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Abstract

The reliability of CIGS solar systems in agricultural environments was investigated

using an accelerated aging test. Both complete cells and representative stacks of

selected layers and interfaces were exposed to humidity and temperature variations

for 9 to 14 days with and without ammonium sulfate (NH4)2SO4, an aerosol pollutant

representative of agricultural activities. The performance evolution of complete cells

was evaluated by J-V curves and EQE measurements. After 9 days, the presence of

(NH4)2SO4 led to a performance loss of 58%, significantly higher than the 37% loss

observed without pollutants. Using computer calculations based on the two-diode

model, it was possible to de-correlate some interactions between J-V parameters.

The results of modeling suggested that the pollutant caused optical losses and con-

ductivity loss of electrical contacts, presumably by corrosion. Sheet resistance and

Hall effect measurements on the representative stacks of layers confirmed that the

conductivity loss of ZnO:Al (AZO) after 14 days of aging strongly impacted the cell

performance, this phenomenon being even more severe in the presence of

(NH4)2SO4. The conductivity of Mo remained significantly less affected by aging both

with and without pollutants. The NiAlNi contacts after aging with (NH4)2SO4 became

so resistive that measurement was impossible. Corroborating modeling and experi-

mental results, the drop in Jsc was attributed to the loss of the interference fringes in

the AZO rather than to the loss of optical transmittance. Finally, aging without pollut-

ants mostly impacted Voc and Rsh due to the formation of shunt paths.

K E YWORD S

agrivoltaics, atmospheric pollutant, CIGS solar cells, degradation, outdoor durability,
performance

1 | INTRODUCTION

In photovoltaic (PV) installations, product warranty is a key element

for their development, ensuring that modules will operate at over

80% of their initial rated efficiency for 25 to 30 years. However, in

the existing reliability approaches the impact of atmospheric pollut-

ants is rarely considered in the PV domain. Research rather focuses

on the optical losses induced by the pollutants, such as alteration of
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the radiation spectrum [1,2] or dust deposition [3–5]. A few pioneer-

ing works have considered the effect of atmospheric gases on the

chemical and electrical stability of solar cells [6]. Our group [7,8]

recently demonstrated the importance of atmospheric aerosols for

the stability of solar cell materials and some representative interfaces.

With the development of PV applications in agricultural areas (agrivol-

taics), the impact of atmospheric pollutants issued from agricultural

activity on the stability of solar cells becomes essential. However, to

the best of our knowledge, the effect of atmospheric aerosol pollut-

ants on the entire solar cell performance has never been studied.

Cu (In,Ga)Se2 (CIGS) thin films represent an efficient and attrac-

tive technology for lightweight and flexible designs, well suited for

agrivoltaic applications, and already available on the market [9]. In

agricultural environments, one of the most known pollutants is

ammonium sulfate (NH4)2SO4, a volatile aerosol released by agricul-

tural activities or formed in the atmosphere from agricultural gas

emissions. (NH4)2SO4 can be directly used as a fertilizer for alkaline

soils [10] and as a spray adjuvant [11]. It can also be formed from the

ammonia gas (NH3), emitted by animal manure and urea, reacting

with sulfuric acid H2SO4 [12,13]. When the aerosol is deposited on

the ground by dry deposition or wet deposition through rainwater

(between 17 and 170 μg�cm�2 of NH4
+ and 57 to 500 μg�cm�2 of

SO4
2� per year [14–17]), it causes the acidification of the surface

water [17] but also atmospheric corrosion of diverse materials [18].

In this work, we investigated the effects of (NH4)2SO4 pollution

on the stability of chalcopyrite Cu (InxGa[1-x])Se2 (CIGS)-based thin

film photovoltaic cell under different conditions of temperature and

humidity. In our previous works [7,8], we demonstrated that 25 nm

thick Al2O3 encapsulation was sensitive to (NH4)2SO4 aerosols. From

both fundamental and industrial points of view, it becomes important

to understand how unencapsulated cells would behave if the encapsu-

lation failed. For these purposes, additional elements in reliability tests

could challenge the established standards.

The mechanistic interpretation of the results of the accelerated

tests is also challenging. In the literature, the degradation of CIGS

solar cells is primarily observed through optoelectrical J-V parameters

allowing to correlate the observed change with physical processes

occurring inside the cell. Various numerical models are usually

employed to link material properties to optoelectrical performances.

In particular, drift-diffusion simulations, which completely resolve the

charge carrier behavior, give access to numerous material properties

in the cell. Such an approach can be employed by comparing simula-

tions of fresh and degraded samples with the results of the experi-

mental ex situ characterizations [19], or to investigate degradation

trends in parametric studies [20,21]. The complexity of these models

requires, however, elaborated fitting procedures and careful design of

the inputs. Notably, statistical approaches can be employed to mini-

mize associated uncertainties, subsequently allowing to simulate and

compare degradation mechanisms with experimental results [22]. Sim-

pler approaches such as a diode model have also been employed [23].

Their simplicity allows us to couple them with the models describing

supplementary phenomena, such as thermal models to understand the

formation of hotspots [24]. Rin and Han coupled a distributed diode

model with modeling of diffusion processes to account for water

ingress into the solar cell [25]. Modeling approaches generally sup-

pose a prior knowledge of the mechanisms in play. Finally, specific

models for the degradation kinetics [26] or for the diffusion of species

inside the solar cell [27] can lead to interesting reproductions of the

observed degradation trends. However, they often rely on simplifica-

tions of the processes or even strong assumptions on the nature of

the degradation processes at stake.

The main objective of this work is to propose a systematic meth-

odology able to take into account the effect of atmospheric pollutants

on the performance (power conversion efficiency, short-circuit cur-

rent Jsc, open-circuit voltage Voc or fill factor FF …) of thin layer CIGS

solar cells. It is subdivided into several goals:

1. Determine whether the presence of ammonium sulfate, largely

used as nitrogen and sulfur fertilizer and generated in agricultural

environments, can impact the performance of CIGS solar cells.

2. Propose a computer model based on electrical data to formulate

hypotheses of opto-electric deterioration pathways and propose

the most critical for degradation layers or interfaces.

3. Check the validity of the computer model by comparing the results

with the experimentally observed opto-electric degradation via the

use of specific samples representative stacks of materials and

interfaces.

2 | MATERIALS AND METHODS

2.1 | Sample architecture and fabrication

The investigated samples were composed of complete CIGS minimo-

dules SLG/Mo/CIGS/Zn(O,S)/ZnMgO/AZO/NiAlNi (composed of

10 cells) and representative stacks of only a few layers as presented

in Figure 1. All samples were prepared on 3 mm soda lime glass

(SLG). 600-nm molybdenum (Mo) thin films were deposited by direct

current magnetron sputtering, 2-μm CIGS by co-evaporation, 50-nm

zinc oxide (i:ZnO), 480-nm aluminum-doped zinc oxide (AZO) by

atomic layer deposition and front contact 50/600/50-nm nickel/alu-

minum/nickel (NiAlNi) by evaporation. For the modules, the 20 nm-

Zn(O,S) layer was chemical bath deposited, and the 40 to 70 nm-

ZnMgO and the 300 nm-AZO were sputtered. Detailed descriptions

of the film preparation procedures can be found in Supporting Infor-

mation (SI).

2.2 | Accelerated degradation protocol

The aging protocol was described in detail elsewhere [7,8] and its

schematic representation can be found in SI, Figure S1. Samples

were aged in a Weiss WKL 100 climatic chamber until significant

degradation of opto-electric characteristics could be detected. This

time was different for complete cells and model stacks. For the mini-

modules only 9 days of aging degraded cell efficiency and the
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parameters extracted from J-V curves so strongly that the experi-

ment was stopped at 9 days. It was evidently impossible to measure

J-V curves for model stacks of individual layers without n-layer. The

aging time was chosen for 14 days for representative stacks to push

degradation of each configuration and not to limit the mechanistic

understanding to the detection of the most fragile layer/interface.

Results of both visual observations and opto-electrical measurements

suggested that the degradation of isolated stacks was slower than

the degradation of the complete minimodules but with similar degra-

dation mechanisms. Twenty-four hour-cycles of temperature and

humidity variation (between 25�C, 85% Relative Humidity [RH] and

80�C, 30% RH) were applied to model day/night or seasonal varia-

tions. Wet deposition of atmospheric aerosol was simulated by the

daily deposition of a 100 microliter drop of an aqueous solution con-

taining 0.78 mmol. L�1 of (NH4)2SO4 for 5 days. This concentration

corresponds to 11.2 μg.cm�2 per drop of NH4
+ and 15.0 μg.cm�2

per drop of SO4
2� and represents approximately one year of NH4

+

deposition (on the lower limit side of 17–170 μg.cm�2.year�1 deposi-

tion rates reported in the literature [14–17]). The amount of sulfate

ions is, however, much less than its annual deposition rate of (60–

500 μg.cm�2.year�1) but it was dictated by the stoichiometry of

(NH4)2SO4. This concentration of 5 years of pollutant was chosen to

match the assumption that damp heat test during 1,000 h models

20 years in operation [28]. Assuming a linear correlation between

time and degradation, 14 days could correspond to 7 years and

9 days to 4.5 year of in-field operation. Such a correlation should

however be taken with caution. First, usually, degradation does not

increase linearly with time, so the rate law could be more complex.

Second, if the degradation mechanism is affected by the pollutant,

the degradation rate could evolve differently with time. Finally, the

real conditions cannot be modeled only by selected three parameters

(T�C, RH, presence of pollution) and the time of the accelerated test

should be more regarded as an indication that as a quantitative esti-

mation of the lifetime of the system in operation. “Reference” sam-

ples were stored in a vacuum desiccator at room temperature and

“Blank” samples were aged under the same conditions as

“(NH4)2SO4” but without drop deposition.

2.3 | Physical characterization of cells and layers
properties

The performance of the cells was evaluated by current–voltage (J-V)

curves and External Quantum Efficiency (EQE) measurements. The

quality of the layers was evaluated using ultraviolet–visible–near-

infrared (UV–vis–NIR) spectrophotometry, and resistivity measure-

ments. J-V curves were measured before (day 0 noted later as d0) and

after 9 days (noted later as d9) aging while the other characterizations

of the unaged samples were conducted on the “Reference” samples.

J-V measurements were done under Standard Test Conditions

(AM 1.5G, 1,000 W.m�2, 25�C) using an Oriel Sol 3A™ (Newport)

solar simulator (class AAA) with a voltage step of 50 mV and a scan

rate of 100 mV/s, after 1 h of light soaking. EQE spectra were mea-

sured on an Oriel IQE 200™ (Newport) with a wavelength step of

10 nm, after 1 h of light soaking. The internal quantum efficiency

IQE(λ) was calculated as the ratio between EQE(λ) on 1-Reflectance

(λ). Contact conductivity was evaluated by measuring the sheet

resistance, Rsheet, using an in-line four-point probe (Lucas Labs Pro

4 test system). For greater precision, measurements were performed

at 20 different locations and the results were expressed as the

mean values and standard deviations. Additional evaluation of the

sheet resistance Rsheet, carrier concentration nHall, and Hall mobility

μHall were measured by the Hall effect, at room temperature using

an Ecopia AMP55T and HMS-3000 equipment. The optical transmit-

tance and reflectance were collected using an Agilent Cary 5,000

UV–Vis–NIR spectrophotometer equipped with an Agilent Diffuse

Reflectance accessory. A mask with a 4-mm diameter circular hole

was used to define the probing area. The optical band gap was

determined by the intercept of the linear region of the Tauc plot

(αhν)n against hν with n = 2 because ZnO is considered as a direct

band gap semiconductor. The refractive index was calculated using

the Swanepoel method and the thickness of the thin film was calcu-

lated based on Bragg's law [29,30]. A small measurement artefact

was visible on the spectra at 800 nm which was due to a change of

the detector. The hyperspectral photoluminescent setup consisted

of a hyperspectral imager (Grand-EOS from Photon Etc.) equipped

F IGURE 1 Schematics of the sample
configurations of (A) complete cell
(SLG/Mo/CIGS/Zn(O,S)/ZnMgO/AZO/
NiAlNi) and (B) representative models:
SLG/Mo, SLG/i:ZnO/AZO and SLG/i:
ZnO/AZO/NiAlNi.
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with an InGaAs camera Zephyr 1.7 both from PhotonEtc which

allows acquiring large-size images (15x15 cm2) with a resolution of

300 μm per pixel. Spectral acquisitions were done in the range of

900–1,600 nm with a spectral resolution of 2 nm. The samples were

uniformly illuminated with light-emitting diodes (LEDs) at a wave-

length of 890 nm under a fluency of 50 mW/cm2. Experimental data

were acquired using PHySpecV2 software (photon etc.) resulting in

a three-dimensional data cube with both spatial and spectral

features.

2.4 | Modeling approach to decorrelate physical
aspects of degradation from J-V parameters

First, J-V curves measured before and after degradation were

fitted [31] with a two-diode model [32]:

J Vð Þ¼ Jph� J01 e
q VþJRSð Þ
n1kBT �1

� �
� J02 e

q VþJRSð Þ
n2kBT �1

� �
�Vþ JRS

RSh
ð1Þ

The fitting procedure employs least square reduction with the

Levenberg–Marquardt algorithm and Jacobian scaling.

It allowed us to determine the series and shunt resistances (Rs

and Rsh), dark saturation current densities associated with n1 = 1 and

n2 = 2 (J0,1 and J0,2), and photogenerated current density (Jph) for

both measurements before (d0) and after (d9) aging. Ideality factor

values were fixed to n1 = 1 and n2 = 2 to facilitate interpretation, so

dark saturation current densities can be associated with radiative

recombination and trap-assisted Shockey-Read-Hall (SRH) recombina-

tion, respectively. Moreover, these constraints on the fitting proce-

dure limit the possibility of multiple valid parameter sets. Fits were

performed with the same procedure and constraints for all samples,

before and after aging. This consistency minimizes the impact of pos-

sible multiple optimal fits on the comparative study of fresh and aged

samples done hereafter.

Second, calculations were carried out to distinguish the role of

the diode parameters (Jph, J0,1, J0,2, Rs, and Rsh) on the open circuit

voltage Voc, short-circuit current Jsc, and fill factor FF. For instance,

the impact of Rs on Voc, Jsc, and FF was investigated by computing

hypothetical Voc*(Rs), Jsc*(Rs), and FF*(Rs) from the two-diode model,

with degraded Rs (d9) while all other diode parameters retained their

values as they were before aging (d0):

J� Vð Þ¼ Jd0ph� Jd001 e
q VþJ�Rd9sð Þ

kBT �1

 !
� Jd002 e

q VþJ�Rd9sð Þ
2kBT �1

 !
�Vþ J�Rd9

s

Rd0
sh

ð2Þ

This expression was used to compute a hypothetical J-V curve,

from which Voc*(Rs), Jsc*(Rs), and FF*(Rs) were obtained. A similar

approach was employed for each diode parameter. The impact of each

parameter was then represented as a fraction of the total degradation.

In the example on Rs, the ratios of the impact of Rs in the degradation

of Voc, FF, and Jsc are expressed as:

V�
oc Rsð Þ�Vd0

oc

Vd9
oc �Vd0

oc

ð3aÞ

FF� Rsð Þ�FFd0

FFd9�FFd0
ð3bÞ

J�sc Rsð Þ� Jd0sc
Jd9sc � Jd0sc

ð3cÞ

3 | RESULTS

3.1 | Cells performance loss during aging with and
without pollutant

3.1.1 | Evolution of J-V curve parameters

The first step of our approach consisted of evaluating the effect of

pollutants by comparing PV performances (J-V curves, EQE) of SLG/

Mo/CIGS/Zn(O,S)/ZnMgO/AZO/NiAlNi cells, during temperature and

humidity solicitations with and without (NH4)2SO4. The evolution of

the power conversion efficiency (PCE), measured for 10 cells per

module, is presented in Figure 2.

The average value and the standard deviation of the efficiency

before and after 9 days of aging in three different conditions (ambi-

ent conditions “Reference”, T�C + RH “Blank”, T�C + RH

+ (NH4)2SO4 “(NH4)2SO4”) are plotted in Figure 2A. It is clear from

the comparison of the results of Reference d0 vs d9 samples, that

the maximum efficiency loss for “Reference” modules does not

exceed 10% of the initial performance after 9 days and remains

within the error bars of the initial yield for 9 out of 10 cells

(Figure 2A). The efficiency loss of the “Blank” module is much stron-

ger: 37% of its initial performance (Figure 2A, compare Blank d0 vs

d9). Rinsing the “Blank” cells modifies the performance very slightly,

limiting the loss to 25% instead of 37% of the initial performance,

mainly thanks to an improvement in the fill factor. In the presence of

the ammonium sulfate (curves named “(NH4)2SO4”), only half of the

cells could be measured with J-V because of the deterioration

induced by the pollutant (bad contact, blocking of light, etc. …). As

the electrical measurements are certainly biased by the deposited

pollutant, they are not included in Figure 2 but can be found in SI

(Table S1). Curves named “d9 rinsed” show the results of the mea-

surements repeated after the rinsing of the cells. Rinsing was neces-

sary to wash out the soluble salt deposits and soluble corrosion

products, allowing to decorrelate the impact of soluble corrosion

products on the performance of the cell from the intrinsic degrada-

tion of the material and effects of insoluble products. It is clear from

the figure, that although the “(NH4)2SO4” d9 rinsed module does not

recover to the “Blank” level and keeps the efficiency loss of 58%,

electrical measurements become possible for all the samples after

rinsing. More than twice loss of the efficiency in the presence of

DEBONO ET AL. 817
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pollutants and significantly lower capacity to recover after rinsing

highlight the detrimental effect of (NH4)2SO4 on the reliability of

CIGS solar cells.

The evolution of the electrical parameters in terms of J-V

curves recorded before and after aging are plotted in Figure 2B.

The waterfall chart presented in Figure 2C highlights the average

individual contribution of each parameter (Jsc, Voc, and FF) on the

efficiency drop. Comparing Figure 2B and C, the efficiency loss of

the “Blank” cells could be mainly attributed to the reduction of Voc

and FF, as widely described in the literature for damp heat tests

[33–35]. In the presence of (NH4)2SO4, a correct measurement was

possible only after rinsing, so only the results obtained for rinsed

cells are shown. One could note that the short circuit current is

drastically reduced for the samples aged with the pollutant and can

be considered to be responsible for more than half of the efficiency

loss (see “(NH4)2SO4 d9 rinsed” in Figure 2B). This indicates addi-

tional degradation mechanisms occurring due to the presence of

(NH4)2SO4.

A detailed table containing the J-V parameters fitted with a two-

diode model is included in SI, Table S1. The results of fitting will be

analyzed in discussion, Section 4.

3.1.2 | Evolution of quantum efficiency (EQE, IQE)

EQE and IQE of the Blank and Reference cells are shown in Figure 3.

They were quite similar when aged under similar conditions and only

one representative curve of each sample is depicted. Both reflectance

(Figure 3B) and normalized IQE (Figure 3A) look very little affected by

aging for the Blank. A small systematic reduction of the “Blank” EQE

(3% compared to “Reference”, obtained with correction after division

by 1-Reflectance) could be explained by an increase in reflectance at

the top of the cell or by an electrical degradation independent of the

wavelength (see SI, Figure S2.A and B). This indicates that cyclic tem-

perature and humidity aging without pollutants had little impact on

the EQE.

The effect of (NH4)2SO4 on the other hand is visible in multiple

ways. First, if only one representative example is presented in

Figure 3A, the EQE of the cells was largely different from one cell to

another (variation can be seen in SI, Figure S2.C and S2.D). Second,

the loss of interference fringes in the reflectance leads to a flattening

of the spectrum (Figure 3B), also impacting the EQE (Figure S2.C and

D), indicating a loss of the interference fringes in the presence of the

pollutant. These effects are possibly due to the cell's surface

F IGURE 2 (A) Power conversion efficiency of the cells before (“Reference”) and after aging with (“(NH4)2SO4”) and without (“Blank”)
pollutant, (B) typical J-V curve of samples before (“d0”) and after (“d9”) aging and (C) average individual contributions of Jsc, Voc, and FF on
efficiency decline.
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roughness increase, which means that the transparent conductive

oxide (TCO) made of AZO was affected. For some of the cells, this

only impacted the EQE while their IQE was similar to the Reference

(see Figure S2.C in SI). Optical losses in the reflectance spectra were

also confirmed even after the removal of the pollutant by rinsing. The

EQE transformation suggests that the TCO or at least its interface

with the atmosphere was heavily affected by (NH4)2SO4. Lastly, in

addition to the reflectance change, some cells presented a decrease of

the IQE in the high wavelength region above 600 nm (Figure 3A). This

indicates an incomplete collection of photogenerated carriers, possibly

due to parasitic absorption probably due to corrosion products form-

ing on the surface.

The Jsc values were calculated from the integration over all wave-

lengths of the EQE multiplied by the solar photon flux and are pre-

sented in Supporting Information, Table S1. The obtained values were

in good agreement with the electrical measurements presented above.

Compared to the Reference samples (Jsc = 28.4 mA/cm2), only a small

reduction was observed for the Blank (Jsc = 27.49 mA/cm2) while a

significant decrease occurred in the presence of (NH4)2SO4

(Jsc = 22.5 mA/cm2).

3.1.3 | Evolution of cell's photoluminescence (PL)

Hyperspectral PL spectra were recorded on the CIGS modules to eval-

uate the absorber optical quality of the sample aged for 9 days in a

desiccator (“Reference”), in a climatic chamber with (“(NH4)2SO4”)
and without pollutant (“Blank”). The results are shown in Figure 4.

Photographs and broadband-integrated PL images of the cells are pre-

sented in Figure 4A,B. The average PL signals of the three zones are

presented in Figure 4C. The PL signals of the Reference and the Blank

samples are quite homogenous over their surface (except the zones of

the NiAlNi grid and scribing regions) and exhibit a large peak with a

maximum at 1.15 eV and a shoulder at 1.06 eV. Indeed, the band gap

of the CIGS varies from 1.11 eV to 1.22 eV due to a gallium gradient

(GGI between 0.2 and 0.4, see calibrated GD-OES in Figure S3). The

peak positions do not change during aging and only a slight reduction

of about 10% is visible between the Reference and Blank signals

intensities. This change is considered insignificant and can be attrib-

uted to the sample-to-sample variability. With (NH4)2SO4, the inten-

sity of the PL is more than doubled compared to the Reference and

Blank cases. This increase could be explained by two different hypo-

thetic mechanisms: a passivation of the defects which improves the

material quality or a texturing of the surface which increases

the roughness and scatters more light. These hypotheses will be dis-

cussed later.

3.2 | Effect of aging on properties of individual
layers: optical properties

In the presence of (NH4)2SO4, half of the cells' efficiency loss origi-

nated from the reduction of Jsc which may be attributed to an

air/TCO interface modification and/or a change of the Mo's reflectiv-

ity. To evaluate these hypotheses, SLG/i:ZnO/AZO and SLG/Mo

stacks were prepared, as shown in Figure 1B and aged for 14 days.

F IGURE 3 (A) Normalized IQE and
(B) 1-reflectance of the cells before
(“reference”) and after aging for 9 days
with (“(NH4)2SO4”) and without (“blank”)
pollutant.

F IGURE 4 (A) Visual images and
(B) broadband integrated PL of cells
before (“reference”) and after aging
without and with the pollutant for 9 days
(“blank” and “(NH4)2SO4” respectively)
and (C) the corresponding averaged PL
spectra.
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3.2.1 | Evolution of the transparency of the TCO
(AZO)

The transmittance of the SLG/i:ZnO/AZO samples is depicted in

Figure 5A. For all samples, the presence of the interference fringes is

due to the reflection occurring between SLG and ZnO. The amplitude

of the “(NH4)2SO4” sample fringes is significantly reduced if compared

to the “Reference”, in line with the evolution of the cell reflectance

shown in Figure 3B. This suggests an increase in the film's roughness.

The transmittance remains high in the presence of (NH4)2SO4 so the

transparency modification of the TCO does not seem to be the critical

change causing the Jsc reduction. Additionally, the “(NH4)2SO4” spec-

trum does not superimpose with the glass spectrum, which shows that

the AZO layers were not completely dissolved. In conclusion, the pol-

lutant increases the TCO's roughness but does not decrease its

transparency.

The refractive index of the AZO layer, calculated using the

Swanepoel method [29], was 1.93 for the region from 400 to

600 nm, which is consistent with the literature [36]. The average

thickness of the AZO layer was evaluated based on the spacing

between the interference fringes as 600 nm for the “Reference”,
590 nm for the “Blank” and 670 nm for the “(NH4)2SO4” samples.

A slight decrease in the “Blank” thickness compared to the “Refer-
ence” can be due to the dissolution of the layer while the increase

with “(NH4)2SO4” against the “Reference” - to the deposition of

corrosion products. These values should however be taken with

caution, because of the inaccuracy of the data reading and the one-

layer hypotheses used in calculation (in contrast to double

ZnO/AZO structure).

The Tauc plots for the AZO samples are presented in Figure 5B,

demonstrating a significant change in the linear part. Indeed, the cal-

culated from the results optical band gap energy (Eg) for both the

“Reference” and the “Blank” is approximately 3.34 eV (or 371 nm)

while for the “(NH4)2SO4”, the band gap is lower: near 3.29 eV

(or 377 nm). It was hypothesized that this change is possibly an arti-

fact caused by the Burstein–Moss Effect (increase in the TCO appar-

ent optical band gap due to the band filling effect when doping the

ZnO by Al [37,38]).

The carrier concentrations of the AZO samples were calculated

from the plasma frequency ωp, see SI for more details about this calcu-

lation. The carrier concentrations were evaluated between 5 and

7.7 � 1020 cm�3 for all three samples, which is consistent with the lit-

erature [37,39]. This method led to a very large range of values, insuf-

ficient to distinguish the samples but it is still consistent with the Hall

effect results shown in Table 1.

In conclusion, analysis of the transmittance spectra of the AZO

samples demonstrates that the pollutant increased the roughness of

the TCO layer without degrading its optical properties (bandgap and

carrier concentrations).

3.2.2 | Reflectivity of the back contact (Mo)

The Mo back contact reflectivity was evaluated by the reflectance

measurement of SLG/Mo samples, presented in Figure 6. The

Mo/CIGS reflectivity is critical in the case of a very thin absorber layer

(<1 μm) where the back contact reflectance compensates for the low

amount of photon absorbed in CIGS [40].

The reflectance curve of the “Reference” Mo is in line with the

literature [41]. After aging without pollutant (“Blank” sample) a strong

reduction of reflectance is observed, especially in the 400 nm

region with almost 55% loss, which is also consistent with the litera-

ture [42–44]. It is probable that the corrosion of the back contact led

to the formation of species absorbing in the 400 nm region. The

reflectance reduction is even stronger with (NH4)2SO4 and a second

local minimum appears around 800 nm, reducing the reflectance by

approximately 50%. It can be due to the formation of other corrosion

products in the presence of the pollutant. As the Mo layer mostly

influences the EQE spectrum around 900–1,000 nm [45], the pollut-

ant should be particularly detrimental to the performance of the

device. Indeed, from the normalized IQE depicted in Figure 3,

the main reduction of the Jsc occurs from 600 to 1,000 nm. Therefore,

the reflectivity loss of Mo is consistent with the reduction in the IQE.

However, the reflectivity of Blank Mo is also reduced in this wave-

length range, with no effect on the IQE spectrum, so the attribution

of the IQE loss to the back contact remains uncertain.

F IGURE 5 (A) Transmittance spectra
and (B) Tauc plot of rinsed SLG/i:ZnO/
AZO after aging with (“(NH4)2SO4”) and
without (“blank”) the pollutant for
14 days in comparison with undegraded
“reference” samples.
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Additionally, zero transmittance was measured for all samples and

wavelengths (not shown here) revealing that the degradation was not

severe enough to completely destroy the layer.

To conclude, the Mo/air interface is far more impacted by aging

than the TCO's transmittance and could contribute to the overall

reduction in Jsc in the 600–1,000 nm region. However, this behavior

cannot be directly extrapolated on the whole cell where Mo could

react with Se from CIGS to form MoSe2 which can modify the stability

of the underlying Mo [46].

3.3 | Effect of aging on properties of individual
layers: conductivity

Contact conductivity was investigated on representative stacks

because the cell series resistance increased six times after the aging in

the presence of (NH4)2SO4 (Rs = 1.3 Ω for aging without and

Rs = 7.6 Ω with the pollutant, see Table S1 in SI). Three layers play a

key role in the conduction of charges to their extraction, namely the

Mo back contact, the front TCO contact made of AZO, and the front

metallic grid composed of Ni and Al.

3.3.1 | AZO transparent conductive oxide

The surface conductivity loss of the AZO was estimated by measur-

ing Rsheet of the SLG/i:ZnO/AZO samples, either with a linear four-

point probe or by Hall effect (Table 1). Though there is a slight mis-

match between the two methods, the same order of magnitude and

similar trends are visible. The sheet resistivity of the AZO increases

by 20% of its initial value after aging, as described elsewhere

[33,39,47,48]. The increase is even higher (+50%) in the presence of

the pollutant. Taking into account that rinsing would not occur in the

encapsulated cells or devices, it is interesting to learn more about

hypothetical corrosion products formed on the surface. The sample

tested without pollutants partly recovers its initial conductivity after

rinsing. For the sample aged in the presence of pollutant no recovery

of conductivity after rinsing occurs. Considering, that conductivity

loss can be due to the deposition of resistive corrosion products and

the recovery is a result of the dissolution of their soluble part, the

corrosion products formed in the conditions of aging of the “Blank”
are expected to be more soluble than the products formed in the

presence of (NH4)2SO4. It should be noted that the surface of the

rinsed samples was very heterogeneous and very high values of

Rsheet were recorded locally in some places. These values are not

reported in Table 1 and only the lowest resistivity values representa-

tive of a major part of the rinsed surface (more than 75%) are

considered.

Though non-drastic, the drop in AZO conductivity seems to

originate from the decrease of electron carrier concentration and

mobility for aging in the presence of (NH4)2SO4, as determined by

Hall measurements. These slight variations must be handled with

care because they were calculated considering a constant

thickness.

To sum up, the degradation of AZO by humidity and temperature

without pollutants led to an increase in its resistivity, however rinsing

partially restores its conductivity. In the presence of pollutants, the

resistance increase was larger and did not recover, which indicates

either the formation of an insoluble insulating compound or some

etching of the AZO layer.

TABLE 1 Rsheet measured by four-point probe and Rsheet, carrier concentration and mobility measured by hall effect of SLG/i:ZnO/AZO
before and after aging with (“(NH4)2SO4”) and without (“blank”) pollutant for 14 days.

Rsheet (Ω.Sq�1) Rsheet (Ω.Sq�1) Carrier concentration (cm�3) Mobility (cm2V�1 s�1) Rsheet (Ω.Sq�1)

Samples AZO AZO rinsed AZO rinsed

Techniques 4-P probe 4-P probe Hall Hall Hall

Reference 50.1 ± 0.7 - �4.1E+20 7.2 44.5

Blank 59.7 ± 0.7 58.7 ± 0.5 �3.3E+20 7.1 54.6

(NH4)2SO4 72.9 ± 3.0 76.8 ± 9.8 �3.6E+20 5.8 62.4

F IGURE 6 Reflectance spectra of aged and rinsed SLG/Mo stacks
after aging for 14 days with (“(NH4)2SO4”) and without (“blank”)
pollutants compared to undegraded “reference”.
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3.3.2 | Mo back contact

The sheet resistivity of the SLG/Mo samples is presented in

Table 2. The “Reference” Rsheet measurement can be verified by

calculating the resistivity for a thickness of 480 nm: 2.4 � 10�3 Ω.

cm�1 which is consistent with the literature [37,49]. The resistivity

slightly increases after aging (+10%), and a little bit more in the

presence of (NH4)2SO4 (+20%). While most values are around

0.2 Ω.sq�1, some highly resistive points were recorded (see

Table 2, column % of points measured in this range of Rsheet), most

likely due to an accumulation of the insulating pollutant salt and/or

corrosion products. For the unrinsed samples, about 30% of the

measured values were far above 0.25 Ω.sq�1(refer to statistical

details in SI, Figure S4). This indicates that the corrosion was het-

erogeneous, affecting some regions more than others, and probably

generating insulating corrosion products. This is in line with the lit-

erature [42–44,47,50]. It is interesting to note that similar to the

AZO, the “Blank” Mo sample partly recovers its initial performance

after rinsing, while the “(NH4)2SO4” Mo does not recover. Again,

the corrosion products formed in the presence of the pollutant

seem to be less soluble than without (NH4)2SO4. Overall,

the variation of Mo resistivity is heterogeneous, but it is still negli-

gible compared to the resistivity increase of the AZO layer.

3.3.3 | NiAlNi front metallic contact

The sheet resistivity of the SLG/i:ZnO/AZO/NiAlNi samples is

detailed in Table 2. As with Mo, the difference between the values

measured before and after aging without pollutants is negligible. A

slight increase in the conduction of the Blank sample may be due to

a thinning of the Ni layer, revealing the buried Al with its higher con-

ductivity, but the change may not be significant either. If the values

are stable before and after rinsing, the measurement of the contact

with four-point probe was very difficult before rinsing and was simpli-

fied by the rinsing of the surface. In the case of (NH4)2SO4, the sample

was too resistive to be measured, even after rinsing. The presence of

the drop strongly reduced conductivity of NiAlNi making it difficult to

contact the metal grid.

4 | DISCUSSION: APPLICATION OF
NUMERICAL MODEL TO FORMULATE
HYPOTHESES OF DEGRADATION
MECHANISMS IN CIGS CELLS WITH AND
WITHOUT (NH4)2SO4

If both series and shunt resistances Rs and Rsh degraded during aging

(except for Rs in “Blank” conditions which were kept constant), their

final impact on the FF is not straightforward to quantify. Therefore,

the impact of J-V parameters (Jph, J0,1, J0,2, Rs, and Rsh) on Voc, FF, and

Jsc was calculated and further analyzed. The fitting of J-V curves at

different stages of degradation (d0 and d9) allowed to extraction asso-

ciated diode parameters (Jph, J0,1, J0,2 Rs, and Rsh).

Using the numerical method explained in Section 2.4, we could

identify which parameter is responsible for the loss of performance.

Hypothetical values of Voc*, FF*, and Jsc* were computed considering

that the degraded value (d9) is obtained by the degradation of one

single diode parameter, while other parameters were maintained at

their initial values (d0). The results are presented in Figure 7, showing

the ratio between computed and experimental degradation of Voc FF

or Jsc calculated based on equations (3.a), (3.b), and (3.c). The boxplot

represents the statistical variation over the 10 cells of the modules

(or less as some outliers were removed). From the analysis of such a

figure, a candidate with the highest probability of being at the origin

of the degradation is the closest to the black dotted line at 1. On the

contrary, the parameters whose median is the closest to the grey zero

line have the least impact on the performances.

For the blank cells (Figure 7A–C), the degradation of two parame-

ters is well correlated with the experimental results: J0,2 for Voc, and

Rsh for FF and Jsc. In fact, it is expected for the Voc to be more sensi-

tive to variations of the Shockey-Read-Hall (SRH) recombination den-

sities (associated to the J0,2) than to any other parameter. Therefore,

complementary PL measurements were carried out to verify the

TABLE 2 Sheet resistivity Rsheet from four-point probe of SLG/Mo and SLG/i:ZnO/AZO/NiAlNi aged during 14 days with (NH4)2SO4 and
without (blank) pollutant compared to undegraded reference before and after rinsing. For Mo, part of the measurements with exceptionally high
values different from most of the surface was disregarded. The fraction of considered measurements is presented near the measured value in
parenthesis. More details are available in SI, Figure S4.

Rsheet (Ω.

Sq�1)

% of points measured in this

Rsheet range

Rsheet (Ω.

Sq�1)

% of points measured in this

Rsheet range

Rsheet (Ω.

Sq�1)

Rsheet (Ω.

Sq�1)

Samples Mo Rinsed Mo NiAlNi Rinsed
NiAlNi

Reference 0.18 ± 0.01 97% - - 0.046

± 0.003

-

Blank 0.21 ± 0.07 77% 0.20 ± 0.01 100% 0.043

± 0.002

0.043

± 0.002

(NH4)2SO4 0.20 ± 0.01 65% 0.22 ± 0.04 95% * *

*too resistive to be measured.
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hypothesis of the SRH recombination increase (see Figure 4). No sig-

nificant change in the PL signal, either in the intensity or the peak

position, was observed after aging. Therefore, the stable PL would not

support a strong increase in the SRH recombination. As a result, the

degradation of the Rsh appears to be the most plausible candidate to

investigate further in this work, and the creation of shunt paths in the

cell should be verified, especially near scribing or spots [6,34,51]. Fur-

ther chemical investigation could give some hints about their presence

and their role in the degradation.

For devices aged with pollutants (Figure 7D–F), two causes of

degradation can be pointed out: Jph for Jsc and Voc, and Rs for FF. This

is consistent with the results presented in Section 3.2, which showed

that the Jsc was considerably influenced by the pollutant. Again, the

FF is expected to be more sensitive to parasitic resistances (Rs), and

the Jsc to the photogenerated currents (Jph). The optical losses at the

origin of the Jsc drop include soiling, change of reflectance of the cell

or back contact, and transparency of the TCO [6,52]. The soiling

effect of (NH4)2SO4, due to the salt deposition on the surface of the

cells, was evidenced during J-V measurement where half of the cells

could not be measured correctly. Considering that (NH4)2SO4 is very

soluble, the surface was rinsed to remove the salt and recover good

contact thus isolating the effect of soiling and soluble species from

other optical losses. Indeed, the Jsc of “(NH4)2SO4” cells after rinsing

remained still lower than that of the Blank cells (as discussed in

Section 3.1.1). If the optical loss is due to the TCO transparency loss

because of the deposit of the pollutant, the transmittance curve is

expected to decrease. Instead, when measured on the SLG/i:ZnO/

AZO samples, a flattening of the interference fringes, linked to the

increase in roughness, was observed (Figure 5). The destruction of

the interference pattern is consistent with the reflectance measure-

ment of the full cell shown in Figure 3B. Texturing of the TCO surface,

possibly by corrosion products, is also consistent with the increase in

the PL signal observed in Figure 4. Indeed, the loss of the efficiency

and the stable Voc after aging with (NH4)2SO4 is in contradiction with

an improvement of the material to explain this gain in the PL signal

intensity so the increase in the roughness is the most probable

hypothesis. A degradation of the Mo/air interface with aging was

observed but the selenisation of Mo during CIGS deposition will

impact the degradation process, and the layer will react less than the

bare Mo [46]. The Jsc reduction can also be related to a bad collection

of charges like contact corrosion on the electrodes.

As previously mentioned in Section 3.1, both the Rs and the Rsh

were affected a lot by the aging with (NH4)2SO4, making it uncertain

about which of the two has the most impact on the FF. The calcula-

tions show here that the FF deterioration is mainly correlated to the

Rs and only to a minor extent the Rsh (Figure 7D). This hypothesis can

be verified by corroborating the results with the evolution of the elec-

trical conductivity of the Mo, NiAlNi, and AZO contacts in the pres-

ence of (NH4)2SO4 analyzed in Section 3.3.

These results demonstrate that aging with temperature and

humidity affects the conductivity of the Mo, AZO, and NiAlNi con-

tacts, consistent with the literature for Mo [42–44,47,50] and AZO

[8,33,48,53]. The samples with (NH4)2SO4 presented lower

conductivity and higher variability of the Rsheet. This suggests a partial

dissolution of the contacts or a heterogeneous formation of insulat-

ing non-soluble corrosion products, detrimental for the contact per-

formance. Hall effect suggests a loss in carrier concentration to

explain the loss of the Rs of the AZO. One can suggest that the

change of the TCO band gap (Figure 5B) is an artifact caused by the

Burstein–Moss Effect. Indeed, the Al doping of ZnO tends to increase

its apparent optical band gap due to the band-filling effect [37,38].

However, even if a small change in the doping level was measured by

F IGURE 7 Boxplots of ratios between computed and experimental values to assess the impact of each diode parameter (Jph, J0,1, J0,2 Rs and
Rsh) on the cell electrical performances for (A-C) “blank” and (D-F) “(NH4)2SO4” samples. The black dotted line symbolizes the case where
computed degradation is compatible with 100% of experimental degradation.
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the Hall effect (Table 1), the difference is negligible between the

“Blank” and the “(NH4)2SO4” samples and no difference in carrier

concentration can be evidenced by plasma frequency. The doping

level is thus insufficient to explain the reduction of the band gap. The

loss of the contact conductivity, mainly in the AZO layer, seems to be

the most reliable hypothesis to explain the increase in the cell's series

resistance.

Thanks to the corroborative analysis of the results of correlative

modeling and of the physical characterizations of the CIGS cells and

representative stacks of the layers before and after degradation in dif-

ferent conditions, the degradation mechanisms, which could be con-

sidered the most important for the performance loss in different

conditions could be proposed. The results of such an analysis are sum-

marized in Table 3. Some questions are still not answered like the

presence of shunt paths in the cell, the impact of sodium migration,

and the exact nature of corrosion products at the origin of the degra-

dation of performance.

5 | CONCLUSION

In the context of PV deployment in multiple environments like agrivol-

taics or floating-PV, it is essential to consider the chemical environ-

ment, in particular atmospheric aerosol pollutants. Indeed, these

environments can act on the PV materials and interfaces and, conse-

quently on the overall performance of the device. If aerosols are usu-

ally disregarded in the PV industry tests, we proposed here a

methodology considering the impact of the combined effect of tem-

perature and humidity cycles and atmospheric aerosol pollutants on

PV cells. The aging test consisted of the temperature and humidity

cycles with and without a deposition of drops containing ammonium

sulfate (NH4)2SO4, the pollutant largely known for the agricultural

environment, on the top of samples.

Combining the evolution of the physical characteristics of the

cells and representative stacks of layers during aging with the correla-

tive modeling, the following conclusions could be drawn:

1. Strong detrimental effect of (NH4)2SO4 on the CIGS cells reliability

was evidenced. Indeed, in addition to the cell efficiency drop

observed after “usual” aging, i.e. temperature and humidity cycles

(�37%), the presence of (NH4)2SO4 degraded even more the

performance (�58% after rinsing). This demonstrates that it is

essential to take into account the atmospheric pollutants when

considering the PV systems implantation in agricultural

environments.

2. The computer model was used to formulate some hypotheses

about the most important degradation mechanisms of the samples

which appeared very different for the samples aged with and with-

out the pollutant. With the temperature and humidity cycles only,

the increase in recombination (J0,2 and J0,1) seems to be responsi-

ble for the reduction in Voc, while the creation of shunt paths (Rsh)

could explain the loss in the FF and the Jsc. With the addition of

the pollutant, optical losses (Jph) were proposed to explain the

reductions of the Jsc and the Voc while contact corrosion (Rs) was

suggested to impact the FF.

3. The hypotheses were verified by the experimental characterization

of selected layers and interfaces. In terms of the evolution of the

material properties, the PL analysis indicated that the loss of effi-

ciency could be due to the formation of shunt pathways rather

than an increase in defects quantity in the absorber. Optical losses

(Jsc) appear to be related to a loss of the interference fringes due

to the surface roughness increase. The aged contacts showed a

greater increase in the sheet resistance in the presence of pollut-

ants than without it, which explains the increase in the Rs.

This thorough comprehensive study of the opto-electrical degrada-

tion of CIGS solar cells under agricultural-type environmental condi-

tions opens questions on the chemical modifications, which could be

at the origin of the electrical losses. This is under current

investigation.

Finally, with the development of alternative PV usages (floating-

PV, PV plants in industry sites…), this novel methodology must be

applied to other environments (marine, industrial) by changing the

nature of the model pollutants and PV technologies.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

TABLE 3 Main CIGS cell degradation mechanisms validated by corroboration of correlative models and physical characterizations of cells and
representative layers.

Hypothesis Samples Sections

Impact on performance

“Blank” “(NH4)2SO4”

(NH4)2SO4 specifically impacts the performance Cells [3.1.1] & [4] η = �37% η = �58% after rinsing

# Jsc due to optical loss SLG/ZnO/AZO [3.2.1] ! Transmittance " roughness

SLG/Mo [3.2.2] # Reflectivity ## Reflectivity

" Rs due to contact corrosion SLG/ZnO/AZO [3.3.1] +20% Rsheet +50% Rsheet and heterogenous

SLG/ZnO/AZO/NiAlNi [3.3.3] ! Rsheet "" Rsheet

# Voc not due to SRH recombination Cells [3.1.3] ! PL intensity " PL intensity

(" roughness)
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