman spectroscopy was performed during the low tempera-

ture/low humidity stage of the climatic test (see previous section) and

after the end of the aging. The Raman spectra and Raman mappings

were made with a Renishaw InVia Raman spectrometer controlled by

the software WiRE 4.2 with green laser (λ = 532 nm/2.33 eV – Nd-

YAG double, maximum power 100 mW, spot size about 1 μm) at room

temperature. The acquisitions lasted during 30 s to 2 min with accu-

mulations of 15 or 30 s to avoid saturation of the detector. The choice

of incident power and acquisition time depend on the material's light

absorption, and it was each time carefully optimized to avoid degrada-

tion of the material while maximizing the signal/noise ratio. The acqui-

sitions were made with 1800 lines/mm grating using a Leica DM2500

50� objective (NA 0.75). Cosmic ray removal followed by a noise

reduction as well as empty modeling analysis for mapping were done

using WiRE 4.2 software.

F IGURE 1 (A) Schematic representation of one cycle (24 h) of the accelerated aging test in climatic chamber: set (dotted lines) and actual (full
lines) profiles of temperature (orange) and humidity (blue) in function of time. The arrow indicates the deposition of the salt solution. Cycle was
repeated for several (10–14) days; (B) Photograph and (C) Schematics of the in situ Raman set up (temperature and humidity controlled,
illuminated by 532 nm laser).
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In situ Raman measurements were performed on a WITec 300R

spectrometer with an objective Zeiss LD EC Epiplan-Neofluar Dic

50�/NA 0.55 and a green laser laser (λ = 532 nm – Nd-YAG

double). The acquisition time was longer than for the ex situ Raman

due to attenuation by the window of the cell and varies between

2 and 6 min with accumulations between 10 and 30 s. The laser

spot size is expected to be close to the diffraction limit (1.2 μm of

diameter) but certainly a little bigger due to the in situ cell's win-

dow. The operation and data analysis were performed by Project

Five 5.2 software.

Scanning electron microscopy (SEM) images were taken with a

Supra 35 (Zweiss) microscope at 15 kV at working distance of

15.0 mm and backscattered electron (BSE) images at 15 kV at working

distance of 11.0 mm. Energy-dispersive X-Ray spectroscopy (EDS)

was done with a Bruker XFlash 6j60 detector at 15 kV and working

distance of 10.5 mm. Instrument control and data analysis were con-

ducted by Quantax Esprit software.

Grazing incidence X-ray diffraction (GIXRD) patterns were col-

lected using a PANalytical Empyrean diffractometer with a Cu Kα

source (λ = 0.154 nm) in the 2θ range of 8�–75� with a step size of

0.2� at a scan speed of 0.04�/s and a grazing incidence angle at 0.3�.

Bragg–Brentano XRD diffractograms were collected using a Cu Kα

source (λ = 0.154 nm) on a PANalytical X'Pert Pro X-ray diffractome-

ter in the 2θ range of 8�–75� with a step of 0.0263� at a scan speed

of 0.058�/s.

The optical micrographs were taken with a VXH Keyence micro-

scope with a VH-Z100R/W/T lens.

Elemental depth profiles were obtained by glow-discharge

optical emission spectroscopy (GD-OES) with a G-Profiler 2™

(Horiba). The measurements were performed with a 4 mm anode and

an Argon plasma at 450 Pa, power 20 W with asynchronous pulse at

3000 Hz.

Compositional analysis of the outermost surface oxide (informa-

tion depth 5–10 nm) was performed using X-ray photoelectron

spectroscopy (XPS, UltraDLD spectrometer, Kratos Analytical) using

a monochromatic Al Kα X-ray source operating at 10 mA and

15 kV (150 W). All binding energies were calibrated versus

adventitious carbon at 285.0 eV. Overview spectra and detailed

high-resolution XPS spectra (20 eV pass energy) of C 1s, O 1s, N

1s, S 2p, Cl 2p, Mo 3d, Al 2p, Al 2s, and Si 2p were acquired for

the SLG/Mo/Al2O3 configuration. The deconvolution of the N 1s

peak considered the overlap with the Mo 3p peak. Due to peak

overlap between Al 2p and Mo 4s, the Al 2s peak was used for

the quantification.

For the SLG/Mo/CIGS/Al2O3 configuration, detailed spectra

were acquired only for C 1s, Al 2p, Cu 3p, and In 4p. However,

due to peak overlap between Cu 3p and Al 2p and between Cu 3s

and Al 2s, the interpretations of any degradation of the Al2O3 layer

on the CIGS surface are only speculative and not straightforward.

Some assumptions were made based on atomic ratios of Cu 2p/In

3d determined from the SLG/Mo/CIGS reference and the results

for the SLG/Mo/Al2O3 configuration area outside the (NH4)2SO4

droplet.

3 | RESULTS

3.1 | Efficiency of Al2O3 encapsulation versus
aerosol pollutants

The effectiveness of thin film encapsulation in service conditions was

first checked in order to verify whether CIGS and molybdenum layers

could be exposed to weathering. The observed tendencies are illus-

trated in Figure 2 on the example of SLG/Mo/CIGS/Al2O3 configura-

tion. As can be seen in the figure, the surfaces of “Reference” and

“No pollutant” samples appear homogenous at macroscopic level

(upper images) and demonstrate typical grain structure of polycrystal-

line CIGS at higher magnification (lower images). When pollutants

were present during exposure (“NaCl”, “Na2SO4,” or “(NH4)2SO4)”),
the surface outside the drop appears visually similar to the “No

pollutant,” while degradation is visible at macroscopic level inside of

the area where the drop was deposited (upper images). Residues

of deposited salts and corrosion products are present inside this area

even after rinsing (down images).

Similar tendencies were observed for SLG/Mo/Al2O3 samples.

XPS data (Table 2) show only a small dissolution of the Al2O3 layer

outside the drop. Indeed, Al2O3 thickness seems to become less

than 7–10 nm as some molybdenum signal is detected, but Al is

still the major detected element (see the ratios of atomic concen-

trations of Al and Mo, expressed as Al/(Al+Mo) in Table 2). Still

these results could suggest that cycling is probably more aggressive

to Al2O3 than constant temperature and humidity solicitation, at

least no decrease of thickness was reported in 1000 h of DH test

in Zhang et al.11 Al is, however, present only at the trace level

inside the (NH4)2SO4 drop, where mainly Mo is detected. The XPS

results are therefore consistent with the visual observations and

with literature7 that while a 25 nm thick ALD-Al2O3 layer strongly

limited the degradation of “No pollutant” samples (subjected only

to the variations of temperature and humidity), it was inefficient in

the presence of all the tested salts. The XPS results of this work

are also consistent with the previous works, demonstrating that a

25 nm thick Al2O3 encapsulation on the AZO windows layers

successfully passed the 1000 h DH test11 but degraded in the

presence of NaCl or (NH4)2SO4 aerosols and temperature and

humidity cycling.7

XPS also confirmed that Mo was mainly present as Mo (VI) oxides

(Mo 3d5/2 binding energies at 232.4 ± 0.1 eV and 233.3 ± 0.1 eV).

Small Mo contribution was also observed at 228.3 ± 0.1 eV which

could either be related to metallic Mo or it can also indicate the pres-

ence of Mo (IV) in MoO2.
32

The unexposed SLG/Mo/CIGS/Al2O3 configuration revealed the

presence of the Al2O3 encapsulation layer without any detectable sig-

nal from the underlying CIGS layer. Due to peak overlap between Cu

2p and Al 2p as well as between Cu 2s and Al 2s, the Al-content could

not be directly determined by XPS for the exposed SLG/Mo/CIGS/

Al2O3 configuration. Based on the previous results, it can, however,

be assumed that the Al2O3 layer remained largely unaffected outside

the drop area upon exposure to (NH4)2SO4 as observed for the

DEBONO ET AL. 141

 1099159x, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3742 by N

tnu N
orw

egian U
niversity O

f S, W
iley O

nline L
ibrary on [02/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SLG/Mo/Al2O3 configuration. Indeed, if no Al2O3 remained, the Cu

2p/In 3d atomic ratio outside the droplet should be similar to unex-

posed configuration without Al2O3 (SLG/Mo/CIGS), here determined

as 0.30 ± 0.3. However, since the calculated Cu 2p/In 3d atomic ratios

were 0.39 ± 0.3, it means that the Cu content most probably was

overestimated due to the presence and signal overlap with Al 2p.

Inside the droplet, in contrast to the findings with SLG/Mo/Al2O3, Al

was still present within SLG/Mo/CIGS/Al2O3 areas (Cu 2p/In 3d

atomic ratios � 0.45 ± 0.5). This indicates that the dissolved Al proba-

bly forms other reaction products with, for example, S and the CIGS

metals within the droplet area.

These results do not exclude the possibility for a better

encapsulation with ALD-Al2O3 with a different preparation (like

with a thicker layer), but the test of the effect of the encapsulation

thickness is out of the scope of this publication. The next sections

therefore report the results on the degradation of unencapsulated

samples in order to understand the degradation mechanisms related

to Mo/CIGS interface.

3.2 | Effect of molybdenum back contact on the
stability of SLG/CIGS and SLG/Mo/CIGS

In the absence of pollutants, visual observations and optical

microscopy illustrated in Figure 3 show clear difference in the surface

morphology of degraded samples between configurations with and

without molybdenum (SLG/CIGS vs. SLG/Mo/CIGS), suggesting some

differences in degradation mechanisms. Indeed, while no degradation

F IGURE 2 Typical visual aspect (top) and optical microscope images (bottom) of the unrinsed SLG/Mo/CIGS/Al2O3 samples (1.6 � 1.6 cm2)
after 14 days aging. Samples' names refer to the exposure conditions: in a desiccator (“Reference”) or in a climatic chamber with (“NaCl”,
“Na2SO4”, and “(NH4)2SO4”) or without (“No pollutant”) pollutants. The white zones outside of the drop correspond to the scratches made after
aging to marks some specific zones for further analysis.

TABLE 2 Atomic concentrations (at%) ratios for different elements (as indicated) on the top surfaces of samples before and after climatic
tests and rinsing (from XPS).

Sample
SLG/Mo

SLG/Mo/Al2O3

at.% measurement errorReference Reference (NH4)2SO4 outside drop (NH4)2SO4 inside drop

Al/(Al+Mo) 0 1 0.97 0.04 0.1

Sample
SLG/Mo/CIGS

SLG/Mo/CIGS/Al2O3

at.% measurement errorReference Reference (NH4)2SO4 outside drop (NH4)2SO4 inside drop

Cua/(Cua+In) 0.30 ± 0.3 1 0.39 ± 0.3a 0.45 ± 0.5a 0.3–0.5

Abbreviation: XPS, X-ray photoelectron spectroscopy.
aThe Cu 2p signal includes in the presence of Al2O3 also Al 2p signal—due to peak overlap can the amount of Al not be determined directly.
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is visible on SLG/CIGS samples after 14 days in the climatic chamber

(Figure 3, SLG/CIGS “No pollutant”), large (up to 600 μm) dark spots

appeared on SLG/Mo/CIGS samples (Figure 3, SLG/Mo/CIGS

“No pollutant”). There were about 24 spots/cm2 (30, 80, and 72 points

on 1.6 � 1.6 cm2). Similar spots were observed after 5 h of DH

test for SLG/Mo/CIGS24 and after 50 h of DH test for Stainless

Steel/Mo/CIGS/CdS25 and were assigned to locations enriched in

sodium. However, literature does not give a detailed explanation of

how the spots are formed not of the presence of sodium inside them.

Probably other alkaline cations could have similar effect; however, this

hypothesis needs verification. The spots could not be removed by

rinsing the surface. This indicates that degradation results in forma-

tion of insoluble products or modification of the CIGS composition

and structure inside the spots and not only in formation of soluble

corrosion products.

Dark spots were visible on the surface of SLG/Mo/CIGS samples

aged with or without pollutants. For the samples tested with pollut-

ants solutions, the deposit from the pollutant solution salts crystalized

on the surface, leaving a visible trace of the drop. When rinsed, the

salts crystals were mainly removed, indicating that the majority of

the deposit is soluble. However, visual modifications remained at the

edge of the drop for SLG/CIGS. This suggests that the effect of the

pollutants in humid condition is not limited to the deposition of

soluble salts but also modifies degradation mechanisms leading either

to the formation of new corrosion products or to the irreversible

degradation of the CIGS layer.

These observations point out the importance of Mo/CIGS inter-

face in the degradation mechanisms of CIGS cells exposed to humid

atmospheres. To understand the interplay between the layers during

corrosion and elucidate degradation mechanisms, chemical changes

occurring after degradation of SLG/Mo, SLG/CIGS and SLG/Mo/CIGS

were studied separately and compared.

3.3 | Chemical evolution of molybdenum in
SLG/Mo and SLG/Mo/Al2O3 configurations

Raman spectra were acquired every day of the cyclic test, under ambi-

ent conditions to evaluate the chemical evolution of the samples. The

development of molybdenum corrosion products could differ between

SLG/Mo and SLG/Mo/Al2O3 configurations because of the presence

of confined zone in the latter. The “Reference” samples did not show

any specific Raman peak (Figure 4—reference spectrum and Figure 5,

spectra 1 and 3) which is coherent with the metallic surface.15 The

spectra shown in Figure 4 were acquired with a laser power of

10 mW. The laser power was carefully chosen to avoid the chemical

transformation of the surface by laser illumination because at the laser

power threshold between 10 and 50 mW (with an estimated

laser spot area of 4 μm2), the corrosion products of Mo irreversibly

transformed into Mo4O11.

After 4 days of aging in the climatic chamber without pollutant,

no visible modification occurred on SLG/Mo/Al2O3, but an orange

color was observed on the surface of SLG/Mo (Figure 4, zone 1),

substituting or covering the mirror-like metallic molybdenum. The

Raman peaks at 956 cm�1 is attributed to be the Mo6+ = O stretch-

ing mode of terminal oxygen atoms described in literature as being

created by the breaking of Mo2–O bonds at the corner-shared oxy-

gens, possibly due to monoclinic m-Mo8O23.
33,34

After 14 days, the surface was covered by isolated blue oxide

islands surrounded by yellow oxide (Figure 4, zone 2) and some blue

and rainbow iridescent areas (Figure 4, zone 3). The interference

fringes may be due to a change in thickness of the molybdenum oxide

layer. In both areas, a mixture of molybdenum oxides was present:

monoclinic m-Mo+IVO2, orthorhombic α-Mo+VIO3, and monoclinic m-

Mo8O23 and MoO3-x. The next paragraph details how the species

were identified.

F IGURE 3 Typical visual aspect of 14 days aged SLG/CIGS and SLG/Mo/CIGS samples before rinsing (top) and high magnification optical

micrographs of the same samples after rinsing (bottom). Samples exposed without salt pollutant and with a drop containing Na2SO4 are
compared.
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The Raman peaks around 485, 570, and 720 cm�1 were attrib-

uted to m-MoO2
35 and peaks around 245, 320, and 377 cm�1 to

MoO3-x molybdenum oxides and suboxides with 0 ≤ x ≤ 1.35 The

peaks at 485, 650, 820, and 996 cm�1 are attributed to α-MoO3 cor-

responding to B1g-ν (OMo3), B3g-ν (OMo3), B1g-ν (OMo2), and A g,

B1g-νas (Mo = O) modes, respectively.35,36 The peak at 960 cm�1 is

possibly due to m-Mo8O23.
33 The absence of Mo4O11 main peak at

about 910 cm�1 37 and of Mo18O52 main peak at about 1014 cm�138

exclude them from the possibilities. The proposed identification of

each peak is detailed in the supporting information Table S1. Similar

Raman spectra were reported in other studies15: for SLG/Mo after

670 h at 60�C/60% and List et al.39 for boro-aluminosilicate Glass/

Mo after 168 h at 84�C/85% but without detailed identification of

the oxides.

After rinsing, the apparent color of the right zone changed from

blue/yellow to dark brown. In this zone, Raman spectrum remained

unchanged (spectrum 2 vs. spectrum 4 in Figure 4), indicating that

the oxides present in this zone were adherent and not entirely solu-

ble. In contrast, in the left zone, the initially blue section turned to

light brown and the spectrum after rinsing differed from the spec-

trum before rinsing (spectrum 3 vs. spectrum 5 in Figure 4). Some

peaks of Mo8O23 (peak at 950 cm�1) and MoO2 (peaks at 479 and

738 cm�1) are still present, but the intensity of peaks from MoO3

decreased significantly (peaks at 495 and 650 cm�1). There is

therefore either dissolution or adhesion loss of some oxides during

rinsing. There was no recovery of the initial aspect of the surface

nor spectrum after rinsing; thus, the material was irreversibly

altered. Both factors, namely, the loss of metallic layer by corrosion

with formation of soluble products and the accumulation of insolu-

ble resistive products, can be detrimental for the solar cell perfor-

mance as it leads to resistive losses.

On the samples aged with pollutants, new Raman peaks appeared

on both encapsulated and unencapsulated samples. This is illustrated

in Figure 5 for the example of Na2SO4 pollutant. Some peaks are due

to the presence of sulfate salt (indicated by * in the figure), with spe-

cific Raman bands at 457 or 463 cm�1 that can be assigned to ν2(E),

619 and 635 cm�1 to ν4(F2), main peak at 995 cm�1 to the main vibra-

tion mode ν1(A1), and peaks at 1079, 1129, 1198 (spectrum 4), or

1125, 1193 (spectrum 2) cm�1 to ν3(F2).
40 Compared with the vibra-

tion spectrum of Na2SO4, solid, hydrated, or in aqueous solution (see

Table S2 in the supporting information), a slight shift and the absence

of some peaks suggest that the sulfate reacted with the surface and

F IGURE 4 SLG/Mo “No pollutant”: optical microscope images with Raman spectra associated to SLG/Mo evolution degradation in climatic
chamber without pollutants at Days 4 and 14 and Day 14 after rinsing (Day 14r), normalized on value at 1200 cm�1. Labels on the left indicate
position of the recorded spectra on the right.
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the latter contains another sulfate. Another possibility is that water is

incorporated into the sulfate. However, the shift of peaks position to

higher Raman shift is not consistent with the global downshift when

hydrated observed by Ben Mabrouk et al.,40 that they attributed to

the increase of interatomic distances because to the presence of OH

groups.

More interestingly, new molybdenum containing species were

detected in these conditions. For the encapsulated sample in spec-

trum 4 of Figure 5, the peaks at 307, 809, and 895 cm�1 were identi-

fied as belonging to MoO4
2� species. The absence of 852 cm�1 peak

of K2MoO4
41 makes Na2MoO4 a more probable candidate.42 This

species was previously observed on the surface of degraded molybde-

num in several studies: on SLG/Mo after 1000 h at 85�C/85%,18 on

SLG/Mo in deionized water for 24 h at 50�C,17 and described as a

possibility in Lin et al.19 In our study, it was only detected on the sur-

face of the encapsulated configuration (SLG/Mo/Al2O3) between

4 and 10 days of degradation but was not found after 14 days of the

exposure.

The peaks at 124, 199, 226, 353, 729, 830, 871, and 937 cm�1

were detected on the surface of nonencapsulated SLG/Mo samples

(spectrum 2 of Figure 5). These peaks perfectly fit with the positions

expected for disodium dimolybdate Na2Mo2O7.
43 This polymolybdate

compound has not been previously reported for SLG/Mo systems

degraded under DH conditions. It consists of infinite chains of MoO4

tetrahedral bridges and adjacent MoO6 octahedra.43 This species was

also only detected during the intermediate stages but not at the end

of the cycling procedure.

More details about Raman peak identification of Figure 5 can be

found in the supporting information Table S3. The Raman technique

allowed the identification of chemical form, that is, precipitated or

condensed molybdate salts and excluded the hypothesis of Na+ inter-

calated in MoOx, which was previously proposed to explain the pres-

ence of Na on the top surface of degraded Mo.18

Overall, the humidity-temperature degradation of SLG/Mo leads

to the formation of a mixture of molybdenum oxides and suboxides as

the major corrosion product in conditions without pollutants. In the

presence of Na2SO4, sulfate ions are detected, along with Na2MoO4

and Na2Mo2O7 that are formed on the encapsulated and nonencapsu-

lated samples, respectively.

3.4 | Chemical evolution of SLG/CIGS and SLG/Mo
CIGS in climatic test

As presented in Section 3.2 (Figure 3), SLG/CIGS without pollutant

showed no visible degradation. The “Reference” and “No pollutant”
samples were inspected with Raman, XRD (Figure S1 in the support-

ing information) and GIXRD (Figure S2 in the supporting information).

The 2θ peaks in XRD and GIXRD patterns were attributed to CIGS:

27.1�, 36.1�, 45.3�, 53.3�, 65.5�, and 72.1� belong to (112), (211),

(204)/(220), (116)/(312), (400), and (316) orientations, respectively

(JCPSD 01-083-3360). From Raman, XRD and GIXRD, no chemical

changes were observed for SLG/CIGS without pollutants, and only

sulfates due to salt deposition were detected on the samples tested

F IGURE 5 Example of optical microscope images and normalized Raman spectra of indicated zones on SLG/Mo and SLG/Mo/Al2O3 before

(“Reference” in dash line) and after 4 or 8 days of aging with “Na2SO4” pollutant. The spectra were acquired for 4 � 15 s with a laser power of
10 mW for nos 1, 2, and 3 and 50 mW for no. 4.
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with pollutants. The degradation SLG/CIGS without the molybdenum

layer was thus below the sensitivity of the methods used. Therefore,

this configuration is far less sensitive to temperature and humidity

than SLG/Mo/CIGS.

Unlike the SLG/CIGS configuration, all samples of SLG/Mo/CIGS

after aging showed visible degradation with the appearance of dark

spots on the surface (Figure 3). The GIXRD (Figure S2) pattern of

“Reference” of the SLG/Mo/CIGS shows 2θ peaks attributed to CIGS

(JCPSD 01-083-3360, same as SLG/CIGS) and as well as 40.5� corre-

sponding to the (110) orientation of molybdenum (JCPSD

04-014-7435).

A small peak at 8.5� appeared in the GIXRD spectra after aging

with and without the pollutants, compared with the “Reference.” The
compound responsible for this peak is concentrated on the surface

because its signal was more intense using GIXRD than XRD. The 8.5�

peak disappeared after rinsing so it is suspected to be a soluble corro-

sion product or a precipitate with low adhesion at the surface. We

attribute this peak to the presence of polymolybdates on the

SLG/Mo/CIGS sample, as, for example, the (200) diffraction peak of

Mo17O47 (JCPSD 00-013-0345)44 or the (011) diffraction from

Na2Mo3O10 (H2O)3 (JCPSD 01-087-1785).

The Raman spectrum (laser power 10 mW) of the “Reference”
SLG/Mo/CIGS sample, used as reference in Figures 6–8, coincides

with CIGS reference spectra. The main peak at 175 cm�1 was identi-

fied as A1 vibration mode of Cu (In,Ga)Se2,
45 the minor peak at

215 cm�1 to B2/E stretching vibrational mode of CIGS,46–48 and the

second minor peak at 120 cm�1 to B1 mode of CuInSe2.
49 The EDS

spectrum of the same sample confirmed the presence of Cu (Lα at

0.94 eV), Ga (Lα at 1.10 eV), In (Lα1 at 3.29 eV, Lβ1 at 3.50 eV, Lβ2

at 3.72 eV, and Lγ1 at 3.94 eV), and Se (Lα at 1.39 eV).

The Raman signals detected on the aged CIGS (“No pollutant”)
sample in the zones outside the dark spots were similar to the

“Reference” (not illustrated here), indicating that chemical changes

were limited to dark spots.

Inside the dark spots, however, several changes in Raman spectra

were observed, as illustrated by Figures 6–8. A peak at 259 cm�1

(spectrum 1 in Figure 6) can be attributed to the A1 mode of Cu–Se

compound (Cu2-xSe).
45 This compound was proposed in the literature

to be detrimental for the solar cell performance because it creates

shunt paths. It is usually removed from CIGS surface by KCN etching

but is known to appear again after deterioration of the PV cell.22

Formation of new corrosion products inside dark spots on the

SLG/Mo/CIGS is illustrated in Figure 7 by the spectrum of point

2 (recorded with laser power 5 mW). The peaks at 114, 175, 223, and

256 cm�1 can be attributed to CIGS45 and Cu2-xSe, while the bands

305, 380, 808, 840, and 889 cm�1 correspond to the same molybdate

as in Figure 5, spectrum 4. EDS spectra (not shown here) exhibiting

signal from Mo, Na, and O in point 2 and none from K. Both Raman

and EDS lead to the identification of this species as sodium molybdate

Na2MoO4.
42 Outside the spots, the EDS and Raman spectra were sim-

ilar to the “Reference” (neither Mo, Na, and O in EDS nor Na2MoO4

Raman peaks), confirming that sodium molybdate on the SLG/Mo/

CIGS surface appears only in localized dark spots.

In some dark spots formed on the samples after 2 days aging

(point 3 in Figure 8), the EDS confirms the presence of Mo (Lα1 at

2.29 eV and Lβ1 at 2.40 eV), Na (Kα at 1.04 eV), and O (Kα at 0.52 eV).

For such locations, as illustrated in Figure 8, the Raman spectrum evi-

dences the presence of molybdate, identified as disodium dimolybdate

Na2Mo2O7 by the peaks at 125, 339, 370, 528, 829, 870, 916, and

938 cm�143 together with CIGS (175 and 229 cm�1 peaks) (Raman

spectrum (3) in Figure 8, taken with laser power 5 mW). The atomic

ratios of the elements obtained from the EDS spectra, shown in the

right side of the Figure, were At. %(Mo)/At. %(Na) = 0.9 and At.%(O)/

At.%(Na) = 3.2. These values are very close to the ratios expected for

F IGURE 6 Example of Raman spectrum with associated optical image of point “1” localized inside the dark spots on the SLG/Mo/CIGS
sample aged at temperature and humidity cycling without pollutants for 2 days compared with the initial “Reference” spectra measured before
aging.
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Na2Mo2O7: At.%(Mo)/At.%(Na) = 1 and At.%(O)/At.%(Na) = 3.5, cor-

roborating the identification of the Raman spectrum.

Interestingly, the Raman spectra of the samples evolved also after

a long period of storage under vacuum in desiccators: less Na2MoO4

and more Na2Mo2O7 was detected inside the spots. This suggests

that Na2MoO4 tends to polymerize into polymolybdate Na2Mo2O7.

The peak identification for Figures 6–8 is detailed in the supporting

information Table S4.

In summary, localized degradation of SLG/Mo/CIGS samples dur-

ing cyclic temperature and humidity variations resulted in formation

of dark spots in which two sodium molybdates were detected at dif-

ferent times of aging. These molybdates were detected on the surface

of the sample despite the fact that the molybdenum layer was buried

under the CIGS layer and no molybdenum was initially present on the

surface. Localized enrichment of CIGS by a binary copper selenide

Cu2-xSe was also detected in the dark areas.

3.5 | In situ study of SLG/Mo/CIGS degradation at
constant temperature/RH condition

To understand degradation mechanisms and verify that the presence

of molybdenum corrosion products on the top surface of CIGS is not

related to a pre-existing local defect, aging experiments were carried

out in a specifically designed in situ Raman cell allowing to control

humidity and temperature (see Section 2.2, accelerated degradation

F IGURE 7 Raman spectrum with associated optical image of point “2” for SLG/Mo/CIGS No pollutant after 4 days aging compared with the

initial “Reference” spectra measured before aging.

F IGURE 8 Raman spectrum (left) with associated optical image and energy-dispersive X-ray spectroscopy (EDS) spectrum (right) with
scanning electron microscopy (SEM) associated image of point “3” for SLG/Mo/CIGS “No pollutant” aged for 2 days compared with the initial
“Reference” spectra measured before aging.
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protocols) under continuous defocused laser illumination. The contin-

uous illumination and the confined environment of the thin layer cell

were expected to accelerate degradation.

Dark spots appeared during aging in the in situ Raman cell after

less than 2 days exposure. After 4 days of exposure, there were

approximately 13 spots/cm2 (49 spots/3.8 cm2). Such concentration

of spots was comparable with what was seen in the climatic chamber

experiment; however, in contrast to the variety of ex situ spots sizes

and shapes, all the in situ spots had very similar round shape with a

50 to 100 μm of diameter.

The time evolution of one spot in the in situ experiment with cor-

responding Raman spectra inside the spot is illustrated in Figure 9

(5 mW laser power, grating 600 g/mm for 0 and 69 h, and 1800 g/

mm for 26 and 43 h). Initially, the surface looks homogeneous, with a

Raman peak at 175 cm�1 attributed to CIGS. After less than 26 h,

dark spots appeared. Raman peaks at 303, 380, 809, and 891 cm�1

inside the spots indicate the presence of Na2MoO4 on the surface.

The intensity of Na2MoO4 peaks increases with time, while CIGS

decreases between 26 and 43 h. The signal at 259 cm�1 (Cu2-xSe) also

increases between 26 and 43 h. After 69 h, the signal of Na2MoO4

decreases to the expense of others. New peaks fit well with a mixture

of several species: Na2CO3, Na2Mo2O7, (NH4)2Mo2O7, and Ga2O3.

The identification is described in the next paragraph.

The new peaks at 69 h are visible at 120, 650, 843, 871,

907, 927, and 1077 cm�1. The latter peak at 1077 cm�1 corresponds

well with the main stretching mode ν1 (A'1) of a carbonate anion. The

exact nature of the carbonate is not sure as a small shift may happen

in a humid environment as compared with the spectrum of the solid

species. The most likely species is Na2CO3 (main peak position

between 1069 and 1080 cm�150) or (NH4)2CO3 (main peak

position at 1074 cm�151). K2CO3 is, however, less probable as its ν1
(A'1) mode is described to be below 1068 cm�1 even in aqueous

form.50,52 The remaining peaks could be attributed to a mixture of

polymolybdates Na2Mo2O7 (peaks at 120, 843, 871 cm�1, and possi-

bly 927 cm�143) and (NH4)2Mo2O7 (843, 907, and 927 cm�1 peaks53).

The peaks at 350, 450, and 650 cm�1 are suggested to be related to

Ga2O3.
54

The degradation conditions during aging in the climatic chamber

and in the in situ Raman experiment are different, which can result in

differences in the degradation rates and potentially some mechanistic

steps. Therefore, it requires cautious interpretation. For example, the

presence of carbonate can be due to the accumulation of CO2 from

air, which could be expected if the surface pH is increased rapidly in

confined zone created by condensation. The fact that this carbonate

appears together with polymolybdate anion is coherent with molyb-

date anion polymerization at high pH, expected from the revised

Pourbaix diagram of Mo.55 Comparing the evolution of different spe-

cies, some interesting features to be noted:

i. The formation of sodium molybdate correlates with the presence

of copper selenide in both conditions.

ii. Sodium molybdate with aging transforms into polymolybdate

species.

Additionally, comparing the evolution of the in situ spectra taken

in different locations of the dark spot during its expansion suggested

that first Cu2-xSe expands from the center to the periphery and then

molybdates appear in these zones. Although such an in situ observa-

tion needs to be confirmed with more data and statistical verification,

it seems to be coherent with the distribution of corrosion products

after the end of the experiment, as illustrated in Figure 10 by the

results of confocal Raman mapping.

More information about the spatial distribution of the species

inside the dark spot can be seen from the additional ex situ Raman

F IGURE 9 Evolution optical
images and corresponding Raman
spectra during formation of a dark
spot on the surface of SLG/Mo/
CIGS sample aged in the in situ
cell (45�C, 82% RH, defocused
laser illumination, three drops
with (NH4)2SO4).
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map (Figure 10, Raman mapping acquisition at 5% laser power, and

2 s in StreamLineHR© Mode). The heterogeneity of the spatial distri-

bution of species is evident. Its center is constituted of 303, 380,

809, and 891 cm�1 peaks attributed to Na2MoO4. It is surrounded by

a product exhibiting peaks at 121, 305, 326, 425, 651, 766, 809, 826,

853, 897, 928, and 1067 cm�1. Similar to Figure 8, the product is

identified as a mix of peaks of Na2MoO4 (305, 809, and 897 cm�1),

carbonate (peaks 1070 cm�150), and possibly Na2Mo2O7 (121, 766,

826, and 853, 928 cm�1) and Ga2O3 (responsible for 326, 425,

651 cm�154). The EDS signal of this area (Na, C, and O) led to identify

of the carbonate as sodium carbonate Na2CO3; the Raman signal of

the ν1 (A'1) main peak is, however, less intense than in the in situ mea-

surement. Cu2-xSe (peak at 259 cm�1) is present mainly on the bor-

ders of the spot.

It is worth noticing the dynamics of the dark spots formation in

the in situ Raman cell. The growth was very fast during the first 24 h,

and during this period, the spots contained Na2MoO4. Later, the

expansion was much slower, and in the places where carbonate spe-

cies, the most probably Na2CO3, were detected, no simple molybdate

Na2MoO4 but partly polymerized dimolybdate Na2Mo2O7 was

detected. Another interesting observation was that the front of

Cu2-xSe expanded from the center of the dot with time, and the

expansion of this species was quicker than that of Na2MoO4, suggest-

ing that the initial transformation of CIGS is needed to degrade the

underlying molybdenum layer. Interestingly, if in the beginning

the Raman peaks of Cu2-xSe in the center of the spot increased com-

pared with CIGS (spectra at 26 and 43 h in Figure 9), Cu2-xSe signal

seems to disappear once Na2MoO4 was transformed into Na2Mo2O7

and gallium oxide was detected (spectra at 43 and 69 h in Figure 9).

The proposed identification and spatial distribution of species on

the basis of Raman spectroscopy were also confirmed by SEM obser-

vations and EDS analysis of the center of a dark spot formed on the

CIGS surface after the end of the in situ experiment (Figure 11).

The EDS spectra of the crystals of corrosion products, visible on the

surface after the experiment (Figure 11A), evidenced mainly Na, Mo,

and O, confirming the presence of the most probably precipitated

molybdates on the top surface. After rinsing (Figure 11B), the crystals

are not visible and the EDS spectra do not show Mo signal, confirming

that this molybdate is soluble. The EDS spectra of the underlying dark

surface demonstrated the presence of high carbon signal. The latter is

consistent with the detection of carbonate peaks in Raman spectra.

Figure 11C represents high resolution image of the CIGS mor-

phology in the area, indicated in Figure 11B, which represents the

interface between darker (degraded) area on which Mo-containing

products were detected, and lighter (less degraded) zone. The porosity

of CIGS is clearly higher in the left part of the image, corresponding to

the dark zone formed under Mo corrosion products. This observation

is consistent with the suggestion that CIGS degradation allows trans-

port of Mo corrosion products from the buried Mo, presumably by

diffusion.

4 | DISCUSSION: ROLE OF MO/CIGS
INTERFACE FOR STABILITY OF EACH LAYER

4.1 | Importance of Mo for CIGS stability

The results shown in previous sections demonstrated strong differ-

ences in the stability of SLG/Mo/CIGS and SLG/CIGS samples. Addi-

tionally, molybdenum corrosion products were also detected on the

top surface of CIGS layer in the SLG/Mo/CIGS surface. CIGS is still

detected underneath the products (Figures 7 and 8) so the CIGS layer

is still present but is more porous. It supports the importance of

molybdenum in degradation mechanisms of CIGS and suggests possi-

ble diffusion of soluble molybdenum species through the CIGS layer

from Mo/CIGS interface to the top of the CIGS. The migration of

F IGURE 10 Raman map (recorded ex situ) of the dark spot on SLG/Mo/CIGS shown in Figure 10 after 75 h of aging in the in situ Raman cell
(45�C, 82% RH, defocused laser illumination, three (NH4)2SO4 drops) and corresponding Raman spectra.
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molybdenum is relevant not only for small assemblies but also for

CIGS encapsulated modules. It was indeed reported that

molybdenum-based compounds like oxides are detected on top of

TCO layer, as a result of the delamination of EVA and migration

of molybdenum from P3 scribe.56

The experiments also demonstrated that at studied degradation

times soluble molybdenum species (Na2MoO4 and Na2Mo2O7) can be

detected only on the samples in which molybdenum was buried and

therefore not directly exposed to the humid atmosphere (either

encapsulated SLG/Mo/Al2O3 and SLG/Mo/CIGS/Al2O3 or SLG/Mo/

CIGS, Figures 5 and 7–10). With pollutants like Na2SO4, corrosion is

more advanced, so these molybdates were detected even for SLG/Mo

(Figure 5). For the samples in which molybdenum was exposed

directly to the atmospheres, only a mixture of the oxides was

detected, strongly supporting the hypothesis of the importance of

confined zone for the degradation mechanisms and formation of solu-

ble molybdenum species. To understand this difference, the chemistry

of both molybdenum and CIGS degradation on the open surface and

in confined zone need to be detailed.

4.2 | Difference of molybdenum aging on open
surface and in confined zone at Mo/CIGS interface

Atmospheric species like O2 and H2O could reach Mo/CIGS or

Mo/Al2O3 interface by defects (cut edges, pores, or grain boundaries

of CIGS or pits in the encapsulating Al2O3).
57 In accordance with

thermodynamics,55,58,59 metallic molybdenum is unstable in the pres-

ence of humidity and oxygen58 and a layer of oxides forms on the sur-

face thanks to anodic oxidation (Reaction 1). The exact nature of this

layer depends on the aging conditions, and it is debated in the litera-

ture, but usually, it is a mixture of probably not well-defined oxides,

with oxidations states of molybdenum between +IV and +VI, like

MoO2, MoO3, Mo8O23, and Mo4O11.

Moþ4OH� ⇄MoO2þ2H2Oþ4e� ð1aÞ

MoO2þ2 1�xð ÞOH� ⇄MoO3�xþ 1�xð ÞH2Oþ2 1�xð Þ e� ð1bÞ

At the same time, cathodic oxygen reduction (Reaction 2) contrib-

utes to the increase of alkalinity in cathodic areas, thus advancing

higher oxidation states of Mo (Reaction 1b).

O2þ2H2Oþ4e� ⇄4OH� ð2Þ

In the present work, MoO2, MoO3, and Mo8O23 were indeed

detected on SLG/Mo samples in which molybdenum in the tests was

directly exposed to the humid atmosphere (Figures 4 and 5).

A particularity of corrosion in the confined zone is that because

of the small volume of the electrolyte and limited spreading (washing)

of species, their accumulation, and hence the pH increase, is much

quicker than on the open surface. Also, oscillations in pH and in the

quantity of corrosion products could be observed, related to the low

quantity of water in the confined reaction volume, water consumption

by oxygen reduction, and water regeneration after precipitation of

the oxides.60 As a result of rapidly achieved high alkalinity, the oxides

are unstable in confined zone, which results in their immediate

dissolution with formation of soluble molybdates anions (Reaction 3).

The equations are written in the case of MoO2 (Reaction 3.a)

and MoO3 (Reaction 3.b), but a reaction with a mixture of these can

also occurs.

MoO2þ4OH� ⇄MoO2�
4 þ2H2Oþ2e� ð3aÞ

MoO3þ2OH� ⇄MoO2�
4 þH2O ð3bÞ

High solubility of molybdate anions explains their rapid diffusion

with the electrolyte through the pores of CIGS to the top surface.

Na+ ions are known to accumulate at grain boundaries of CIGS, at

CIGS/Mo interface, and even in the molybdenum layer.61,62 In contact

with the electrolyte containing MoO4
2� anions, cations Na+ can be

leached by charge compensation. Moreover, the presence of Na+

could be another factor increasing corrosion rate because sodium is

F IGURE 11 SE images of SLG/Mo/CIGS after 75 h aging in the in situ Raman cell (45�C, 82% RH, under laser illumination with (NH4)2SO4

drops) before (A) and after (B) rinsing the sodium molybdate compound. (C) Backscattered electron (BSE) image of the interface between the dark
spot and “intact” CIGS matrix shown by the red square in (B).
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known as one of the most corrosive cations. For instance, on zinc and

carbon steel, it was found to be the most aggressive among all the

tested metallic cations.63,64 The sodium content in the layers could

hence be an important factor for stability, and probably, a compromise

content needs to be defined to keep good performance but does not

degrade stability of the Mo/CIGS interface. Drying of the electrolyte

will lead to the precipitation of sodium molybdate on the surface

(Reaction 4).

2NaþþMoO2�
4 ⇄Na2MoO4 ð4Þ

Na2MoO4 was indeed detected ex situ after several days of

climatic chamber tests and/or in situ for all the samples in which

molybdenum was buried (SLG/Mo/Al2O3, SLG/Mo/CIGS and

SLG/Mo/CIGS/Al2O3). This species was also observed at advanced

stages of corrosion of molybdenum in SLG/Mo systems after 1000 h

of DH test at 85�C/85%18 and after immersion in deionized water for

24 h at 50�C.26 It was also described as a possibility in Lin et al.19

An important observation is that with the advancement of

degradation or after long storage of degraded samples, most of

Na2MoO4 condensed into di-molybdate Na2Mo2O7 (Reaction 5):

2MoO2�
4 þ2H3O

þ ⇄Mo2O
2�
7 þ3H2O ð5Þ

This transformation, confirmed also by the in situ experiment

(Figure 9) and species distribution (Figure 10), requires some decrease

of pH, which is also coherent with the stability diagrams.55 Slight pH

decrease and accumulation of soluble carbonates are indeed expected

on the top surface thanks to a gradual dilution of the solution exposed

to humid atmosphere and adsorption of atmospheric CO2 (Reaction

6).

CO2þNaOH!NaHCO3 ð6aÞ

CO2þ2NaOH!Na2CO3þH2O ð6bÞ

Indeed, soluble carbonates were detected in the in situ experi-

ment in the same locations as polymolybdates.

4.3 | CIGS chemical evolution near Mo/CIGS
interface

As discussed in Section 4.1, CIGS degradation was strongly enhanced

by the presence of underlying Mo layer. In our mechanistic approach,

we do not separate specifically MoSe2 interlayer, even it is for sure

present at the Mo/CIGS interface. Such a choice can be justified by

the fact that, according to the recent work,9 the role of MoSe2 layer

in relation with degradation processes is to form a barrier for the

diffusion of oxygen and humidity to Mo, but its presence does not

result in formation of different corrosion products. The latter allows

us to suggest that the presence of MoSe2 could slow the kinetics but

does not change Mo and interface degradation mechanisms, and we

do not mention it in the figure for simplicity. We limit therefore the

discussion to the effect of Mo layer reactivity on the stability of

Mo/CIGS interface. The observed effect could be explained by the pH

increase in the confined zone, discussed in the previous section,

thanks to Mo corrosion and chemical reactions of CIGS with this

alkalinized electrolyte (also containing other soluble ions) through

porosity of CIGS layer. First of all, sodium leaching from grain

boundaries is expected to be stronger in contact with the electrolyte

containing anions, which also can contribute to the alkalinity

increase. Previous works demonstrated that in sufficiently humid

environment (RH 60%), Ga and In are first leached from CIGS forming

the oxides (Ga2O3 and In2O3).
22 In the case of high alkalinity of the

electrolyte, which is expected at the buried Mo/CIGS interface, and

the elevated temperature of the test, similar to Al2O3, Ga oxides

are expected to dissolve in the form of tetragallate anions [Ga (OH)4]
�

(Reaction 7):

Ga2O3 solidð Þþ3H2Oþ2OH� ⇄2 Ga OHð Þ4
� �� ð7Þ

Dissolution of the oxide can further enhance Ga leaching from

CIGS. In this work, we discuss the alkaline dissolution of Ga oxides

because in the studied architecture, the CIGS close to the molybde-

num interface was enriched by Ga and poor in In, as illustrated by

GD-OES elemental depth profiles shown in the supporting informa-

tion (Figure S3).

In contrast to Ga, Cu stays insoluble at high pH,65 while Se2� can

be oxidized either to metallic Se0 or even to soluble selenides anions

SeO4
2�.66 Indeed, Se0 is often found on the surface of CIGS by

XPS.67–69 In our work, gallium-containing corrosion products were

indeed detected at advanced stages of degradation (Figure 9, spec-

trum at 69 h, Figure 10 spectrum 3). The detected peaks, however,

correspond better to Ga2O3 and GaOOH54 than to [Ga (OH)4]
2�. Such

a modification of the gallium-containing product can, however, be

easily understood from the fact that [Ga (OH)4]
� will be unstable on

the surface because of dilution during humid stage, temperature

decreases at dry stage, and pH decrease by the incorporation of CO2

from air (Reaction 6). The correlation observed between the detection

of gallium oxides and the presence of Na2CO3 in the same area

(Figure 9, spectrum at 43 h and Figure 10, spectrum 3) supports the

idea of that CO2 adsorption from air causes the decomposition of this

soluble complex and formation of the gallium oxides (for instance by

Reaction 8).

2Na Ga OHð Þ4
� �þCO2 !Na2CO3þGa2O3þ4H2O ð8Þ

The mechanisms of the degradation of SLG/Mo and SLG/Mo/

CIGS interface taking into account the formation of confined zone

and the interplay between the layers are schematically summed up in

Figure 12.

To sum up, gallium leaching from CIGS stimulated by pH increase

could explain the enhanced formation of Cu2-xSe phase detected by

Raman in black dots. Moreover, the in situ experiment demonstrated

that the increase of the Cu2-xSe peak intensity correlated with the
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detection of soluble Na2MoO4 (Figure 9, spectra at 26 and 43 h).

Sodium (and potassium) migration during aging through the solar cell

was already described in the literature.15,20,26,70 Sodium is reported

beneficial for cell performance71 but detrimental for long-term stabil-

ity, decreasing the fill factor and open circuit potential.20,26,70 Sodium

accumulates at the CIGS grain boundaries, forming shunt paths that

degrade electrical properties of the cell.8 Diffusion of anions such as

molybdates through the CIGS layer is expected to increase Na+ migra-

tion thus contributing to the accelerated degradation. Both sodium

and gallium leaching could therefore decrease the optical properties

of the layer. The transformation of CIGS also results in its porosity

increase indeed demonstrated by SEM observation of the black dots

after rinsing (Figure 11C), which accelerates the degradation of the

underlying Mo.

5 | CONCLUSIONS

The outdoor stability of thin film materials relevant for CIGS solar cell

was investigated using novel accelerated aging tests. Sputtered

molybdenum back contact and co-evaporated CIGS absorber layer,

deposited on soda lime glass or stacked together, were exposed to

temperature and humidity cycles (25�C at 85% RH/80�C at 30% RH)

with and without atmospheric pollutants (drops of NaCl, Na2SO4, and

(NH4)2SO4 representing coastal, rural, and agricultural atmospheres).

Forecasting an increasing demand for flexible modules, the efficiency

of inorganic thin film encapsulation was tested.

ALD-Al2O3 encapsulation layer efficiently protected the samples

against temperature and humidity without pollutants, consistent with

the conclusions from the DH test.11 However, it failed to protect the

F IGURE 12 Hypothetical mechanisms of Na2MoO4 and Na2Mo2O7 formation on (A) SLG/Mo and (B) SLG/Mo/CIGS.
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samples in the presence of the pollutants. The detailed effects of pol-

lutants on the degradation mechanisms were not in the scope of this

paper but could be relevant for further understanding of the effects

of atmospheric chemistry on the stability of solar cells.

Unencapsulated molybdenum degraded forming multiple partly

soluble molybdenum oxides, especially MoO2, MoO3, Mo8O23,

detected using Raman spectroscopy. Additional products were also

observed in the presence of pollutants, in particular Na2MoO4 and

Na2Mo2O7 mostly in confined environment for unencapsulated and

encapsulated molybdenum.

In case of unencapsulated SLG/CIGS samples, Raman and XRD

did not evidence any chemical modification during and after 2 weeks

of aging. It was concluded that the layer is quite stable in time with

regard to temperature, humidity, and pollutants.

SLG/Mo/CIGS samples after aging were much more degraded

than SLG/CIGS. Visual observation evidenced the formation of dark

spots. If the Raman spectrum of CIGS did not change much outside

the spots, new products were detected inside the spot. Enhanced

degradation of SIGS on Mo compared with its degradation on SLG

was explained considering the solution chemistry modification near

the Mo/CIGS interface because of corrosion of buried Mo layer

through the porosity of CIGS. In particular, the formation of copper

selenide Cu2-xSe and sodium molybdates is detected on the top sur-

face of CIGS after short exposures in humid atmospheres using

Raman and EDS. It is attributed to be promoted by the pH increase at

Mo/CIGS interface because of cathodic reaction during Mo corrosion

and following diffusion of soluble species. Alkalinity increase is also

believed to enhance Ga leaching from the CIGS because of formation

of soluble tetragallate complexes. The latter could reform Ga2O3 on

the top surface of the CIGS when pH is decreased by dilution and

CO2 adsorption, as also observed by in situ Raman experiment. Simi-

larly, the transformation of Na2MoO4 into Na2Mo2O7 with advance-

ment of degradation and during storage at low humidity can be

explained by slight acidification of the surface which is expected by

CO2 adsorption.

In situ Raman characterization during aging confirmed that

Na2MoO4 initially formed inside the dark spots and after a few hours

diffused to larger distances and polymerized into Na2Mo2O7 at the

periphery. In situ detection of Cu2-xSe on the dark zone periphery was

also coherent with the CIGS degradation which can be enhanced by

pH increase in confined zone because of molybdenum corrosion. At

the same time, the increased porosity of CIGS layer in the degraded

zones, observed after the experiment by SEM, is expected to enhance

further degradation of the underlying molybdenum layer as well as

diffusion of soluble molybdates and gallates to the surface.

The observed strong effect of buried molybdenum on the stability

of the top CIGS layer and the discussed degradation mechanisms

highlights the importance of buried interfaces for stability evaluation

of PV cells and necessity of understanding degradation mechanisms.

Further work is, however, necessary to verify the impact of each

interface in the complete stack as well as to test the effect of electri-

cal current and illumination on the degradation mechanisms and deg-

radation kinetics.

The methodology proposed in this work could be extended

to access degradation mechanisms in other types of photovoltaic

cells and to include variety of environments and exploitation

conditions to monitor chemical evolution under illumination or

operando considering the evolving chemistry in different applications

(coastal environments for floating PV, agricultural environments for

Agri-PV, etc).
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