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A B S T R A C T   

Cu(In,Ga)Se2 (CIGSe)-based solar cells are promising candidates for efficient sunlight harvesting. However, their 
complex composition and microstructure can change under operation conditions, for instance heating from sun 
light illumination can lead to a degradation in performance. Here, we investigate the thermally-induced 
degradation processes in a set of CIGSe-based solar cells that were annealed at temperatures between 150 ◦C 
and 300 ◦C. Using correlative atom probe tomography (APT)/transmission electron microscope (TEM), we found 
that the buffer/absorber interface is not sharp but consists of an interfacial zone (2–6.5 nm wide) where a 
gradient of constituent elements belonging to the CdS buffer and CIGSe absorber appears. An enhanced short- 
range Cd in-diffusion inside the CIGSe was observed whenever a low Ga/(Ga + In) ratio (≤ 0.15) occurred at 
the interface. This might indicate the presence of Ga vacancies as a channeling defect for Cd in-diffusion inside 
the CIGSe layer leading to a buried p/n-homojunction. We evidence that a considerable amount of Cd is found 
inside the CIGSe layer at annealing temperatures higher than 150 ◦C. Further investigations of the elemental 
redistribution inside the CIGSe layer combined with C–V measurements support the formation of CdCu 

+ donor 
like defects deep inside the p-type CIGSe which lead to a strong compensation of the CIGSe layer and hence to 
strong deterioration of cell efficiency at annealing temperatures higher than 200 ◦C. Hence, understanding the 
degradation processes in Cu(In,Ga)Se2 (CIGSe)-based solar cells opens new opportunities for further improve-
ment of the long-term device performance.   

1. Introduction 

Further improvements in the solar cell technologies strongly rely on 
understanding the mechanism for the cell degradation induced by 
environmental conditions such as temperature, humidity, as well as the 
build-up of electrostatic or chemical potential during operation. Yet, to 
identify the primary cause for the solar cell degradation, detailed 
characterization at the nanometer level must be deployed to reveal, for 
example, the inter-diffusion phenomenon taking place between different 
layers inside the cell. 

Cu(In,Ga)Se2 (CIGSe)-based solar cells are amongst the highest per-
forming thin-film solar cells. Besides their intrinsic high efficiency (up to 

23.35% [1]), the device is characterized by high absorption coefficient 
of the absorber layer (>105cm− 1 [2]), long term stability in the range of 
10–15 years [3] and low cost of production (0.4 US $/W [4]). Further 
improvement of the efficiency of CIGSe solar cells resides mainly in the 
control of the chemical composition across the heterojunction. 

Although a lot of care has been taken in the past when performing 
compositional characterizations of the CdS/CIGSe interface, it is well 
known that this interface is very rough, with root mean square rough-
ness between 7 and 75 nm [5,6], hindering precise chemical analysis. 
For example, the composition of the CdS/CIGSe interface determined 
using standard characterization techniques, such as x-ray photoelectron 
spectroscopy (XPS) [7,8] or energy dispersive X-ray (EDX) microanalysis 
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[9–11], is very often biased due to the overlap between the buffer and 
absorber layer (i.e. limited spatial resolution). Atom probe tomography 
(APT) can overcome this limitation [12–16] and map the interface in 
three dimensions [17], in particular correlated with transmission elec-
tron microcopy (TEM) [18–26] or other microscopy technique [27–33] 
to understand the relationship between composition and material 
property. APT studies of the CdS/CIGSe interface have been already 
conducted in the past [34–37]. Here now the impact of Cd diffusion 
(measured by APT) on cell efficiency will be investigated and analyzed 
in more detail. 

Therefore, here, we focus on the thermally-induced degradation 
processes occurring across the CdS/CIGSe interface. We report on a 
correlative APT/TEM analysis of the CdS/CIGSe interface morphology. 
We introduce an analytical method specifically developed to improve 
the compositional measurements by alleviating the effects of peaks 
overlaps in the APT mass spectrum, i.e. ions from different species but 
with the same mass-to-charge ratio. We propose a model for Cd in- 
diffusion inside the CIGSe absorber layer based on our experimental 
results. The APT profiles are discussed in terms of effects occurring at 
different length scales. Temperature induced changes of opto-electrical 
properties and charge carrier doping are further discussed in terms of 
observed chemical changes. Based on these results, we propose an 
explanation for thermally-induced degradation processes and an alter-
native perspective for further development of CIGSe-based solar cells. 

2. Material and methods 

2.1. Sample preparation 

The CIGSe solar cells were manufactured at the Zentrum für 
Sonnenenergie-und Wasserstoff-Forschung Baden-Württemberg in 
Stuttgart, Germany. The stack ZnO(Al)/i-ZnO/CdS/CIGSe was deposited 
on the top of a Mo coated soda lime glass substrate. The CIGSe absorber 
layer was grown using a multistage inline co-evaporation process at 
approx. 600 ◦C following the procedure described in Ref. [38]. The 
resulting thickness of the CIGSe layers measured by X ray fluorescence 
spectrometry was 2.4 μm and their composition was Cu/(In + Ga) =
0.86 and Ga/(Ga + In) = 0.29. CdS was deposited using chemical bath 
deposition at 65 ◦C, whereas intrinsic ZnO and ZnO:Al layers were 
deposited by RF and DC sputtering. Finally, heat treatments were con-
ducted. Hence, the samples obtained were regrouped into five sample 
sets: one non-annealed named here “Reference” and four annealed for 
30 min in the dark at temperatures of 150 ◦C, 200 ◦C, 250 ◦C in air and 
300 ◦C in vacuum. The cells which were annealed are named here 
Annealed at 150 ◦C, Annealed at 200 ◦C, Annealed at 250 ◦C, and 

Annealed at 300 ◦C. 
To facilitate the site-specific specimen preparation for APT, the ZnO 

layers were selectively etched in diluted HCl (1%), and four additional 
CdS layers were deposited serving as protection against environmental 
conditions and simplifying the FIB preparation of APT tips including the 
Cd/CIGS interface. Additionally, 210 nm of Cr were sputter deposited as 
a capping layer protecting against the damages induced by the energetic 
Ga+-beam during FIB milling. To avoid sample heating, Cr was depos-
ited in three steps separated by a 20 min break. One needs to mention 
here that the surplus in CdS and the Cr layer were deposited after con-
ducting the heat treatments so that the higher amount of Cd will not be 
artificially inserted in the absorber layer. 

The cells intended for electrical characterizations were completed 
with the Ni/Al/Ni contact grids deposited by electron beam deposition 
and mechanically structured leading to a total cell area of 0.5 cm2, as 
schematically depicted in Fig. 1. 

2.2. Electrical characterizations 

The temperature dependent current density-voltage (J(V,T)) char-
acteristics were measured both in dark and under standard illumination 
condition (integrated light power of 100 mW cm2) at temperatures of 
288 K, 293 K, 303 K, 313 K, 323 K, 333 K and 341 K. Owing to the 
metastable behaviour of CIGSe-based solar cells with respect to the 
applied illumination and bias [27], all dark current density-voltage (J 
(V)) curves were measured first, i.e. before the illuminated J(V) and 
external quantum efficiencies (EQE). The dark temperature dependent J 
(V,T) characteristics were used to determine the ideality factor (A) of 
each solar cell using the methodology described in Ref. [39]. Similarly, 
the illuminated J(V) curves were used to determine the activation en-
ergy (Ea) for the recombination mechanism using the formalism of 
Shockley and Queisser detailed in Ref. [40]. The obtained values for the 
activation energy (Ea) are given in Table 1. 

Current density voltage characteristics of the solar cells were 
measured under illumination with simulated AM 1.5 spectrum at stan-
dard test conditions. The EQE studies were performed with the BEN-
THAM PVE300 system supported with Keithley 2400 Source Meter. For 
Admittance Measurements (AS) the capacitance (C) was measured using 
an Agilent E4980A LCR meter as a function of frequency (f) and tem-
perature (T). The width of the space charge layer (W) was evaluated 
using the depletion approximation according to the formula W = ε0εrS/ 
C, where εr is the absorber dielectric constant, ε0 is the vacuum 
permittivity, and S is the sample area. 

Fig. 1. Description of the CIGSe solar cell and of samples used for APT and electrical characterization. (Left): the structure of the CIGSe solar cell with the 
stacking Mo-coated SLG (soda lime glass)/Mo (0.56 μm)/Cu(In,Ga)Se2 (2.4 μm)/CdS(50 nm)/i-ZnO (80 nm)/ZnO:Al (350 nm). (Right): the schematics of samples 
aimed for chemical and electrical investigations. In total five samples sets were investigated: one non-annealed called “Reference” and four others annealed at 150 ◦C, 
200 ◦C, 250 ◦C, and 300 ◦C. A special sample preparation was fulfilled for the APT characterization after performing the heat treatments: the ZnO layers were 
selectively etched in diluted HCl (1%), and four additional CdS layers were deposited in order to simplify the FIB preparation of APT tips including the Cd/CIGSe 
interface. The samples intended for the electrical characterization were simply completed with the Ni/Al/Ni contact grids deposited by electron beam deposition and 
mechanically structured leading to a total cell area of 0.5 cm2. 

A. Koprek et al.                                                                                                                                                                                                                                 
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2.3. Atom probe tomography – data acquisition and reconstruction 

All APT samples were prepared using a dual focused ion beam (SEM/ 
FIB) Helios Nano Lab 600i following the lift-out method described in 
Ref. [41]. By means of annular milling, sharp needle-shape specimens 
were formed with an apex diameter < 100 nm. Subsequent steps of 
specimen thinning were done under reduced acceleration voltage of 16 
kV, since the CdS layer is particularly sensitive to Ga+ beam milling. In 
the end low-energy (5 keV) cleaning was performed in order to minimize 
material damages induced under higher energy beam (16 keV) condi-
tions. APT experiments were performed on a CAMECA LEAP 3000X HR 
instrument equipped with a pulsed laser source, with a pulse duration of 
12 ps, at a wavelength of 532 nm. To limit the influence of the prefer-
ential field evaporation of one or more of the constituent elements, in 
particular in between the laser pulses, calibrated parameters were used 
providing accurate stoichiometry of the investigated CIS material [42]. 
These parameters are: 0.1 nJ laser pulse energy, 100 kHz pulse repeti-
tion rate, and 60 K base temperature. The cryogenic temperature was 
kept constant throughout the experiment to minimize possible surface 
diffusion of the constituents induced by laser pulses or the electrostatic 
field. To ensure reliable statistics, at least three successful APT mea-
surements were performed for each sample. 

So as to maximize the reliability of the APT data reconstruction, the 
parameters were calibrated by performing correlative APT-TEM in-
vestigations on three different APT specimens [43]. For this purpose, a 
2D projection of the CdS/CIGSe interface was obtained by TEM using a 
JEOL 2200 FS at 200 kV. A set of 3D APT reconstructions was then 
created using the commercial software IVAS 3.6.10 provided by Cameca 
Instruments Inc. with systematic variation of the reconstruction pa-
rameters, i.e. image compression factor ICF and field reduction factor k 
(see Fig. S1 and Fig. S2 in supplementary information for details). The 
best match between the reconstructed APT data and the acquired TEM 
micrograph of the CdS/CIGSe interface (see Fig. S2 in supplementary 
information) reveals the ICF and k parameters that were used for further 
APT investigation, i.e. ICF = 1.4 and k = 4 (Fig. S2). 

2.3.1. Atom probe tomography – new data processing routine 
A typical issue with APT measurement is the overlap between peaks 

in the mass spectrum due to isobars or combination of elements in 
molecular ions that have a mass-to-charge ratio similar to that of 
another element. We developed a method that uses the natural abun-
dancies of the different elements in the measured APT dataset to recal-
culate the local composition within each of the bins of a composition 
profile. Here, typical overlaps are encountered for: Cu and S at 32.5 Da 
(Da stands for Dalton) and 65 Da as well as Cd and In at 56.5 and 113 Da. 

These overlaps make the association of a given peak to a specific atomic 
or molecular species challenging. Developing and applying this method 
is necessary to obtain more accurate compositional values. We refer here 
to peak deoverlapping since no true deconvolution procedure, in the 
mathematical sense, is used. 

Here we developed a new “peak deoverlapping” protocol (for details 
see supplementary materials, Fig. S3 to Fig. S6) which subtracts the 
background and estimates the precise amount of each element observed 
in the mass spectrum. Fig. 2 shows an example of 1D composition profile 
before and after applying the peak deoverlapping method. It can be seen 
that the elemental composition profiles in the CdS layer are slightly 
modified giving reliable results for the composition of the CdS layer and 
for the Cd composition. 

3. Results and discussion 

3.1. Electrical characterization 

To characterize the opto-electrical parameters and transport mech-
anism of the investigated solar cells, a series of electrical measurements 
were performed on each of the heat treated samples. Fig. 3 reports: i) 
illuminated current density-voltage curve (J(V)) measured at room 
temperature in (a); ii) open circuit voltages (Voc) as function of the 
temperature (between 288 K and 341 K) in (b); iii) external quantum 
efficiency (EQE) in (c). 

The illuminated J(V) curves in Fig. 3a revealed progressive degra-
dation of the cell efficiency, i.e. a decrease in the Voc and fill factor (FF), 
with increasing annealing temperature. A strong degradation of the cells 
is particularly visible for annealing temperatures of 250 ◦C and 300 ◦C 
for which the drop in Voc, compared to the reference sample, amounts to 
0.18 V and 0.30 V, respectively (see Table 1). Simultaneously the value 
of the short circuit current density (Jsc) changes negligibly. Yet, the EQE 
characteristics (Fig. 3c.) barely changes with the applied heat treatment 
showing very little difference in the probability of light absorption and 
carrier collection at the back-side of the device. Only a small decrease (of 
approx. 2%) in the EQE signal was observed for the 300 ◦C sample at the 
wavelength of incident light between 550 nm and 650 nm. Towards the 
long-wavelength limit, the EQE curves are almost identical, which in-
dicates the absorber bandgap in all five samples. When plotting 
(E*EQE)2 over E, where E is the energy of the incoming light, and 
extrapolating the curve towards the energy axis (not shown here), we 
determined the value of the absorber bandgap Eg to be equal to 1.15 eV 
[40]. 

To find out more about the dominant recombination mechanisms 
that takes place inside each sample, two additional parameters were 
determined from illuminated and dark J(V,T) measurements: the acti-
vation energy for recombination Ea and the ideality factor A of the solar 
cells. The Ea indicates the location of recombination process inside the 
solar cell. More precisely, bulk recombination is the most dominant 
recombination process when Ea is closer to the band gap value of 1.15 
eV. If Ea is substantially smaller than the bandgap value then interface 
recombination must be the most dominant recombination mechanism 
[44]. The activation energies for the samples annealed at temperatures 
lower than 250 ◦C are 0.15 eV higher than the bandgap of 1.15 eV 
extracted from the EQE measurements. This is caused by the fact, that 
VOC is not only exponentially depending on temperature via the acti-
vation energy, but is also depending on saturation current density which 
is proportional to T3/2 leading to this small gap between Eg and Ea. The 
ideality factor A indicates the character of the predominant recombi-
nation mechanism: i) radiative and interface for A = 1, ii) Shockley 
Read-Hall in the space charge region for 1 ≤ A ≤ 2, and iii) Auger or 
tunneling enhanced recombination for A ≥ 2. Except for the sample 
annealed at 300 ◦C the values of ideality factors in the whole tempera-
ture range are between 1.2 and 1.4 indicating that Shockley-Read-Hall 
(SRH) recombination dominates. Only for the sample annealed at 
300 ◦C the ideality factor exhibits stronger temperature dependence 

Table 1 
Solar cell parameters of CIGSe solar cells annealed for 30 min at different 
temperatures. Efficiency η, open circuit voltage Voc, fill factor FF and short cir-
cuit current density Jsc, mean values of up to ten cells per samples (shunted cells 
were excluded). Room-temperature hole concentration p after 30 min of light 
soaking under AM1.5 conditions and extrapolated activation energy Ea = Voc (T 
= 0K) as well as the average Cd composition [Cd] inside the CIGSe layer ob-
tained by APT are also provided.  

Sample η 
(%) 

Voc 

(mV) 
FF 
(%) 

Jsc 
(mA/ 
cm2) 

p 
(cm− 3) 

Ea 

(eV) 
[Cd] 
(at.%) 

Reference 17.2 673 80.0 32.0 6.2 ×
1015 

1.29 0.21 
± 0.04 

Annealed at 
150◦C 

16.8 661 78.5 32.4 2.5 ×
1015 

1.24 0.35 
± 0.06 

Annealed at 
200◦C 

16.3 649 77.2 32.5 2.0 ×
1015 

1.26 0.5 ±
0.08 

Annealed at 
250◦C 

11.4 492 70.8 32.6 1.7 ×
1015 

1.04 0.66 
± 0.05 

Annealed at 
300◦C 

7.4 372 63.9 31.3 1.3 ×
1014 

0.76 0.99 
± 0.14  

A. Koprek et al.                                                                                                                                                                                                                                 
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with a value exceeding 2 which points out at a tunneling assisted 
recombination process. 

Table 1 shows that Ea decreases from ~1.3 eV to 0.76 eV when the 
annealing temperature increases beyond 200 ◦C. This strong drop of Ea is 
a signature for the change in recombination pathway from bulk at 
Reference, 150 ◦C and 200 ◦C, throughout intermediate (bulk and 
interface) at 250 ◦C, to interface recombination at 300 ◦C. Hence, these 
electrical characterizations proved indeed that the cell efficiency drops 
(cell degradation) along with the annealing temperature, and is corre-
lated with a change in the predominant recombination mechanism from 
bulk to interface recombination. To find out the mechanism responsible 
for the degradation of the cell performance with the annealing tem-
perature, APT and AS are used to track also the thermally induced 
changes in chemical composition and carrier concentration inside the 
solar cells. 

3.2. Interface chemistry 

Fig. 4 shows a selection of three 1D composition profiles across a flat 
region of CdS/CIGSe interface obtained from different APT measure-
ments for the reference sample and the samples annealed at 200 ◦C and 
300 ◦C. These profiles are calculated using the proximity histogram 
approach [45], i.e. as a function of an iso-composition surface of 25 at.% 
Cd. The green band highlights the interfacial region where either 
inter-diffusion or depletion of one of the constituent elements occurs. As 
presented in Fig. 4, the width of the interfacial band differs from one 
profile to another and does not depend on the applied heat treatment but 
rather on the region of the solar cell from which the APT specimen was 
prepared. Across all composition profiles, the width of the interface 
band spans from 2 nm to 6.5 nm, with no apparent correlation with the 
annealing temperature. Surprisingly, the heat treatment did not influ-
ence the width of the interfacial zone even at a relatively high temper-
ature of 300◦C. A certain width of the interface of approximately 1.5 nm 
is expected at each of the annealing temperatures due to surface 
reconstruction that is attributed to the presence of dipole momentum 
coming from either cation (Cu or In/Ga) or anion (Se) terminated {112} 
surfaces [46,47]. The relaxation of the surface (interface) dipole mo-
ments often occurs via chemical intermixing of the first few atomic 
planes between both sides of the interface. Most likely this effect can also 
be observed in the APT composition profiles between − 1 to 1 nm in-
terval around the interface position (0 nm) where CdS constituents 
intermix with CIGSe constituents. Yet, the total width of the interfacial 
zones is much larger than the expected width due to intermixing. In 
addition, in most of the composition profiles, the interface is asymmetric 

being much wider on the CIGSe side of the interface. Moreover, the 
width of the interface region does not only change from one sample to 
another, but also within the same sample (from one region of the sample 
to another region). 

Nevertheless, certain similarities were observed in the profiles 
shown in Fig. 4. The most important similarity observed in almost all 
profiles is the coexistence of a 1–4 nm wide region, in which both Cu and 
Ga are depleted at the CIGSe surface (in most of the profiles from Fig. 4, 
except for Fig. 4 d and 4f). Another important similarity is the in- 
diffusion of Cd inside the CIGSe layer observed interestingly for the 
same profiles where Cu and Ga were depleted indicating thus a clear 
correlation between Cd and Cu/Ga. In Fig. 4d and 4.f the Cd diffusion 
inside the CIGSe layer is only within 1–2 nm, which is in the same range 
of order with the layers intermixing and, hence, no clear indications 
regarding Cd diffusion can be made. 

Comparative analysis of all composition profiles revealed that Cd in- 
diffusion into the near surface area of CIGSe takes place when low values 
(≤ 0.3) of Ga/(Ga + In) ratio (abbreviated GGIintf where “intf” stands for 
interface in Fig. 4) are detected at the CdS/CIGSe interface. The litera-
ture data included in Table 2 (both experimental and theoretical) 
consistently show that the Ga content inside the CIGSe influences mainly 
the position of the conduction band edge, whereas the Cu content in-
fluences the position of the valence band edge at the CdS/CIGSe inter-
face [48,49]. For a Ga content of x = 0.2 (GGI = Ga/(Ga + In) = 0.2), the 
CdS/CIGSe band alignment forms a spike-like configuration with posi-
tive conduction band offset (CBO) (determined from CBO = CBMCdS - 
CBMCIGSe) of +0.3 eV [48,49]. Further increase of Ga composition 
causes an upward shift of the CIGSe conduction band edge leading first 
to well aligned bands and further to a cliff-like configuration, with 
negative CBO of − 0.2 eV for a Ga content of x = 0.75 [48,49]. On the 
contrary, the Cu content influences the position of the CIGSe valence 
band edge. In a stoichiometric CIGSe material the Se p and Cu d orbitals 
form the valence band maximum via so called p-d coupling. The inter-
action between Se p and Cu d orbitals causes an upward shift of the 
valence band edge as compared to the isolated Se p and Cu d states [47, 
50]. Therefore, the calculated valence band offsets (VBOs) between CdS 
and CISe (stoichiometric compounds) [51,52] are higher than the 
experimentally observed values of ~ 0.8 eV, that were mostly reported 
for Cu depleted surfaces [47,50]. Yet the depletion of Cu will break the 
p-d interaction (due to absence of Cu d orbitals), which results in a 
downward shift of the valance band maximum. 

The observed depletion of Ga and Cu atoms in the vicinity of CdS/ 
CIGSe interface as observed in Fig. 4 will lower both the conduction 
band minimum (CBM) and valence band maximum (VBM), and hence 

Fig. 2. 1D composition profiles across a flat region of the CdS/CIGSe interface before and after background subtraction and deoverlapping. This method clearly 
shows the reduction of Cu, In and Se signal at the CdS side and, hence, the improved stoichiometry of the CdS phase. 

A. Koprek et al.                                                                                                                                                                                                                                 
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leads to a CBO and VBO. Moreover, the detected weak depletion of Ga of 
x ≤ 0.3 will lead to either well aligned or spike configuration between 
CdS and CIGSe conduction bands, which may hinder electron transport 
depending of the magnitude of the CBO (for low CBO of +0.3 eV [48,49] 
electron transport is still possible by tunneling and/or thermionic 
emission). But this possible drawback is more than compensated by the 
reduced recombination at the CdS/CIGSe interface due to the increased 
type inversion at the absorber surface. More precisely, Cd in-diffusion 

within the first few nanometers of the absorber layer can lead to the 
formation of CdCu

+ donor like defects and, hence, to a reduced net doping 
or even type inversion near the CdS/CIGSe interface [53]. 

Interestingly, none of the 1D composition profiles presented in Fig. 4 
revealed presence of other phases at the CIGSe side of the interface, such 
as CuIn3Se5 or CuIn5Se8 ordered defect compounds as was observed 
when employing In2S3 buffer [58,59]. This is in agreement with our 
previous works [34–36]. Instead a gradient in composition of the con-
stituent elements was consistently observed. The Ga and Cu depletion 
explains well the low values of CBO and VBM reported by other authors 
[51,52], which is however not associated with the formation of an or-
dered defect compound, but rather an intermediate zone in which 
electronic structure of both CdS and CIGSe materials can adjust to each 
other. 

3.3. Long range Cd composition profiles 

The most pronounced feature in the long range 1D composition 
profiles from APT is the in-diffusion of Cd inside the CIGSe. The Cd 
composition in CIGSe progressively increases with the annealing tem-
perature and goes along with the degradation of the cell performance 
(Table 1). For the reference sample and the sample annealed at 150 ◦C, 
the Cd profile decays to 0 at. % right after crossing the interface (not 
shown here). After annealing at 200 ◦C, Cd diffuses into the CIGSe layer 
up to maximum 100 nm (as shown in Fig. 5). For samples annealed at 
250 ◦C (Fig. 5b), the Cd diffuses further decaying at ~ 200 nm inside the 
CIGSe, whereas at 300 ◦C (Fig. 5c.) the Cd composition does not decay at 
all to 0 at. % within the distance ranges measured with APT (maximum 
500 nm deep inside the CIGSe). This is in agreement with the work of 
Ishizuka et al. [11] where the cell was heat-treated at 500 ◦C. By using 
EDX and electron beam induced current (EBIC), the authors have found 
an excessive diffusion of Cd inside the absorber layer which leads to cell 
degradation. 

Interestingly the shape of Cd in-diffusion profiles changes from 
“Fick’s law” like to “hill” like inside the CIGSe for samples that were 
annealed at elevated temperatures (250 ◦C and 300 ◦C). This could be 
explained by the fact, that the supply of Cd was not sufficient enough at 
these higher temperatures to act as a constant source. Similar “hill” like 
diffusion profiles were observed for the diffusion of Na in single crystals 
[60]. 

These Cd in-diffusion profiles obtained by APT were fitted using a 
complementary error function (the solution of Fick’s law for a constant 
diffusion source [61]): 

C(x, t)=C0  erfc
(

x
2

̅̅̅̅̅̅̅̅
DVt

√

)

(1)  

where x describes the Cd penetration depth, t is the annealing time, DV is 
the Cd diffusion coefficient in the CIGSe volume, whereas C0 is the 
average Cd composition at the CIGSe surface. The diffusion coefficients 
extracted from the fits of the APT profiles (open triangles in Fig. 6) agree 
with values reported by Hiepko et al. [62] (solid line in Fig. 6 and values 
in Table 3). Hence, this supports that APT can describe precisely the Cd 
volume diffusion inside the CIGSe absorber. 

3.4. Space charge region width and open circuit voltage vs. charge carrier 
concentration 

Fig. 7 presents the space charge region (SCR) width at room tem-
perature derived from C-V measurements at room temperature as 
function of the annealing temperature. The width of the SCR, i.e. 
depleted region in charge carriers, increases with the annealing tem-
perature up to the complete CIGS layer thickness of 2.4 μm for the 
sample annealed at 300 ◦C. Table 1 presents the free hole concentrations 
p measured by capacitance profiling at room temperature after 30 min of 
light soaking under AM1.5 conditions. We note here that following the 

Fig. 3. Electrical characterization of the reference cell as well of the cells 
annealed at temperatures between 150◦C and 300 ◦C. a. J(V) characteristics 
of the best cell of each sample as measured at room temperature showing the 
decrease in open circuit voltage (Voc) and fill factor (FF) with increasing 
annealing temperature; (b.) Voc as a function of temperature showing the 
change in recombination mechanism with the applied annealing temperature; 
(c.) room-temperature external quantum efficiency (EQE) showing almost no 
change in charge carrier collection, the two vertical dashed lines mark the 
position of the bandgap Eg of ZnO and CdS. 
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arguments presented in Ref. [63] we used values of p determined after 
light soaking because we wanted to ensure that the free carrier con-
centrations are as close as possible to the net acceptor concentrations 
established under open circuit conditions at 300 K under illumination. 

It is evident that the net acceptor concentration gradually decreases 
with the annealing temperature. In order to verify whether the accom-
panying increase of the depletion layer width might explain the 
observed open circuit voltage losses we plotted in Fig. 8 room temper-
ature VOC vs. free hole concentrations. If Cd diffusion into the CIGSe 

layer would only result in an increase of the SCR width, then, assuming 
that VOC is limited by SCR recombination, it should depend on p in the 
following way 

Voc(p)=Vref
oc −

1
2

AkT
q

ln
(

pref

p

)

(2)  

where Vref
OCand pref stand for the open circuit voltage and free hole con-

centration of the reference sample, respectively, A is the ideality factor, 

Fig. 4. 1D composition profiles derived from APT measurements. These profiles were constructed across the flat region of the CdS/CIGSe interface for the reference 
sample and the samples annealed at 200 ◦C and 300 ◦C. The Green band represents the interface region for which depletion or in-diffusion of one of the constituent 
elements was identified. Corresponding Ga/(Ga + In) ratio calculated at the absorber surface and abbreviated by GGIintf is given for each proxigram. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Literature data showing influence of Ga content on band alignment between CdS and CdS––Cu(In1-x,Gax)Se2 as well as between CuInSe2 and CuGaSe2. 
Despite different fabrication methods and environmental conditions, the data show elevation of the CBMCIGSe with increasing Ga content and small effect of Ga 
addition on the position of VBMCIGSe in the vicinity of CdS phase.  

Sample CBO (eV) VBO (eV) Fabrication process Investigation method Reference 

CdS/Cu0:93(In0:80,Ga0:20)Se2 0.3 0.7 CBD/3-stage coevaporation PES and IPES [48,49] 
CdS/Cu0:93(In60,Ga40)Se2 0–0.1 0.9 CBD/3-stage coevaporation PES and IPES [48,49] 
CdS/Cu0:93(In0:25,Ga0:75)Se2 − 0.2 0.9 CBD/3-stage coevaporation PES and IPES [48,49] 
CdS/CuGaSe2 – 0.98 ± 0.1 Cu-poor surface – [51] 
CdS/Cu(In0:78,Ga0:28)Se2 – 0.88 ± 0.1 – [51] 
CdS/CuInSe2 (001) 0.31 ± 0.25 0.79 ± 0.15 PVD/epitaxial growth (Cu-poor surface)  [52] 
CdS/CuGaSe2 − 0.19 ± 0.1 0.93 ± 0.1   [54] 
CdS/CuInSe2 – 1.07 stoichiometric DFT-LDA [55] 
CdS/CuInSe2 – 1.13 stoichiometric [56] 
CdS/CuIn5Se8 – 0.65 – DFT-LDA [55] 
CuInSe2/CuGaSe2 0.6 0.04  DFT-LDA [55,57] 
CuInSe2/CuGaSe2 0.53 0.05  DFT-HSE06, CNL alignment method [56]  
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k – the Boltzmann constant, and T – the temperature of the measure-
ment. Equation (2) is represented in Fig. 8 by the dashed red line. It is 
plain to see that the slight VOC decrease for annealing done at 150 ◦C and 
200 ◦C can be ascribed to this mechanism. This is equivalent to a gradual 
compensation of the charge carriers doping within the CIGSe material as 
the annealing temperature increases, in agreement with Kijima et al. 
[64]. Thus, the gradual compensation of charge carriers in the absorber 

layer goes along with the observed chemical changes inside the absorber 
layer; namely with the progressive Cd in-diffusion. More precisely, Cd in 
diffusion leads to the formation of CdCu

+ donor like defects by 

Fig. 5. Cd diffusion profiles inside CIGSe from APT measurements. 1D 
composition profiles of Cd inside the CIGSe obtained for three different regions 
of the same sample measured by APT (symbols) and fit with equation (1) (solid 
lines) for the samples annealed at 200 ◦C in (a.), 250 ◦C in (b.), and 300 ◦C 
in (c.). 

Fig. 6. The volume diffusion coefficient DV (triangles) of Cd in CIGSe 
plotted against the inverse diffusion temperature 1/T. The diffusion co-
efficients DV shows an Arrhenius-type temperature dependence. The black open 
triangles are data points from APT measurements from fit of the curves in Fig. 5. 
The solid black line shows the diffusivity of Cd in the volume according 
to Ref. [62]. 

Table 3 
Cd volume diffusion coefficients DV in CIGSe extracted by fitting of the Cd 
diffusion profiles of APT measurements (Fig. 5) according to equation (1). For 
comparison also the literature data for DV from Hiepko et al. [62] are given.  

Sample DV (APT) (cm2/s) DV(Hiepko) 
(cm2/s) 

Annealed at 200◦C 4.4∙10− 15 

2.0∙10− 15 
4.0∙10− 15 

Annealed at 250◦C 3.5∙10− 14 

2.6∙10− 14 
4.6∙10− 14 

Annealed at 300◦C 3.4∙10− 13 

1.6∙10− 13 
3.4∙10− 13  

Fig. 7. Space charge region width at Room temperature derived from C–V 
measurements. The calculated space charge region width increases up to the 
complete CIGS layer thickness of 2.4 μm when the annealing temperature in-
creases suggesting that charges are compensated progressively as the annealing 
temperature increases. 
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compensating progressively the VCu
− vacancies available in the CIGSe 

layer. However, annealing at higher temperatures results in a drastic 
change in the recombination mechanism limiting VOC as the experi-
mental data severely deviate from this simple model. One could explain 
this change by assuming that at higher temperatures Cd diffusion not 
only decreases the free hole concentration but also introduces a large 
density of recombination centers. Although we cannot exclude this 
possibility, the fact that the extrapolated qVOC is much smaller than the 
absorber bandgap indicates that the recombination mechanism 
responsible for VOC losses is rather related to interface recombination. 
Interestingly, samples which suffer from a large VOC deficit, i.e. those 

annealed at 250 ◦C and 300 ◦C exhibit also a huge cross-over effect (not 
shown). This seems to corroborate our conclusion as the cross over effect 
in CIGSe solar cells is usually ascribed to the presence of a photosensitive 
secondary barrier in the interface region [65]. 

Fig. 9 depicts the room temperature dark log(J(V)) characteristics 
with the temperature dependence of the ideality factors A(T) in the inset 
in dependence of the annealing temperature. As one can see, for all 
samples except that annealed at 300 ◦C, the ideality factors are in the 
range of 1.2–1.4 and they only slightly increase with decreasing tem-
perature. This is easily understood for samples in which the transport is 
limited by SCR recombination, i.e. Ref., 150 ◦C and 200 ◦C. On the 
contrary, for the sample annealed at 300 ◦C the ideality factor exhibits 
much stronger temperature dependence with values of A>2 which in-
dicates the influence of tunneling enhanced interface recombination. 
Such situation would require a very non-uniform defect distribution, i.e 
much larger concentration of defects in a thin close-to-interface CIGS 
layer in order to assure large enough local electrical field in an overall 
highly compensated sample. Interestingly, the existence of such layer 
was postulated to explain the cross-over effect [65]. The most puzzling is 
the sample annealed at 250 ◦C which seems to exhibit features of both 
types discussed above: on the one hand VOC is limited by the interface 
recombination (Ea < Eg), but on the other hand its ideality factors 
behave as if the transport were influenced mainly by SCR. We suppose 
that both recombination paths coexist here, and their impact on trans-
port properties strongly depends on illumination and/or voltage bias. 
This suggests that annealing of CIGSe devices above 200 ◦C modifies also 
defects in the interface region. However, in order to clarify the detailed 
mechanism would require much larger set of samples covering the 
temperature range between 200 ◦C and 300 ◦C. 

4. Conclusions 

In the present work we have used complementary microanalysis 
techniques, including APT, temperature dependent J(V) measurements, 
EQE, as well as C–V measurements to investigate the Cd diffusion inside 
the absorber layer and its consequence on the cell performance. The 
temperature dependent J-V measurements have shown progressive 

Fig. 8. Room temperature open circuit voltage Voc vs. free hole concen-
tration p after light soaking. The dashed line represents the dependence of Voc 
on free hole concentration predicted by the model (equation (2)) in which only 
the depletion width controls the SCR recombination, i.e. the concentration of 
recombination centers is constant. 

Fig. 9. Room temperature dark current – voltage characteristics and temperature dependence of ideality factor A in dependence of annealing temper-
ature. Dashed extrapolation lines of the linear part of J(V) curves indicate that the ideality factor for the 250 ◦C sample is nearly the same as for the Reference sample 
and that the main difference lies in the saturation current. 
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decrease in the cell’s efficiency with the applied heat treatment from 
150 ◦C to 300 ◦C and a change of predominant recombination mecha-
nism from bulk to interface recombination above 200 ◦C of annealing. 

Using APT, we have obtained the chemical composition across the 
CdS/CIGSe interface independently of its high roughness and with sub- 
nanometer resolution. These results have shown, that the CdS/CIGSe 
interface is not sharp but consists of an interfacial zone (2–6.5 nm wide) 
where a gradient of constituent elements belonging to CdS and CIGSe 
appears. An enhanced Cd in-diffusion inside the CIGSe was observed 
whenever a low GGI ratio (≤ 0.3) occurred at the interface. This in-
dicates the presence of VGa as a channeling defect for Cd in-diffusion 
inside the near surface CIGSe layer. A Ga and Cu depletion was found 
to enhance the inversion at the CdS/CIGSe which reduces recombination 
of charge carriers. Hence, a too high Ga content at the CIGSe surface 
prevents the formation of type inversion at the interface. This indicates 
two main requirements that need to be fulfilled during growth: i) limited 
composition range for Ga at the CIGSe surface and ii) controlled 
composition of each individual grain. 

In addition, using APT experiments we have studied the Cd diffusion 
into the CIGSe layer at subsequent temperatures of annealing. Consid-
erable amounts of Cd were found inside the CIGSe layer as the annealing 
temperature increases that could be correlated with the decrease in the 
cell efficiency. Further investigations of element redistribution inside 
the CIGSe layer combined with C–V measurements have supported the 
formation of CdCu 

+ donor like defects deep inside the p-type CIGSe 
which lead to a strong compensation of the CIGSe layer. At temperatures 
higher than 200 ◦C interface recombination further leads to a to strong 
deterioration of cell performance. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

The authors would like to thank Prof. Dr. hab. Malgorzata Igalson, 
for the opportunity of performing electrical characterization on the solar 
cells investigated in this paper at the Faculty of Physics at Warsaw 
University of Technology. We would like to acknowledge the Deutsche 
Forschungsgemeinschaft (contract No. WU 693/1-1) for financing the 
fabrication of the solar cells used in this paper and the lab team at the 
Zentrum für Sonnenenergie-und Wasserstoff-Forschung Baden-Würt-
temberg in Stuttgart for the cells fabrication. We are grateful to U. Tezins 
and A. Sturm for their support to the FIB and APT facilities at MPIE. The 
authors acknowledge the International Max Planck Research School for 
Surface and Interface Engineering in Advanced Materials (IMPRS-Sur-
Mat) for supporting the present work. In Poland studies were funded by 
FOTECH-1 project granted by Warsaw University of Technology under 
the program Excellence Initiative: Research University (ID-UB). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.solmat.2021.110989. 

References 

[1] M. Nakamura, K. Yamaguchi, Y. Kimoto, Y. Yasaki, T. Kato, H. Sugimoto, Cd-free 
Cu(in,Ga)(Se,S)2 thin-film solar cell with record efficiency of 23.35%, IEEE J. 
Photovol. 9 (2019) 1863–1867. 

[2] R. Scheer, H.W. Schock, Chalcogenide Photovoltaics: Physics, Technologies, and 
Thin Film Devices, Wiley-VCH, 2011. 

[3] K.L. Chopra, P.D. Paulson, V. Dutta, Thin-film solar cells: an overview, Prog. 
Photovoltaics Res. Appl. 12 (2004) 69–92. 

[4] M. Hutchins, in: PV magazine. https://www.pv-magazine.com/2017/12/20/solar 
-frontier-hits-new-thin-film-cell-efficiency-record/, 2017. 

[5] U. Rau, M. Schmidt, Electronic properties of ZnO/CdS/Cu(In,Ga)Se2 solar cells- 
aspects of heterojunction formation, Thin Solid Films 387 (2001) 141–146. 

[6] R. Scheer, A. Neisser, K. Sakurai, P. Fons, S. Niki, Cu(In1− xGax)Se2 growth studies 
by in situ spectroscopic light scattering, Appl. Phys. Lett. 82 (2003) 2091–2093. 

[7] H. Kashiwabara, Y. Hayase, K. Takeshita, T. Okuda, S. Niki, K. Matsubara, 
K. Sakurai, A. Yamada, S. Ishizuka, N. Terada, Study of changes of electronic and 
structural nature of CBD-CDS/CIGS interface with Ga concentration, in: 2006 IEEE 
4th World Conference on Photovoltaic Energy Conference, 2006, pp. 495–498. 

[8] J.-f. Han, C. Liao, L.-m. Cha, T. Jiang, H.-m. Xie, K. Zhao, M.P. Besland, TEM and 
XPS studies on CdS/CIGS interfaces, J. Phys. Chem. Solids 75 (2014) 1279–1283. 

[9] T. Nakada, A. Kunioka, Direct evidence of Cd diffusion into Cu(In, Ga)Se2 thin films 
during chemical-bath deposition process of CdS films, Appl. Phys. Lett. 74 (1999) 
2444–2446. 

[10] D. Abou-Ras, G. Kostorz, A. Romeo, D. Rudmann, A.N. Tiwari, Structural and 
chemical investigations of CBD- and PVD-CdS buffer layers and interfaces in Cu(In, 
Ga)Se2-based thin film solar cells, Thin Solid Films 480–481 (2005) 118–123. 

[11] S. Ishizuka, K. Sakurai, K. Matsubara, A. Yamada, M. Yonemura, S. Kuwamori, 
S. Nakamura, Y. Kimura, H. Nakanishi, S. Niki, A study of the diffusion and p-n 
Junction formation in CIGS solar cells using EBIC and EDX Measurements, in: MRS 
(Ed.), M.R.S.S. Proc., Material Reserach Society, 2005 pp. F6.3. 

[12] D. Blavette, A. Bostel, J.M. Sarrau, B. Deconihout, A. Menand, An atom-probe for 
three dimensional tomography, Nature 363 (1993) 432–435. 

[13] A. Cerezo, T.J. Godfrey, S.J. Sijbrandij, G.D.W. Smith, P.J. Warren, Performance of 
an energy-compensated three-dimensional atom probe, Rev. Sci. Instrum. 69 
(1998) 49–58. 

[14] M.K. Miller, A. Cerezo, M.G. Hetherington, G.W. Smith, Atom Probe Field Ion 
Microscopy, 1996. 

[15] T.F. Kelly, M.K. Miller, Invited review article: atom probe tomography, Rev. Sci. 
Instrum. 78 (2007), 031101-031101–;031101–031120. 

[16] B. Gault, F. Vurpillot, A. Vella, M. Gilbert, A. Menand, D. Blavette, B. Deconihout, 
Design of a femtosecond laser assisted tomographic atom probe, Rev. Sci. Instrum. 
77 (2006), 043705-043701–;043705–043708. 

[17] P. Clifton, T. Gribb, S. Gerstl, R.M. Ulfig, D.J. Larson, Performance advantages of a 
modern, ultra-high mass resolution atom probe, Microsc. Microanal. 14 (2008) 
454–455. 

[18] O. Cojocaru-Mirédin, T. Schwarz, D. Abou-Ras, Assessment of elemental 
distributions at line and planar defects in Cu(In,Ga)Se2 thin films by atom probe 
tomography, Scripta Mater. 148 (2018) 106–114. 

[19] O. Cojocaru-Miredin, H. Hollermann, A.M. Mio, A.Y. Wang, M. Wuttig, Role of 
grain boundaries in Ge-Sb-Te based chalcogenide superlattices, J. Phys. Condens. 
Matter 31 (2019) 204002. 

[20] O. Cojocaru-Mirédin, P. Choi, D. Abou-Ras, S. Siebentritt, R. Caballero, D. Raabe, 
Characterization of Grain Boundaries in Cu(In,Ga)Se2 films using atom-probe 
tomography, IEEE J. Photovolt. 1 (2011) 207–212. 

[21] W. Lefebvre-Ulrikson, Chapter Ten - Correlative Microscopy by (Scanning) 
Transmission Electron Microscopy and Atom Probe Tomography, in: W. Lefebvre- 
Ulrikson, F. Vurpillot, X. Sauvage (Eds.), Atom Probe Tomography, Academic 
Press, 2016, pp. 319–351. 

[22] I. Mouton, T. Printemps, A. Grenier, N. Gambacorti, E. Pinna, M. Tiddia, A. Vacca, 
G. Mula, Toward an accurate quantification in atom probe tomography 
reconstruction by correlative electron tomography approach on nanoporous 
materials, Ultramicroscopy 182 (2017) 112–117. 

[23] M. Herbig, P. Choi, D. Raabe, Combining structural and chemical information at 
the nanometer scale by correlative transmission electron microscopy and atom 
probe tomography, Ultramicroscopy 153 (2015) 32–39. 

[24] C.H. Liebscher, A. Stoffers, M. Alam, L. Lymperakis, O. Cojocaru-Mirédin, B. Gault, 
J. Neugebauer, G. Dehm, C. Scheu, D. Raabe, Strain-induced asymmetric line 
segregation at faceted Si grain boundaries, Phys. Rev. Lett. 121 (2018), 015702. 

[25] A. Stoffers, J. Barthel, C.H. Liebscher, B. Gault, O. Cojocaru-Miredin, C. Scheu, 
D. Raabe, Correlating atom probe tomography with atomic-resolved scanning 
transmission electron microscopy: example of segregation at silicon grain 
boundaries, Microsc. Microanal. 23 (2017) 291–299. 

[26] L. Amichi, I. Mouton, V. Boureau, E. Di Russo, P. Vennegues, P. De Mierry, 
A. Grenier, P.H. Jouneau, C. Bougerol, D. Cooper, Correlative investigation of Mg 
doping in GaN layers grown at different temperatures by atom probe tomography 
and off-axis electron holography, Nanotechnology 31 (2020), 045702. 

[27] L. Rigutti, Correlative optical spectroscopy and atom probe tomography, Acta 
Phys. Pol., A 129 (2016). A-7-A-25. 

[28] T. Schwarz, G. Stechmann, B. Gault, O. Cojocaru-Mirédin, R. Wuerz, D. Raabe, 
Correlative transmission Kikuchi diffraction and atom probe tomography study of 
Cu(In,Ga)Se2 grain boundaries, Prog. Photovoltaics Res. Appl. 26 (2018) 196–204. 

[29] Z. Sun, O. Hazut, B.C. Huang, Y.P. Chiu, C.S. Chang, R. Yerushalmi, L.J. Lauhon, D. 
N. Seidman, Dopant diffusion and activation in silicon nanowires fabricated by ex 
situ doping: a correlative study via atom-probe tomography and scanning 
tunneling spectroscopy,, Nano Lett. 16 (2016) 4490–4500. 

[30] A. Stoffers, Grain boundary segregation in multicrystalline silicon studied by 
correlative microscopy, in: fakultät für Georessourcen und Materialtechnik, 
Rheinisch-Westfälischen Technischen Hochschule Aachen, Aachen (2017) 102. 

[31] A. Stoffers, O. Cojocaru-Mirédin, W. Seifert, S. Zaefferer, S. Riepe, D. Raabe, Grain 
boundary segregation in multicrystalline silicon: correlative characterization by 
EBSD, EBIC, and atom probe tomography, Prog. Photovoltaics Res. Appl. 23 (2015) 
1742–1753. 
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