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SUMMARY

The recent developments in baselines for kesterite photovoltaic absorbers raise the need for an update of the 

models used to understand their current-voltage behavior. In particular, the large efforts devoted to miti

gating band tailing and control defect formation via molecular ink routes provide kesterite compounds 

with a more ideal optoelectronic landscape. This study demonstrates, via a robust analysis procedure of tem

perature- and light-intensity-dependent current-voltage measurements, that such material enhancements 

translate into a closer-to-ideal response of kesterite devices within the single diode formalism. Excellent 

model agreement is reached in the dark for a broad temperature range, allowing one to draw solid hypoth

eses about the main recombination channels. Remarkably, these observations can be reconciled with the 

sample response under light, implying strategies for future performance gains. Eventually, dark reverse cur

rents reveal that shunt leakages, especially critical for indoor applications, may actually originate in shallow 

defect states rather than classical ohmic conduction.

ACCESSIBLE OVERVIEW Kesterite thin-film solar cells recently regained interest from the scientific community 

due to performance breakthroughs allowed by fine regulation of both their composition and their electronic 

defect landscape, facilitated by a transition to molecular ink chemical processes. In order to update the current 

understanding of these devices, this work dives deep into their optoelectrical response. A comprehensive and 

robust analysis of temperature- and light-intensity-dependent current-voltage measurements is developed. 

The lower crystalline disorder and potential fluctuations in next-generation kesterite absorbers enable excellent 

agreement with the well-established single diode model in a broad temperature range, reconciling dark and light 

behaviors—an uncommon achievement in inorganic thin-film photovoltaics. Based on this theoretical frame

work in combination with simulations, this study establishes links between the device behavior and important 

material properties, as well as dominant recombination mechanisms, while also providing practical conditions 

for photovoltaic devices to be well behaved. This work advances the in-depth understanding of kesterite solar 

cell behavior in relevant conditions by hypothesizing the critical role of a defect-rich layer at the top absorber 

surface as the primary performance-limiting factor. Quantifying its impact on the open-circuit voltage deficit 

demonstrates its large dominance compared to other loss mechanisms, suggesting important guidelines for 

further efficiency enhancement. Reverse currents are also thoroughly inspected, allowing one to pinpoint 

shallow defect states as the potential origin of shunt currents in the studied device and possibly in other thin- 

film chalcogenide solar cells as well. The applicability of this analysis is demonstrated over various samples, 

strengthening the conclusions and calling for further extension to other device types. 
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INTRODUCTION

Kesterite-based solar cells have recently seen significant im

provements in their efficiency, up to 15%,1 and could potentially 

become an economically viable, non-toxic, and sustainable 

alternative to commercial thin-film photovoltaic (PV) devices 

relying on Cu(In,Ga)Se2 (CIGS) and CdTe. This was mostly 

achieved through defect regulation by cationic alloying2,3 and 

monitored growth environment4 and control of the phase forma

tion at both the precursor5 and the annealing6 levels, as well as 

improvements in the kesterite/CdS interface (IF) quality.7 All 

these strategies are targeting the main performance-limiting fac

tor in kesterites, i.e., their high open-circuit voltage (Voc) deficit.8

This metric is closely linked to non-radiative recombination, 

especially in highly defective compounds such as kesterites.9–11

To reach further efficiency enhancements, a deeper understand

ing of their optoelectrical behavior and the dominant recombina

tion path is required. The analysis of the current-voltage 

response of a solar cell within the single diode model formalism 

proves particularly useful in that regard, as it establishes a direct 

relationship between the Voc and the intrinsic electronic proper

ties of the pn diode. Therefore, understanding which underlying 

mechanisms are governing the model parameters is key to 

determine strategies for counteracting the Voc deficit.

The need for a refined device state-of-the-art modeling is even 

greater given the recent developments within the kesterite base

lines. On the one hand, large reductions in radiative Voc losses 

were obtained through mitigated band tailing and potential fluc

tuations,2–4,12,13 which were a main culprit of divergence with the 

standard single diode model in previous nanoparticle-based 

samples, as previously reported.14 On the other hand, most of 

the current best-performing devices are based on kesterite ab

sorbers deposited via molecular ink chemical routes,2,3,6 which, 

at the current laboratory-scale development, provide good con

trol and reproducibility.15 The kesterite solar cells resulting from 

such solution-based processes exhibit reduced shunt leakage, 

making them well suited to indoor-environment applications.16

This emphasizes the interest in investigating the underlying 

mechanisms by exploring the device response in the reverse 

bias regime.

To do so, this work proposes a unified and comprehensive anal

ysis of temperature-dependent current-voltage measurements 

realized in both dark and light and in both forward and reverse 

biases on high-quality solution-processed Ag-alloyed kesterite 

devices. The presented methodology leads to important conclu

sions about material quality, device behavior, and performance 

improvement pathways, based solely on the measurement of a 

single physical quantity, i.e., the current density (J), in the function 

of the voltage (V), temperature (T), and light intensity (I), denoted as 

JVTI in the following. The first part of this study concerns the anal

ysis of dark JVT experiments, highlighting the existence of a broad 

range of temperature, in which close agreement with the unaltered 

single diode model is reached. Based on this robust modeling, the 

two cases of bulk- and IF-limited recombination are discussed, 

relying on SCAPS-1D17 simulations to complement previously es

tablished theoretical models. This leads to the hypothesis of a thin 

defective kesterite layer close to the absorber/buffer IF domi

nating recombination in the studied devices at room temperature, 

while the importance of determining the buffer carrier concentra

tion is stressed. At lower temperatures, the enhancement of 

recombination by tunneling enables one to explain the divergence 

from the single diode model. The second part focuses on JVTI 

measurements and demonstrates a remarkably weak dark-light 

discrepancy in the sample response, indicating not only a 

closer-to-ideal optoelectrical behavior but also a common domi

nant recombination channel in either dark or light conditions. 

This allows one to quantify the potential Voc gains and confirm 

the pivotal role of the ideality factor n and saturation current pre

factor J00 regarding non-radiative losses in kesterite solar cells. 

Finally, the last part describes a preliminary exploration of the 

dark JVT data in reverse bias, shedding light on carrier trapping- 

detrapping via shallow defects as a potential physical origin of 

shunt currents.

RESULTS

The goal of this study is to gauge if the single diode model can 

predict the behavior of new-generation thin-film solar cells with 

(Ag,Cu)2ZnSn(S,Se)4 (ACZTSSe) kesterite absorbers, despite 

the usual non-ideal character of such devices. To achieve this, 

an analysis methodology is herein built based on one central 

sample called A1, while its validity for other samples, A2, A3, 

and B, is demonstrated in the supplemental information, with 

the details about all samples provided in the methods. The cen

tral mathematical expression for the single diode model used in 

this work is

J(V ;T) = Jph(V ;T) − J0(T)

[

exp

[
q(V+Rs(T)J)

n(T)kBT

]

− 1

]

−
V+Rs(T)J

Rsh(T)
;

(Equation 1) 

with q being the elementary charge (in C) and kBT the thermal en

ergy (in eV). The saturation current density J0 (in A=cm2) and the 

unitless ideality factor n are the two diode parameters character

izing the ACZTSSe/CdS pn diode heterojunction (HJ). The series 

resistance Rs and shunt resistance Rsh (in Ω:cm2) are parasitic el

ements. The second key equation in this study provides the tem

perature dependence of J0 as thermally activated with a diode 

activation energy Ea and exponential prefactor J00, following

J0(T) = J00 exp

(
− Ea

n(T)kBT

)

: (Equation 2) 

As detailed in the following, Ea and J00 constitute important in

dicators of the device behavior and limitations; hence, their 

extraction via Arrhenius plots representing Equation 2 is essen

tial. Note S1 and Figure S1 provide further details in that regard 

along with the theory related to Equation 1 and the extraction 

procedure for the different parameters, as well as a discussion 

regarding the negligible impact of Rs and Rsh. The following sec

tion treats the temperature evolution of the diode parameters 

and the implications regarding material properties and dominant 

recombination paths.
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Dark JVT in forward bias to study recombination 

mechanisms

The dark JVT curves are shown in Figure 1, corresponding to 

Jph(V ;T) = 0 in Equation 1, in which all parameters are extracted 

following the procedure detailed in Note S1 and Figure S1. At 

300 K, J0 = 6:66 ∗ 10− 8A=cm2, n = 1:56, Rs = 0:89 Ω:cm2, 

and Rsh = 3;340 Ω:cm2, as reported previously for an equivalent 

baseline with excellent performance.2

Applicability of the single diode model

Equation 2 provides that the single diode model applies if an Ar

rhenius plot of ln(J0) vs. 1=kBT is linear on a temperature range in 

which n(T) is constant (Figures 2A and 2B), meaning that Ea can 

be extracted as the linear slope for an arbitrary J00. However, in 

real devices, the condition for n to be unchanged with tempera

ture is rarely met,14,18–21 as shown in Figure 2B for the sample 

studied here. To overcome this issue, a modified Arrhenius plot 

of n(T) ∗ ln(J0) vs. 1=kBT is drawn in Figure 2C to account for 

the variations of n with temperature when extracting Ea and J00 

as in the following:

n(T) ∗ ln(J0(T)) = n(T) ∗ ln(J00)+
− Ea

kBT
; (Equation 3) 

which is equivalent to Equation 2. From this representation, es

timates of Ea = 1:15 eV and J00 = 1:85 ∗ 105A=cm2 are obtained 

by linear regression. In this work, the temperature-dependent 

ideality factor, noted as either n or n(T) and shown in 

Figure 2B, is distinguished from the true ideality factor n′,22

defined as the average of n above 223.15 K, where it is constant. 

In the present case, n′ = 1:56, which allows one to compute J0 

predictions: J0;pred = J00 ∗ exp
(

− Ea

n′kBT

)
. As shown in Figure S2, 

those predictions have a relative error below 1% in the whole 

temperature range from 368.15 K down to 223.15 K, hence 

called the model applicability (MA) region and represented as 

red symbols or lines in all relevant figures. This temperature 

range encompasses room temperature, so that the model out

comes concern the behavior of the studied sample in real oper

ation conditions, i.e., at 300 K. The temperature independence 

of Ea due to the benign character of band gap and potential fluc

tuations for the devices under study is demonstrated in Note S2, 

which has two implications. First, all temperature variations 

in Equation 3 are accounted for by the modified Arrhenius 

plot in Figure 2C, which is therefore sufficient to estimate 

Ea = 1:15 eV and J00 = 1:85 ∗ 105A=cm2 accurately in the MA 

region. Second, compared to previous findings,14 the studied 

kesterite absorbers are likely to possess more homogeneous 

composition, phase, lattice strain, and/or donor/acceptor 

compensation degree across their surface but also narrower 

band tails and lower-density point defects,14,23,24 all considered 

favorable regarding device performance.

The dark JVT response of sample A1 in Figure 2 is also 

observed in additional samples A2, A3, and B, with similar model 

agreement, as shown in Figures S3 and S4, which extends the 

validity of the methodology developed herein. The resulting esti

mates of n′, J0 at 300 K, Ea, and J00 for A2, A3, and B are com

parable to those obtained for A1, as summarized in Table S1. 

This hints at a common behavior of kesterite solar cells pro

cessed with that baseline (samples A1, A2, and A3) and its vari

ations (sample B). The analysis is pursued below for the specific 

case of sample A1.

Below 233.15 K, ln(J0) is no longer linear with 1=kBT, while 

n(T) increases significantly (Figures 2A and 2B), meaning that 

the single diode model, even using the modified Arrhenius plot, 

is no longer applicable. This is obvious from the divergence of 

the J0 predictions in that temperature range in Figure S2. For 

this reason, it is denoted herein as an out-of-model (OoM) region, 

represented as blue symbols or lines in all relevant figures. The 

divergence with the single diode model in the OoM region means 

other mechanisms come into play and additions should be made 

to take them into account. This is discussed at the end of this 

section, after the thorough analysis of the MA range to unveil 

the implications of Ea, n(T), and J00 regarding material properties 

and device limitations.

A B

Figure 1. Dark temperature-dependent current-voltage (JVT) dataset 

Dark current-voltage curves of the A1 sample at different temperatures in either (A) linear scale or (B) logarithmic scale in absolute value for the current. The color 

gradient ranges from blue at the lowest temperature of 133.15 K to red at the highest temperature of 368.15 K, as emphasized by the black arrow, with 10 K steps 

from 133.15 to 233.15 K and 5 K steps from 233.15 to 368.15 K.
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Activation energy Ea

First, the value of Ea is essential as it theoretically encloses infor

mation about the main Voc-limiting factor, which is key to 

enhance performance, especially in the case of kesterites. The 

typical analysis consists in comparing the value of Ea to the 

absorber band gap Eg, and the usual conclusion if Ea < Eg is 

observed is that IF recombination is dominating the diode 

response. In practice, grain boundary recombination or a cliff- 

like HJ band alignment can also lead to Ea < Eg.14,22 In this 

case, Ea ≃ Eg = 1:15 eV, which relates to a positive conduction 

band offset at the HJ22 or the so-called spike-like band 

alignment, usually considered a condition for efficient chalco

genide/CdS solar cells. Another consequence is that the 

presence of Fermi level pinning can be ruled out, since Ea 

is much greater than the HJ hole barrier at 0 V ϕp;0

b . Indeed, 

Ea = 1:15 eV ≫ ϕp;0
b = qVbi(1 − θ)+ (EF − EV) ≃ qVbi +

Eg

2
−

kBTln
(

NA

ni

)
= 0:6 eV, in which the HJ built-in voltage 

Vbi = 0:4 V and the absorber carrier concentration 

NA = 1015cm− 3 are estimated from capacitance-voltage (CV) 

measurements,2 in agreement with the theoretical value of 

(EF − EV ) = 0:2 eV from another study.10 The theta parameter 

θ = ϵabsNA

ϵabsNA+ϵbuff ND 
quantifies the asymmetric/abrupt character of 

the HJ, with the dielectric permittivity of the absorber 

ϵabs = 9ϵ0
10 (resp. the buffer ϵbuff = 10ϵ0

25) and doping density 

ND of the buffer. Even in the extreme case θ = 0 leading to the 

highest possible value for ϕp;0

b and meaning ND ≫ NA, ϕp;0

b re

mains largely smaller than Ea. This confirms the absence of Fermi 

level pinning for the studied device and suggests another culprit 

for its improvable Voc of 497 mV in Table S3, as discussed in the 

following. However, since the carrier concentration of CdS layers 

grown on kesterite layers is difficult to accurately determine and 

not reported in the literature, the quantity ND is left as undeter

mined at this point and θ is considered as a parameter.

Ideality factor n

Observing n(T) = n′ = 1:56 > 1 in MA provides another insight 

into the dominant recombination type as well as certain material 

properties. Indeed, theory provides that n > 1 could be caused 

either by tail-like energy-distributed defects in the bulk of the 

absorber20,21 or by IF-limited recombination.22 In the former 

case, the model states that n should depend on temperature, 

which is not observed herein, and does not cover the possibility 

of Gaussian-distributed defects usually probed by admittance 

spectroscopy.26,27 In the latter case, n is correctly predicted 

as temperature invariant, but its constant value in MA is such 

that n′ = 1
1 − θ = 1:56, leading to θ = 0:36 and ND;th = 

1:6 ∗ 1015cm− 3, which appears relatively lower than usual ex

pectations in the case of a CdS buffer, hinting that a more real

istic model might be required. To cope with the limitations of 

both theoretical models and provide a more refined prediction 

of the ideality factor value in the function of defect properties 

and buffer doping, SCAPS-1D17 simulations are performed. 

A

B

C

Figure 2. Temperature dependence of dark diode parameters 

Evolution of (A) the saturation current density J0, (B) the ideality factor n, and 

(C) their product n ∗ ln(J0) in the function of the inverse thermal energy 1= kBT 

for the A1 sample. Data points are shown as red and blue squares for 

respectively the model applicability (MA) and out-of-model (OoM) ranges 

described in the text. The temperature of 223.15 K delimiting these ranges is 

represented by a solid black vertical line. The value of the true ideality factor 

n′ = 1:56 and the linear fit to n ∗ ln(J0) leading to Ea = 1:15 eV and 

J00 = 1:85 ∗ 105A=cm2 are shown as cyan dashed lines.

4 Newton 1, 100198, October 6, 2025 

Article
ll

OPEN ACCESS



The main objective is to determine whether a qualitative, or at 

best semi-quantitative, agreement can be reached in two 

different defect configurations used throughout this section, 

either a Gaussian bulk defect with energy distribution width 

Echar , volume defect density Nt, and energy level Et in the kester

ite absorber (case 1) or a single IF defect with surface defect den

sity Nts and energy level Ets at the kesterite/CdS HJ (case 2). In 

the latter configuration, the buffer doping ND is also an important 

parameter. The model parameters for the SCAPS-1D simula

tions are provided in Table S2, as inspired by a previous study,28

while further details and results are given in Note S3 and 

Figure S5.

In case 1, i.e., when recombination is taking place via bulk 

defects, the most important parameters are Nt and Et, with 

their impact on n illustrated in Figure 3A, while Echar and ND 

exhibit negligible influence as mentioned in Note S3 and illus

trated in Figures S5A and S5B. One can observe that n is logi

cally closer to 1 as the defect is shallower and hence less 

active with regard to recombination, while it is maximum for 

Et close to the midgap. Moreover, the Et − n curves are 

scaled up as Nt progressively approaches NA. At this point, 

the simulations thus provide qualitative information about 

the properties of a defect that would explain n′ close to 1.5. 

Indeed, Figure 3A demonstrates that such a true ideality factor 

value could be explained by a Gaussian defect in the bulk of 

the absorber with a density comparable to the absorber 

doping, an energy level close to the midgap and σn = 

10− 13cm2. Such characteristics are precisely close to those 

of the SnZn antisite donor defect identified to be highly detri

mental to performance from density functional theory (DFT) 

calculations,10 with its (2+/+) state located at Et = 480 meV 

above the valence band edge (shown in Figure 3A) and an 

electron capture cross section close to the one used here. 

SnZn could thus be a relevant candidate as a dominant recom

bination center inducing n′ = 1:56, further supported by its 

critical role in kesterite devices similar to the studied sample3

and the reports of equivalent defect depths around 500 meV 

from deep-level transient spectroscopy.26,27

In case 2, i.e., when recombination is taking place via IF defects, 

the ratio between the doping on the p side NA and the n side ND is 

important since both layers can now exchange carriers. In other 

terms, ND=NA∝1 − θ
θ determines the inversion strength at the HJ sur

face. Considering NA = 1015cm− 3, the evolution of n in the func

tion of ND=NA in Figure 3B is obtained for various combinations of 

Nts and Ets. Further details about the parameter configurations not 

matching n′ (cyan, gray, and pink lines in Figures 3B and S5C) 

are provided in Note S3. In contrast, the intermediate density 

Nts = 4 ∗ 1011cm− 2 configurations provide closer agreement 

with n′, especially for deep levels between 400 and 500 meV 

(black lines in Figure 3B), thereby defining a range ND;sim = 

[47; 66]NA = [4:7 ∗ 1016; 6:6 ∗ 1016] cm− 3 of corresponding ND 

values. In these curves, the strengthening of the n-type inversion 

at the HJ surface for higher buffer carrier concentration explains 

their characteristic transition from a higher n value, scaling down 

with the defect depth, for ND ≪ 1017cm− 3 to a constant plateau 

with n ≃ 1 for ND ≫ 1017cm− 3. Thus, according to simulations, 

relatively deep traps at the HJ IF may be responsible for n′ = 

1:56, provided that the CdS doping is higher than the theoretically 

predicted ND;th = 1:6 ∗ 1015cm− 3 from n = 1
1 − θ

22 as shown in 

A B

Figure 3. SCAPS-1D modeling of the ideality factor n 

(A) Results of the SCAPS-1D simulations for a bulk defect in the absorber with Gaussian energy distribution width of 100 meV and for varying central energy level 

Et and density Nt (case 1 in the text). The six different curves correspond to Nt values progressively ranging from 1 ∗ 1014cm− 3 (pink solid line) to 8 ∗ 1014cm− 3 

(cyan solid line) with intermediate values of 1.7, 2.8, 4.6, and 6 in units of 1014cm− 3. The vertical dashed line represents the calculated energy level of the SnZn 

antisite defect.10 The horizontal dashed line represents n′ = 1:56. 

(B) Results of the SCAPS-1D simulations for a single defect at the heterojunction interface for varying depth Ets and density Nts (case 2 in the text). The black 

solid lines illustrate deep defects at a fixed median density of Nts = 4 ∗ 1011cm− 2, the gray solid lines represent shallow defects at a fixed median density of 

Nts = 4 ∗ 1011cm− 2, while the cyan and pink solid lines respectively depict higher and lower Nts. The filled black ellipse highlights the range ND;sim = 4:7 −

6:6 ∗ 1016cm− 3 of ND values predicted by SCAPS-1D simulations to match n′ = 1:56. The black dashed curve depicts the theoretical interface model n = 1
1 − θ 

detailed in the text, which intercepts the experimental n value at a buffer doping of ND;th = 1:6 ∗ 1015cm− 3 as shown by the hollow black circle. The horizontal 

dashed line represents n′ = 1:56.
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Figure 3B. Experimentally determining the energy depth and den

sity of defects located at the HJ IF is tedious; hence, the values pre

dicted by simulations herein cannot be directly compared to liter

ature reports.

To cope with this issue, a third simulation structure is developed 

to simulate the impact of a defect located close to the HJ surface, 

thus depending on the n-type inversion while having the properties 

of a bulk defect in the kesterite absorber that can be compared to 

either experimental or computational results. To do so, a thin 

defective layer (DL) is added at the ACZTSSe/CdS IF, constituting 

a hybrid situation between case 1 and case 2. The volume 

defect density in the DL is obtained by dividing the initial IF defect 

density of Nts = 4 ∗ 1011cm− 2 by the DL thickness tDL, leading to 

NDL = Nts=tDL. The defect depth is Ets = 500 meV so that it 

is close to the SnZn antisite level,10 while the DL thickness is 

tDL = 10 nm, providing NDL = 4 ∗ 1017cm− 3. Even though NDL 

is higher than the absorber doping, its concentration along a 

much thinner layer does not impede proper functioning of the 

simulation model as in the bulk situation (case 1). From the com

parison shown in Figure S5D, it appears that n behaves similarly 

in the function of the HJ doping ratio in both cases, with the only 

difference being that the CdS doping required to transition from 

the high-n high-recombination case to the low-n low-recombina

tion case is roughly four times higher for the DL. For the present 

case, this demonstrates that, if there exists a thin layer in the kes

terite absorber close to the HJ surface with high defect densities, n 

may be greater than 1 even at very high CdS doping above 

1017cm− 3. Since it is not possible with the sole analysis of Ea 

and n′ to determine if the dominant recombination path is bulk, 

IF, or DL related, the dark analysis is pursued with the study of 

J00 in MA.

Saturation current exponential prefactor J00

Indeed, J00 can be studied independently of n and Ea to 

possibly confirm the hypotheses drawn herein. In general, J00 

depends on the localization of the dominant recombination 

path along the absorber thickness: quasi-neutral zone, space- 

charge region (SCR), or HJ IF. The first and second both 

happen in the absorber bulk. Still, it is well established that 

the maximum recombination point in thin-film devices is 

located in the SCR, where the electron and hole densities are 

equal; hence, it contributes much more to the whole recombi

nation than carriers diffusing through the quasi-neutral zone, 

especially within low-mobility low-lifetime materials such as 

kesterites.29,30

Therefore, in the bulk (case 1), only SCR recombination is 

considered in this work, for which J00 at 300 K can be expressed 

as the following14,18:

J00;SCR(300K) = πkB300

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵabsNC;absNV ;abs

2qVbiNA

√

1

τn

: (Equation 4) 

Following the numerical development in Note S4, J00 = 

1:85 ∗ 105A=cm2 provides τn = 0:12 ns. Even though standard 

time-resolved photoluminescence (TRPL) decays in kesterites 

are rather of the order of 1–10 ns,2,30,31 careful analysis of such 

experiments reveals that such a sub-nanosecond estimate 

may better correspond to the actual minority lifetime in the 

ACZTSSe absorber.29 In the aforementioned case of SnZn with 

σn = 9:3 ∗ 10− 14cm2,10 τn = 0:12 ns would require a bulk defect 

density of 9 ∗ 1015cm− 3. From the SCAPS-1D simulations, a 

purely bulk defect extending across the whole absorber thick

ness with Nt = 9 ∗ 1015cm− 3 > NA would not be compatible 

with decent efficiency or n′ = 1:56, while surpassing the exper

imentally estimated densities from defect spectroscopy tech

niques.26 Still, such Nt values could be reconciled with the 

observed ideality factor if the corresponding defects rather 

extend along a thin DL close to the HJ, according to the devel

oped SCAPS-1D model. To verify this assumption, the theoret

ical model for IF-limited J00 can be used to check for consis

tency, since the SCAPS-1D structures for defects either in a 

DL or at the HJ IF prove to behave similarly.

For IF recombination (case 2) at the HJ with spike-like align

ment and no Fermi level pinning, J00 is theoretically predicted in

dependent of temperature and determined by the hole surface 

recombination velocity Sp in cm=s at that surface22:

J00;IF = qSpNA

(
NC;buffNV;abs

NDNA

)1 − θ

: (Equation 5) 

The quantitative matching between Equation 5 and 

J00 = 1:85 ∗ 105A=cm2 provides two Sp values, i.e., 

Sp;sim = 5:0 − 6:4 ∗ 102cm=s and Sp;th = 9 ∗ 103cm=s, respec

tively for the two estimations ND;sim = 4:7 − 6:6 ∗ 1016 and 

ND;th = 1:6 ∗ 1015cm− 3 obtained in the previous section, as 

detailed in Note S4 and Figure S6. Their difference by one order 

of magnitude emphasizes the importance of determining the 

doping of the CdS buffer grown on kesterite absorbers for further 

studies. Assuming σp = 10− 15cm2,11 the estimated Sp;sim values 

correspond to Nts on the order of 1011cm− 2. This aligns rather 

well with the defect density ranges used in the SCAPS-1D anal

ysis of n above in either the IF or the DL case, thus supporting 

their possible role as the dominant recombination channel in 

the studied device. As a final step of this dark JVT analysis, the 

OoM range is investigated to possibly unveil further insight into 

the device behavior.

Tunneling-enhanced recombination at low temperature

As mentioned above, for temperatures below 223.15 K, the sin

gle diode model is no longer applicable as such. This is attested 

by the non-linearity of ln(J0) in the Arrhenius plot as well as the 

increase of n in the OoM region in Figures 2A and 2B. In that tem

perature range, the parameters Ea and J0 extracted from the MA 

can no longer predict the evolution of J0 with 1=kBT, as observed 

in Figure S2. Still, some preliminary conclusions of the MA range 

analysis can help to build an analysis framework for the OoM re

gion. Indeed, it is demonstrated above that high-density defects 

located at the HJ IF and possibly extended as a thin DL could 

explain the Ea, n, and J00 values in MA and hence that the IF- 

limited recombination formalism should be applied to under

stand the device under study. Considering this, a unified model 

for the bulk tunneling-enhanced recombination (bulk-TER) and 

IF-tail mechanisms allows one to explain the increase of n at 

lower temperatures and the divergence from the model, as 

detailed in Note S5 and illustrated in Figures S7 and S8. The pri

mary contribution to n(T) in the OoM range resides in bulk-TER, 

for which high defect densities on the order of 1018cm− 3 must be 

considered to fit the experimental data. This is well aligned with 
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the DL defect concentration level extrapolated from the SCAPS- 

1D IF model. One necessary condition for the TER mechanism to 

dominate is the presence of a strong electric field, which is pre

cisely the case in the SCR close to the HJ, further confirming the 

key role of this region with regard to recombination mechanisms 

for the studied sample.

DL as the best working hypothesis

The close agreement of the measured device behavior with 

the single diode model is demonstrated in a broad tempera

ture range including 300 K, at which J0 = 6:66 ∗ 10− 8A=cm2 

and n′ = 1:56. The extracted diode temperature dependency 

parameters Ea = 1:15 eV and J00 = 1:85 ∗ 105A=cm2 com

bined with the true ideality factor n′ = 1:56 lead to highly accu

rate predictions of J0(T) with relative error below 1%, indi

cating that their analysis should allow one to draw 

meaningful hypotheses about the dominant recombination 

channel in the device under study. Observing Ea = Eg con

firms the desired spike-like conduction band alignment at 

the HJ while ruling out the possibility of Fermi-level pinning, 

but does not allow one to discriminate between bulk- and 

IF-limited recombination. Still, based on the combined anal

ysis of n and J00, this study proposes a hybrid model in which 

a thin defect-rich kesterite layer at the IF with the CdS buffer is 

the main recombination path. This hypothesis allows one to 

reconcile (1) the high bulk defect densities on the order of 

1017 − 1018cm− 3 implied by both the J00;SCR model and the 

predicted increase of n at low temperatures under the bulk- 

TER formalism, (2) the IF-related behavior highlighted by 

both the SCAPS-1D-driven qualitative analysis justifying 

n > 1 even at high CdS doping and the quantitative matching 

with J00;IF , and (3) the semi-quantitative agreement with the 

SnZn defect, as described from first-principle simulations,10

which is experimentally designated as most detrimental in 

state-of-the-art kesterite devices.3 These observations and 

hypotheses arguably also apply to comparative samples A2, 

A3, and B, since their dark JVT response is highly similar to 

that of the A1 device on which the above development is built. 

The corresponding reasoning as well as the underlying models 

are summarized in Figure 4. The location of this DL very close 

to the HJ IF stresses the importance of the buffer carrier con

centration in determining the diode quality and aligns with the 

ideality factor improvement under illumination discussed in 

the next section. This kesterite layer concentrating high defect 

densities arguably dominates non-radiative recombination in 

the studied samples, but its chemical origin is still unresolved 

at this point. Previous studies have suggested the existence in 

CIGS absorbers of a superficial layer rich in Cu vacancies 

(VCu), called an ordered vacancy compound (OVC), typically 

Figure 4. Summary of the dark JVT analysis 

Schematic overview of the main models used in the reasoning to develop the dark JVT analysis and the most important resulting conclusions. Reference numbers 

provided in superscript are referring to the main text reference list.
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a few tens of nanometers thick and playing an important role 

regarding the device functioning.32,33 The same hypothesis 

could potentially apply to kesterite materials, historically 

inspired by CIGS and also including VCu defects potentially 

clustered with SnZn, among others.10,11

Light-intensity-dependent JVT to gauge performance 

limitations

With the dark analysis completed and a hypothesis drawn about 

the main recombination path, it is interesting to verify if the A1 

device behavior under light can similarly be predicted to assess 

the relationship with performance limitations. To do so, the JVTI 

dataset obtained under various light intensities and the corre

sponding Voc and short-circuit current density (Jsc) values are 

used (Figure 5A). The corresponding measurement procedure 

is detailed in the methods.

Jsc-Voc methodology

In this section, the Jsc-Voc methodology34 is applied to the JVTI 

measurements in order to extract the same parameters as for 

the dark JVT analysis. In particular, at each temperature, a 

ln(Jsc) − Voc characteristic is obtained by varying the illumina

tion intensity from 129 (0.13 sun) to 950 W=m2 (0.95 sun), the 

linear fitting of which provides J0L and nL as respectively the 

intercept and the inverse slope (Figure 5B). The ‘‘L’’ subscript 

is used to distinguish the JVTI estimates from the dark JVT es

timates. At 300 K, J0L = 6:15 ∗ 10− 9A=cm2 and nL = 1:2, 

which are both lower than in the dark, attesting an improve

ment of the diode optoelectronic quality under illumination. 

Then, the temperature dependence of both of them is analyzed 

to estimate the parameters EaL and J00L. The impact of Rs on 

Voc is null, since there is no voltage drop across it for zero cur

rent at open circuit, while Rsh does not modify the value of Jsc 

for zero voltage at short circuit. Both would respectively influ

ence Jsc and Voc only for extreme values, which is ruled out 

in the previous section.

Diode parameters under light

Similar to the dark JVT experiments, there is a temperature range 

above 263.15 K in which ln(J0L) vs. 1=kBT is linear and 

nL = n′
L = 1:20 is constant, as shown in Figures 6A and 6B. In 

this range, also called MA, the J0L predictions have a relative error 

below 1% as illustrated in Figures S9A and S9B, indicating an as- 

good agreement with the single diode model as in the dark. Diver

gence with the single diode model is also observed under light at 

low temperature, i.e., in the OoM range below 263.15 K, in a way 

that is not predicted by the models used herein. This is out of the 

scope of this section, which aims at evaluating the performance 

impairments in MA and shall thus require further investigations. 

The modified Arrhenius plot is herein used again (Figure 6C) to 

extract EaL = 1:17 eV and J00L = 7:77 ∗ 107A=cm2. Observing 

EaL = 1:17 eV ≃ Ea = 1:15 eV = Eg confirms the weak dark-light 

discrepancy and suggests that the illuminated HJ diode has the 

same characteristics as in the dark, i.e., a spike-like conduction 

band alignment without Fermi level pinning. As also similarly 

concluded in the dark JVT analysis, Figure S9C demonstrates 

that all temperature variations are accounted for by nL(T) so 

that αL is nearly equal to 0 and EaL and J00L can be considered 

mostly temperature independent. The similarity in the device 

behavior in MA in both dark and light conditions is further empha

sized when directly comparing the evolution of the respective 

diode parameters in Figure 6. This feature is usually not observed 

among inorganic thin-film solar cells still in development, such as 

kesterites.14,35 This very point attests the closer-to-ideal behavior 

of the device under study as well as the more mature state of 

recent molecular ink kesterite baselines.12 Still, n′
L < n′ is observed 

in Figure 6, suggesting changes in the junction properties upon 

illumination. A possible culprit is the CdS buffer doping ND, 

which has been reported to change under light in chalcogenide 

devices under the ‘‘CdS photodoping effect.’’36–43 In the IF or 

DL formalism developed above using both theoretical and 

SCAPS-1D models, an increase in the carrier concentration of 

A B

Figure 5. Temperature- and light-intensity-dependent current-voltage dataset 

(A) Current-voltage curves in linear scale from 129 to 950 W=m2 illumination intensity (black arrow) for the A1 sample at three example temperatures (363.15 K in 

red, 263.15 K in purple, and 173.15 K in blue), with Jsc and Voc values indicated by circles along the axes. 

(B) ln(Jsc) − Voc characteristics at all measurement temperatures for the A1 sample depicted as circles in a color gradient from blue at the lowest temperature of 

173.15 K to red at the highest temperature of 363.15 K, with their respective linear fitting shown as a dashed line of the same color. The temperature step between 

lines is 10 K.
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the buffer layer would indeed provide a decrease in the true ideal

ity factor n′
L. This is illustrated in Figure S10 for either the theoret

ical IF model22 or the IF and DL SCAPS-1D models implemented 

in this work, all predicting that even minute ND changes may be 

responsible for large n improvements. In other terms, the DL hy

pothesis drawn from the dark analysis would also justify the 

reduction of n under light through the photodoping-induced in

crease in the CdS carrier concentration.

After developing the hypothesis of the thin defect-rich kester

ite layer at the HJ surface, it is important to gauge its impact on 

the device performance in real operation conditions, i.e., at room 

temperature and close to 1 sun irradiance. The main indicator of 

the significance of such a non-radiative recombination-related 

feature is logically Voc, widely recognized as the primary culprit 

of the kesterite solar cells’ limited efficiency. The linear extrapo

lation of Voc at all light intensities in MA until 0 K provides activa

tion energies qVoc;0K contained between 1.14 and 1.16 eV in 

Figure 7A, thus corresponding very well to the absorber band 

gap Eg. The observed qVoc;0K ≃ Eg and weak Voc rollover are 

important updates of the recent kesterite solar cells’ behavior2,13

in comparison with previous studies.14,34,44 The nearly perfect 

match between qVoc;0K , EaL, and Ea as well as the rollover start

ing at the temperature of 263.15 K delimiting the MA and OoM 

ranges implies that Voc is governed by the same mechanism as 

the light diode parameters, proposed to be a DL in this work. 

Thus, in order to estimate the corresponding losses in Voc and 

the respective contributions of each parameter, Voc is expressed 

in the function of temperature and at a given light intensity as

Voc;pred(T) = EaL −
n′

LkBT

q
ln

(
J00L

ηC(Voc; T)Jsc(T)

)

:

(Equation 6) 

This expression originates in imposing open-circuit conditions 

and neglecting parasitic resistances in Equation 1, implying zero 

total current at a voltage equal to Voc, while developing J0L 

through Equation 2 using the diode parameters extracted under 

light. It also considers a voltage-dependent collection efficiency 

Jph(Voc; T) = ηC(Voc; T)Jsc(T).
14,35 As thoroughly detailed 

in Note S6 and depicted in Figure S11, using the extracted 

parameters at 300 K (EaL = 1:17 eV, n′
L = 1:2, J00L = 

7:77 ∗ 107A=cm2, and ηC(Voc) = 46%), the Voc predictions in 

Equation 6 are obtained with high qualitative and quantitative 

agreement as compared to the experimental data. This allows 

high-confidence estimation of the individual contributions to 

the Voc deficit through a comparison with an ideal case in which 

EaL = Eg, n′
L = 1, J00L = J00;ideal, and ηC(Voc) = 100%. The 

corresponding Voc-deficit individual contributions are repre

sented in Figure 7B in comparison with the corresponding Voc 

value at 0.95 sun and associated Shockley-Queisser (SQ) limit 

and further discussed in Note S6. A major gain of 363 mV in 

Voc resides in the diode parameters n′
L and J00L related to 

A

B

C

Figure 6. Temperature dependence of light diode parameters 

Evolution of (A) the saturation current density J0L, (B) the ideality factor nL, and 

(C) their product nL ∗ ln(J0L) in the function of the inverse thermal energy 1=

kBT for the A1 sample, all obtained via the Jsc-Voc methodology. Data points 

are shown as red and blue circles for respectively the model applicability (MA) 

and the out-of-model (OoM) ranges described in the text. The temperature of 

263.15 K delimiting these ranges is represented by a solid black vertical line. 

The value of the true ideality factor n′
L = 1:2 and the linear fit to nL ∗ ln(J0L)

leading to EaL = 1:17 eV and J00L = 7:77 ∗ 107A=cm2 are shown as cyan 

dashed lines. The dark results already shown in Figure 2 are shown again as 

black squares and black dashed lines to facilitate comparison.
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defect-assisted recombination, while ηC(Voc), usually associ

ated with series resistance and low mobility-lifetime prod

uct,14,35 entails only a secondary contribution of 24 mV . The 

analysis conducted herein further highlights J0 as the main 

culprit for the significant Voc deficit in recent kesterite baselines 

for which radiative losses have been largely mitigated.12 Similar 

to the dark JVT analysis, the JVTI formalism developed herein 

also applies to sample A2 and leads to highly similar parameter 

estimates, as shown in Figure S12 and Table S1. Therefore, in 

the studied devices, Voc losses are largely dominated by non- 

radiative recombination, hypothesized to mainly take place in a 

thin DL at the HJ IF and quantified by the ideality factor n and 

saturation current density prefactor J00, while the imperfect 

collection efficiency plays only a secondary role. Given the appli

cability of the presented analysis in both dark and light across 

multiple devices with different absorbers, the resulting conclu

sions may potentially affect a broad range of kesterite devices. 

The adoption of specific defect passivation strategies in the 

ACZTSSe/CdS HJ vicinity should thus be investigated in the 

future so as to mitigate the associated Voc deficit.

Dark JVT in reverse bias to explore origin of shunt

Besides the Voc losses, the fill factor (FF) deficit of kesterite solar 

cells is the second most important performance limitation. It is 

impacted not only by the diode parameters studied above but 

also by the device JV response in low forward and reverse 

bias, where currents happen to be linearly dependent on voltage 

yet exponentially dependent on temperature, as illustrated by 

the temperature evolution of Rsh in Figure 8A. Such a log-linear 

dependence of Rsh with temperature cannot be solely explained 

through ohmic conduction or other common transport mecha

nisms, as discussed in Note S7. Instead, trapping-detrapping 

(TD) appears as a more likely candidate, resolving both voltage 

and temperature dependencies while being already reported 

for kesterite materials.29 It consists in a thermally activated vari

ation of the material conductivity related to trapping of free car

riers within shallow band-gap states. In the case of kesterite so

lar cells, it is reported to happen via shallow traps close to the 

conduction band and may be one of the keys to reconcile the 

widely observed discrepancy between measured TRPL decay 

and actual minority carrier lifetime.29 For these reasons, Rsh is 

herein considered as governed by TD in the dark. Following 

the mathematical development in Note S7, an Arrhenius plot of 

ln(RshT2) vs. 1=kBT should yield the energy level ETD of the 

defect through which TD is occurring as its linear slope. This is 

illustrated in Figure 8B. As illustrated in Figure 8B, the existence 

of three distinct slopes at high, medium, and low temperatures 

is observed, with corresponding ETD values of respectively 

EaTD1 = 130 meV , EaTD2 = 103 meV and EaTD3 = 60 meV , the 

latter in agreement with previously reported estimates.29 The 

transition between the different activation energies as tempera

ture varies indicates a change in the defect through which TD is 

taking place. In particular, the fact that ETD successively de

creases with temperature could relate to the simultaneous 

downward movement of the Fermi level as well as the decrease 

in the thermal energy kBT required by electrons in the conduction 

band to be captured and emitted by the shallow neighboring 

states. Under the current formalism, the shallow trap seemingly 

dominating dark shunt currents via TD at room temperature is 

103 meV away from the conduction band. Such a close-to- 

band edge trap depth could correspond to DFT-computed 

ZnCu donors with low formation energy,11 the shallower (+/0) 

state of SnZn;
10 band tailing-related SnZn + 2CuZn complexes 

and out-of-plane (CuZn+ZnCu)⊥ clusters,9 or experimentally 

A B

Figure 7. Temperature evolution and potential gains in Voc 

(A) Evolution of Voc in the function of the temperature T for sample A1 at different light intensities indicated by the black arrow, with data shown as red and blue 

circles for respectively the model applicability (MA) and out-of-model (OoM) ranges as described in the text. The horizontal solid cyan (resp. dashed black) line 

represents the light diode activation energy EaL = 1:17 eV (resp. dark diode activation energy equal to the absorber band gap Ea = Eg = 1:15 eV ) at 300 K. The 

dashed yellow lines depict the linear fits to the Voc data in MA, leading to an extrapolated value at 0 K qVoc;0K between 1.14 and 1.16 eV. The temperature of 263.15 

K delimiting the MA and OoM ranges is represented by a solid black vertical line. 

(B) Graphical representation of the experimental Voc at 0.95 sun (orange bar) compared to the potential gains due to voltage-dependent collection efficiency 

ΔVoc − ηC(Voc) (purple bar) and improvement of the light ideality factor and saturation current density prefactor ΔVoc − n′
L
;J00L 

(blue bar), for the A1 sample. The black 

dashed and solid lines respectively represent the SQ limit Voc;SQ and the corresponding band gap Eg=q. The black arrow highlights the Voc deficit according to the 

SQ limit Voc;defSQ.
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characterized shallow defect levels.45–47 The TD process ap

pears responsible for the exponential temperature dependence 

of the linearly voltage-dependent reverse currents and domi

nates the value of Rsh in the dark, not only for the A1 sample 

but also for all other studied devices around room temperature, 

as shown in Figure S13. Even though the study of this mecha

nism upon illumination would require further experiments, the 

contributions of TD to reverse currents are likely also affecting 

the response of such devices under light and thus eventually im

pacting the FF. Therefore, a careful inspection of the related pro

cesses is needed in the future to pursue further performance im

provements and device physics understanding.

DISCUSSION

A thorough analysis of dark- and light-intensity-dependent cur

rent-voltage measurements at different temperatures empha

sizes the need for an update of the device modeling for recent 

kesterite baselines based on molecular ink chemical routes. 

Their higher optoelectronic quality characterized by benign 

band tailing and potential fluctuations allows excellent agree

ment with the standard single diode model, facilitating the un

derstanding and prediction of their closer-to-ideal behavior in 

both dark and light conditions. Through a combination of 

well-established semi-analytical models and simulations, the 

values and temperature dependencies of all parameters were 

studied, pointing toward a thin DL at the absorber/buffer IF 

as the main recombination channel at room temperature. Qual

itative and semi-quantitative agreement was obtained with the 

SnZn donor properties recently highlighted as one of the most 

detrimental intrinsic point defects in the kesterite lattice. The 

key role played by the CdS carrier concentration with regard 

to recombination at the HJ IF was defined more precisely by 

SCAPS-1D simulations. Divergences with the single diode 

model at low temperatures can be explained by tunneling- 

enhanced recombination. The remarkable weakness of dark- 

light discrepancy for the studied thin-film solar cell allows one 

to gauge the various contributions to the still-too-significant 

Voc deficit. The critical importance of the hypothesized DL is 

emphasized as it largely determines the value of the ideality 

factor n and the saturation current density prefactor J00, both 

responsible for the resulting large Voc improvements still to 

be accomplished. To do so, passivation schemes at the HJ 

IF and strategies to increase the carrier concentration in the 

buffer seem promising. Besides, the impact of HJ annealing 

and of alternative buffer materials with different doping levels 

regarding the MA and the formation of the DL should be further 

assessed. Specific studies aiming at verifying the existence of 

such a DL and determining its chemical nature need to be pur

sued in the future through depth-dependent analysis of compo

sition and optoelectrical response. It appears especially impor

tant as the validity of the whole analysis and the resulting 

conclusions extends across multiple devices, including 

different kesterite absorber compositions. This is also true for 

the reverse bias analysis, for which this work eventually sug

gests that carrier TD via shallow states may dominate reverse 

currents in the investigated samples. This phenomenon likely 

contributes to shunt leakages, which are particularly essential 

with regard to performance of indoor PV systems.

METHODS

Sample processing and characteristics

The kesterite absorber in the studied devices was prepared 

following a molecular ink baseline recipe targeting around 

15% Ag and less than 10% S, corresponding to Eg = 1:15 eV 

and Eu ≃ 20 meV , with high reproducibility and good device 

performance.2,13 On top of the absorber were successively 

deposited a 50 nm CdS buffer by chemical bath, 40 nm i-ZnO 

and 150 nm indium tin oxide (ITO) window layers by RF sputter

ing, and 500 nm Ag grid by thermal evaporation, for a total de

vice area of 0:23 cm2 determined by hand scribing over the Ag 

A B

Figure 8. Temperature-dependent shunt resistance 

Evolution of (A) Rsh in the function of the temperature T and of (B) ln(RshT2) in the function of the inverse thermal energy 1=kBT following the dark extraction for the 

A1 sample, with data shown as red and blue squares for respectively the model applicability (MA) and the out-of-model (OoM) ranges. The black solid lines 

represent the linear fittings in the three ranges described in the text, providing the three activation energies related to trapping-detrapping (TD). The temperature 

of 223.15 K delimiting the MA and OoM ranges is represented by a solid black vertical line.
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grid mask, without antireflection coating. Samples A1, A2, and 

A3 were repetitions of this whole process and hence highly 

comparable as attested by their similar PV figures of merit in 

Table S3. These values were all extracted at 25◦C under an 

AM1.5G spectrum with 950 W=m2 (0.95 sun) illumination inten

sity, explained by the 5% glass window loss subtracted from 

the 1;000 W=m2 solar simulator output as described in the 

JVTI measurement conditions below. Sample B differs from 

the other devices by its kesterite absorber being 10% Li al

loyed, which induces marginally higher band gap2 while exhib

iting slightly reduced performance as shown in Table S3. Sam

ple B is thus useful to highlight the validity of the presented 

methodology to devices with different absorbers. All samples 

had power conversion efficiencies ranging roughly between 

10% and 12%, which made their comparison relevant and 

aligned with state-of-the-art solution-processed Ag-alloyed 

kesterite solar cell baselines.2,3,6,7,13

Measurement procedure

The JVTI setup relies on a Keithley 6430 source meter used in a 

four-point configuration to realize current-voltage measure

ments. It is connected via coaxial cables to a temperature- 

controlled heating and cooling stage from Microptik 

(MHCS600-P), enclosed in a vacuum-sealed box equipped 

with an N2 circuit for cooling down. The box is placed directly 

below an LED-based G2V AAA solar simulator, with the incident 

light reaching the whole device area of 0:23 cm2 through a glass 

window cast within the box top cover. The incident irradiance 

on the outside of the measurement box is AM1.5G 1; 000 W=

m2, the magnitude of which is uniformly scaled up or down to 

tune the illumination intensity. The measurement procedure is 

as follows:

(1) A verification measurement is performed with the box 

sealed in both dark and light to ensure the quality of con

tacts and the proper working of the device. The loss of 

incident power through the box glass window at the sam

ple position is evaluated to be 5% at any light intensity. 

Taking this into account provides the close-to-1 sun irra

diance reference of 950 W=m2 (0.95 sun) used throughout 

this work and especially in the JVTI analysis.

(2) The actual measurement starts by cooling down the sam

ple to the lowest temperature. Once reached, and for 

each subsequent temperature point, a waiting time of at 

least 3 min is applied before any action. Dark and light in

tensity-dependent measurements are done separately to 

exclude the possible influence of light soaking on the dark 

measurements.

• For dark JVT experiments, the temperature is increased 

in steps of 10 K from 133.15 K (− 130◦C) to 233.15 K 

(− 40◦C) and in steps of 5 K from 233.15 K (− 40◦C) to 

the highest temperature of 368.15 K (95◦C), corre

sponding to 37 different temperatures.

• For JVTI experiments, where measurement time is 

more critical, the temperature is increased in steps of 

10 K from 173.15 K (− 90◦C) to the highest temperature 

of 363.15 K (90◦C), corresponding to 20 different tem

peratures.

(3) At each temperature point stabilized after the waiting 

time, JV curves are measured from − 0.3 to 0.9 V in 5 s 

with a 0.05 s dwell time, either in the dark or at 10 different 

light intensities from 129 W=m2 (0.13 sun) to 950 W=m2 

(0.95 sun).
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25. Böer, K.W. (2013). Handbook of the Physics of Thin-Film Solar Cells 

(Springer Berlin Heidelberg). https://doi.org/10.1007/978-3-642-36748-9.

26. Li, J.V., Kuciauskas, D., Young, M.R., and Repins, I.L. (2013). Effects of so

dium incorporation in Co-evaporated Cu2ZnSnSe4 thin-film solar cells. 

Appl. Phys. Lett. 102, 163905. https://doi.org/10.1063/1.4802972.

27. Kheraj, V., Lund, E.A., Caruso, A.E., Al-Ajmi, K., Pruzan, D., Miskin, C., 

Agrawal, R., Beall, C., Repins, I., and Scarpulla, M.A. (2016). Minority car

rier electron traps in CZTSSe solar cells characterized by DLTS and DLOS. 

In 2016 IEEE 43rd Photovoltaic Specialists Conference (PVSC) (IEEE), 

pp. 2195–2199. https://doi.org/10.1109/PVSC.2016.7750024.

28. Jimenez-Arguijo, A., Medaille, A.G., Navarro-Güell, A., Jimenez-Guerra, 
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