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Abstract— We report a detailed characterization of an industry-
like prepared Cu(In,Ga)Se2 (CIGS)/CdS heterojunction by 

scanning transmission electron microscopy (STEM) and 
photoluminescence (PL). Energy dispersive x-ray spectroscopy 

(EDS) shows the presence of several regions in the CIGS layer that 

are Cu deprived and Cd enriched, suggesting the segregation of 

Cd-Se. Concurrently, the CdS layer shows Cd-deprived regions 

with the presence of Cu, suggesting a segregation of Cu-S. The two 
types of segregations are always found together, which, to the best 

of our knowledge, is observed for the first time. The results 

indicate that there is a diffusion process that replaces Cu with Cd 

in the CIGS layer and Cd with Cu in the CdS layer. Using a 

combinatorial approach we identified that this effect is 
independent of focused-ion beam sample preparation and of the 

TEM-grid. Furthermore, photoluminescence measurements 

before and after an HCl etch indicate a lower degree of defects in 

the post-etch sample, compatible with the segregates removal. We 

hypothesize that Cu2-xSe nanodomains react during the chemical 
bath process to form these segregates since the chemical reaction 

that dominates this process is thermodynamically favourable. 

These results provide important additional  information about the 

formation of the CIGS/CdS interface. 

 
Index Terms—thin films, solar cells, Cu(In,Ga)Se2 (CIGS), CdS, 

diffusion, Transmission electron microscopy (TEM). 

INTRODUCTION 

 

u(In,Ga)Se2 (CIGS) thin film solar cells have achieved 

remarkable values of power conversion efficiency mostly due 

to recent improvements in the CIGS/CdS interface formation  

via an alkali treatment [1],[2]. The CIGS/CdS hetero-interface 

has been the topic of many publications and as the post-

deposition alkali surface treatment reveals, there are still open 

questions about its quality and distribution of elements. One of 

the open topics is the diffusion of Cd, S, and CdS into the CIGS 

layer and out-diffusion of elements from the CIGS layer into 

the CdS layer. Several conflicting reports are found in the 

literature, however, the exact diffusion mechanism is still being 

debated. This is likely due to the fact that the CIGS material and 

its electronic properties are highly dependent on the growth 
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conditions. In any case, it has been well established that the 

diffusion of Cd into CIGS influences the electrical properties of 

the heterojunction. One of the most important findings of Cd 

influence was from Ramanathan et al., who found that a Cd-

electrolyte bath of the CIGS would provide Cd-free buffer solar 

cells with enhanced electrical performance when compared 

with non-treated ones [3]. The authors hypothesised that Cd 

was diffusing into the CIGS during the Cd-electrolyte treatment 

providing a beneficial effect. Lei et al., have linked the 

electrolyte treatment to an increase of the charge carrier 

concentration and the lowering of the activation energy of the 

N1 defect [4]. This was supported by theoretical studies 

predicting lower surface recombination in devices with a Cd-

doped CIGS surface [5]. Thus, an exact identification of the 

resulting interface is quite important. In addition to the 

diffusion of Cd into the CIGS, at least two other effects have 

been observed independently: i) Cu out-diffusion from the 

CIGS absorber during the CBD bath [6]-[12] and ii) the 

formation of Cd-Se bonds [13]-[18]. These observations have, 

so far, not been linked to any other effect. 

In this work we study industry-like prepared CIGS/CdS 

interfaces using scanning transmission electron microscopy 

(STEM) and energy dispersive X-ray spectroscopy (EDS), a 

preferential technique to study local diffusion of elements due 

to its high spatial resolution. There are several other techniques 

that provide better composition sensitivity (secondary ion 

emission mass spectroscopy, X-ray photoelectron 

spectroscopy, etc.), but have lower spatial resolution and are 

therefore less suitable for this study. We report the presence of 

Cd-Se segregates in the CIGS layer and Cu-S segregates in the 

CdS layer. Photoluminescence (PL) measurements showed a 

strong influence of defects compatible with the above 

interdiffusion. The clear demonstration of this interdiffusion 

with unprecedented high spatial resolution brings upon a new 

understanding of the CIGS/CdS interface formation . 

Combinatorial experiments were designed to rule out any 

influence of the sample preparation and from the TEM-grid. 
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EXPERIMENTAL DESCRIPT ION 

A. Sample preparation 

Solar cells with the structure soda-lime glass (SLG) 

/Mo/CIGS/CdS/i-ZnO/ZnO:Al/Ni-Al-Ni-grid were prepared 

using the Ångström solar cell baseline [19], which is based in 

semi-industrial methods. CIGS was prepared in an in-line 

evaporator using a one-stage co-evaporation process on 

12.5×12.5 cm2 substrates with an active evaporation time below 

20 minutes [19],[20]. The CIGS composition is [Ga]/  

([In]+[Ga]) = 0.42 ± 0.03 and [Cu]/([In]+[Ga]) = 0.86 ± 0.03. 

12 solar cells were fabricated with average light to power 

conversion efficiency around 15 %. For the characterizations 

that needed non-finished solar cells, i.e. SLG/Mo/CIGS/ CdS, 

pieces of the sample were used where the processing finished 

right after the CdS deposition. To prevent any possible 

degradation of the materials, storage, transport, and shipping of 

all samples between growth and characterization, were made 

either in low-vacuum, or in a dry N2 environment. 

B. TEM characterization 

STEM images were taken with a FEI Titan ChemiStem 80-

200 kV Cs-probe corrected TEM, operating at 200 kV 

accelerating voltage and equipped with an EDS SuperX Bruker 

detector. In this method a coherent focused probe scans across 

the specimen and the X-ray emission spectrum is recorded in 

each probe position. All samples studied in cross section mode 

were prepared in a focused ion beam (FIB) FEI Dual-Beam 

Helios 450S with FIB lift-out Cu- or Mo [21]. In all of the 

samples a layer of amorphous carbon was deposited to reduce 

shadowing effects and to improve the electrical conductivity of 

the surface. On top of the buffer layer a protective Pt bi-layer 

assisted by the electron and the Ga beam was deposited. The 

lamellae were prepared as thin as possible, < 150 nm for 30KV 

and <50nm for 1KV. 

In order to validate the findings of this work we need to rule 

out three possible artefacts: 1) morphological and 

compositional modifications to the cross -section generated 

during the FIB final polishing process [22]; 2) shadowing effect 

of the lamella cutting also during the FIB preparation; and 3) 

superimposition in the EDS quantification of specimen 

elements with elements from the TEM grid or the FIB 

preparation process. Several lamellae were prepared as shown 

in Table I. Different samples, i.e. CIGS/CdS or complete solar 

cells were used to confirm that no shadowing, or curtain effects, 

are influencing our results. Since effects connected with the 

interaction of the polishing beam with the specimen will be 

connected with the polishing ion-energy, two different Ga final 

polishing energies were studied: 1 keV and 30 keV. By 

changing the TEM grid material, EDS superimposition 

problems connected with elemental identification were 

avoided. By using a Cu TEM grid, the identification of Cu in 

the specimen might be questionable, whereas with the Mo TEM 

grid there is a superimposition of the Mo-Lα1 (2.293 keV) and 

the S-Kα1 (2.307 keV) lines. However, in the case of Mo, we 

also measured the Mo-Kα1 to discriminate the Mo and S signal. 

Thus, the combination of using both grids can reduce, or 

possibly remove potential errors. Furthermore, since the FIB 

polishing is done with a Ga+ beam, special care has to be taken 

when looking at the Ga counts. By taking the number of counts 

for Ga in the electron beam induced deposited Pt layer (Pt-

EBID) and subtracting this value from the Ga signal a good 

approximation of the Ga signal coming from the sample could 

be obtained. For the measurements that were performed using a 

Cu grid, there is a residual emission observable for Cu 

throughout the whole lamella that can be also subtracted from 

the Cu signal in the Pt layer. The Cd-Lα1 line (3.133 keV) has 

no superimpositions and can be easily analysed. For In there is 

a superimposition of the In-Lα1 line (3.287 kev) with the Cd-Lβ1  

(3.316 keV). A possible way to distinguish both elements would 

be to look for the Kα lines of Cd (23.106 keV) and In (24.136 

keV) which do not overlap, however their intensities are low. 

Another way to account for In is to calculate [(In-Lα1) - (Cd-

Lα1)] instead of only looking for In-Lα. Although this method 

has limited physical meaning, the similarity between [(In-Lα1) - 

(Cd-Lα1)] and In-Kα indicates the validity of this method and 

thus we can evaluate where In is located. Images taken before 

and after performing the EDS mapping and linescan showed no 

damage from the beam. 

C. Photoluminescence 

The photoluminescence (PL) measurements were carried out 

using a Bruker IFS 66v Fourier transform infrared (FTIR) 

spectrometer equipped with a Ge diode detector. The samples 

were inserted in a helium gas flow cryostat which allows for 

measurements at 5 K. The excitation source was the 514.5 nm 

line of an Ar+ ion laser, with the laser power measured at the 

front of the cryostat window with an area of a few mm2. The PL 

spectra were corrected for the sensitivity of the Ge detector. 

RESULTS  

A. Transmission electron microscopy 

A total of 6 lamellae were prepared according to the 

conditions described in Table I. All of the samples show the 

same features. Since the lamellae were prepared in different  

conditions and all show the features that we are analysing, a 

combinatorial analysis allows us to discard several effects. By 

comparing samples A-B, which do not have the window layers, 

with samples C-F we can discard curtain effects from the FIB 

preparation process. By comparing samples A, C, and E, which 

were prepared by using a FIB last polishing step of 1 kV, with  

samples B, D, and F, which were prepared by using a FIB last 

polishing step of 30 kV, we can conclude that the FIB 

preparation is not influencing our results. Finally by comparing  

samples A-D, which were prepared using a Mo grid, to samples 

E and F, which were prepared with a Cu grid, we can discard 

any EDS superimposition problem between the sample and the 

grid elements. For simplicity purposes we will only show EDS 

results for sample C and sample E. 
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TABLE I 
TEM LAMELLAE OF DIFFERENT SAMPLES WITH FINAL GA ACCELERATION 

VOLTAGE POLISHING AND DIFFERENT TEM GRIDS USED. 

Sample 
Final 

Polishing 
TEM grid 
material 

A - CIGS/CdS 1 kV Mo 

B - CIGS/CdS 30 kV Mo 

C - carbon coated –full solar cell 1 kV Mo 

D - carbon coated –full solar cell 30 kV Mo 

E - carbon coated –full solar cell 1 kV Cu 

F - carbon coated –full solar cell 30 kV Cu 

 

 
Fig. 1. (a) HAADF image of the prepared lamella of sample D showing the 
CIGS/CdS heterojunction. (b) Shows a detail of this interface. 

 

Fig. 1 shows a high-angle annular dark field (HAADF) image 

of sample D showing the CIGS/CdS/ZnO/carbon/Pt layer stack. 

Fig. 1 (b) shows a close up of the CIGS/CdS interface. Even 

though in Fig. 1 (a) the CdS layer appears conformal and 

uniform, its uniformity is not perfect, since there are a small 

number of regions where the morphology is slightly different, 

as seen in Fig. 1 (b). These small regions are 10-400 nm in 

length and they were found in all lamellae in a density of ~1/m 

(2-3 regions per lamella and the lamella has a length of ~2.5 

m). Fig. 2 shows the bright field (BF) image, the EDS line 

profiles, and mapping of Cu, Cd, S, and Se of such regions for 

sample C. The EDS line profiles  show the CIGS (left side) and 

the CdS (right side). We observe that between 0 nm and 140 

nm, the counts of Cu, In, and Ga lower gradually until 140 nm 

at what appears to be the interface, since the Se counts drop 

sharply and the S counts increase. The Se counts are flat while 

the Cd counts exhibit a gradient with a high value at the 

interface, which decreases going towards the bulk of the CIGS. 

The shape of these profiles hints to a diffusion profile of Cd and 

to the formation of a Cd-Se segregate, since there is a region 

between 100 to 130 nm where there is only Cd and Se present. 

It is worth pointing out that at the position where the S signal 

increases, between 130 to 170 nm, the Cu counts also increase.  

Fig 3 shows the analysis for sample E. In this case we see a 

more defined segregate of Cd-Se below a segregation of Cu-S. 

Such effect can be seen in the rectangular region at the bottom 

of the bright field image, where the EDS linescan 

measurements were performed. Both analyses are 

representative of several regions found in all the prepared 

lamellae, indicating that there are CIGS regions deficient of Cu, 

In, and Ga, but that surprisingly contain Cd. Concurrently, right 

on top of the Cd-Se rich regions, we identified a region on the 

CdS side that lacks Cd and that contains Cu and S. Outside these 

regions, the interface shows abrupt elemental transitions. Thus, 

most of the CIGS/CdS interface is well defined, but there are 

small regions where segregates of Cd-Se can be found inside of 

what should be CIGS and Cu-S segregates inside of what 

should be CdS, which is the first time such observation is made. 

Using XPS, several reports have shown Cd bound to Se [16]-

[18], in agreement with our finding. However, here we clearly  

show that the Cd-Se segregate is spatially localized and not a 

surface layer as was hypothesised. 

 

 
Fig 2. EDS analysis of sample C.  (a) BF image. The rectangle indicates the 
line profiles region. (b) EDS mappings of Cu and Cd and (c) of Se and S. (d) 

EDS line profiles for all elements for several emission lines.     

B. Photoluminescence 

In order to investigate the influence of elemental diffusion into 

the CIGS on their optoelectronic properties, PL studies on the 

CIGS/CdS hetero-interface were performed. Subsequently, the 

sample was wet etched by using a 10% HCl solution (it is 

known that HCl etches CdS and Cu-Se compounds [23]) 

followed by another PL measurement. With the excitation  

wavelength of 514.5 nm, the observed emiss ion should come 

from a superficial layer on the CIGS with a thickness of ~70 

nm, according to the optical absorption data from [24]. We note 

that the layer scrutinized by the PL is where the segregates were 

detected. Thus, we can evaluate the effect of the segregates on 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

5 

the CIGS hetero-interface by comparing the two PL 

measurements. 

 
Fig 3. EDS analysis of sample E. (a) BF image. The rectangle indicates the 
line profiles region. (b) EDS mappings of Cu and Cd and (c) of Se and S. (d) 

EDS line profiles for all elements for several emission lines.  
 

The normalised PL spectra measured for the same excitation  

power (10 mW) at 5 K, before and ~10 minutes after the 

etching, are shown in Fig. 4 (a). Each spectrum is presented 

with its own energy scale, such that the peak positions overlap. 

In that way, it is easily seen that after the etching, the emission 

narrows and clearly has a less asymmetric shape. The shape 

change is more pronounced on the low energy side of the 

emission. Additionally, the dependence of the peak position 

with the excitation power [25] was investigated and a blueshift 

of 13.5 ± 0.2 meV/decade was estimated for the measurements 

with the CdS layer and 11.7 ± 0.5 meV/decade for the 

measurements after the etching. We note that this type of 

emission in chalcopyrite materials is usually associated with  

electrostatic fluctuating potentials [26]-[29]. 

Another approach to compare the influence of electrostatic 

fluctuating potentials in the two samples is based on the 

analysis of the emission in the low energy side [30-33]. For 

sufficiently deep states, the intensity in the low energy side of 

the emission, follows a Gaussian distribution. Moreover, the 

intensity of the emission in the low energy side, 𝐼 (ℎ𝜐), follows  

the density of states of the valence band tail [30-32]: 

𝐼 (ℎ𝜐) ∝
1

𝛾
exp (−

(𝐸𝑔 − 𝐸𝐼 − ℎ𝜐)
2

2𝛾2
)     (1) 

where 𝐸𝑔  is the band gap energy of the doped semiconductor, 

𝐸𝐼  is the binding energy of the hole to an acceptor level and 𝛾 

describes the root mean square depth of the potential wells in 

the valence band. We obtained 𝛾 values of 39.6 ± 0.1 meV and 

35.2 ± 0.4 meV for the sample with before and after the 

etching, respectively. The reduction of 𝛾 supports the reduction 

of the asymmetry of the band (Fig 4(a)) and the results obtained 

by the power dependence. These findings suggest that after 

performing the chemical etching, the CIGS is less affected by 

electrostatic fluctuating potentials. This type of fluctuating 

potentials in the electronic structure is created by interactions 

of ionised defects and dominate the radiative recombination  

channels when a high doping and strong compensation occurs. 

Thus, the luminescence reflects a likely change in the density 

of those defects. A significant contribution to these defects can 

originate from the CIGS surface since the defects on that layer 

should have a relevant impact in the PL emission [33]. 

Therefore, the lowering of the defect density seen by PL, allows  

us to assume that when the sample is etched, a fraction of 

ionised defects, like for instance CIGS/segregates interface 

traps, are removed. Therefore, the PL analysis supports the 

TEM results and provides further evidence for the influence of 

these segregates on the opto-electronic CIGS properties.  
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Fig.4: (a) Comparison of the normalised PL before and after the HCl etching, 
at 5 K and excitation power of 10 mW. The energy scale before and after the 
etch are the bottom and upper axis, respectively. (b) Low-energy side of the 
normalised PL fitted with Eq. (1) with the same axis and showing values of 𝛾. 

RELATION WITH THE LITERATURE AND DISCUSSION OF RESULTS 

Already in 1999, Nakada et al. used TEM to observe the 

presence of Cd in the CIGS layer and a decrease of the Cu signal 

at the CIGS surface. The authors concluded that Cu was being 

replaced by Cd ions [5],[7] and pointed out that their ionic radii, 

0.97 Å for Cd2+ and 0.96 Å for Cu+, are very similar thereby 

favouring an interchange of the two atoms. However, these 

papers did not report modifications to the CdS layer. Using 

angle resolved X-ray photoelectron spectroscopy (ARPES), 

Liao et al. reported that only the first couple of atomic layers of 

epitaxial CuInSe2 were heavily doped with Cd [8],[9], but not 

the rest of the bulk sample. The diffusion of Cd into the CIGS 

has been validated by several other groups using different  

techniques [10],[34],[35]. Concerning the Cu diffusion from the 

CIGS into the CdS layer, Abou-Ras et al. showed preliminary  

results of Cu diffusion from the CIGS into the CdS layer [36]. 

In addition, a Cd enrichment of the CIGS was also shown but 

their results were not completely clear due to the limited spatial 

resolution available at that time in conventional TEM and it is 

unclear if such effect was present in the whole surface or if it 

was localized in some regions . Diffusion of Cu into the CdS 

layer and diffusion of Cd into the absorber has been observed 
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for Cu-rich CuGaSe2 and using a chemical bath deposition 

(CBD) at 80 ºC [13]. In spite of the very different absorber layer 

in comparison to the present work, such identification was also 

performed with XPS which, again, ruled out the possibility to 

identify if such effect was present in the whole surface or if it 

was a localized effect. Diffusion of Cd and S into the CIGS 

along the grain boundaries (GBs) of the CIGS has been reported 

by Rusu et al. [37]. Similar TEM results as the ones presented 

in this paper for CIGS and CBD-CdS were found by Park et al. 

[15], however their analysis was performed on samples that 

were annealed at temperatures above 200 ºC. Additionally, Lei 

et al., also using TEM, have observed the presence of Cu in the 

CdS layer, but have only seen CdS present at the GBs of the 

CIGS [4]. Although it has been shown that Cd diffuses in the 

CIGS mostly in the bulk and not in the GBs [34], a theoretical 

study has shown that the most likely diffusion mechanism is 

based on two steps by creating a Cu vacancy in the CIGS 

followed by a displacement of Cd into the vacancy [38]. These 

processes have energy barriers of 1 eV and 0.5 eV, respectively 

[38], in accordance with experimental data [34].  

Even though several effects have been observed 

independently in previous studies, our results provide for the 

first time a complete picture of the interdiffusion occurring at 

the CIGS/CdS interface in CIGS material fabricated by an 

industry-relevant process. Nevertheless, the exact mechanism 

for the segregation and diffusion behaviour is yet to be 

identified. Our combinatorial approach for the preparation and 

use of TEM grids provides a high degree of reliability that the 

segregates are real since every lamella displayed the segregates. 

The combined TEM-EDS studies show segregation is not 

creating a thin layer but is spatially localised in the form of 

nanodomains. Furthermore, the PL measurements show that by 

chemically etching the samples, the concentration of ionised 

defects is reduced, something that is compatible with a lowering  

of the number of non-native elements in the CIGS.  

A possibility for the appearance of both segregates identified 

in this work could be through the condensation of Se at the 

surface of the CIGS. This can occur during the cool-down phase 

after the growth of the CIGS [39] and would explain areas of 

the CIGS that are free of In and Ga but rich in Se. However, 

why this situation would promote a Cu-Cd interfusion is not 

understood. However, solar cells where Se condensation is 

reported, typically show decreased quantum efficiency  

behaviour around the bandgap of crystalline Se (~1.7 eV), 

which is not the case here. Therefore, we consider the 

condensation of crystalline Se in the present s amples unlikely.  

Even though the CIGS present in this work is Cu-poor and 

far from stoichiometry, we note that nano-sized Cu-rich and 

Cu-poor areas have been found by TEM analyses on Cu-poor 

CIGS [40]. It is also known that there is Cu-leaching from the 

CIGS film during the CdS-CBD [41]. Thus, a possible 

explanation for the results presented here is that prior to the 

CdS-CBD there are regions of the film with Cu2-xSe phases 

present and that in the presence of the strong basic solution of 

the CBD the following reaction may take place [15]: 

Cu2-xSe + CdS → Cu2-xS + CdSe   (2) 

The presence of Cd-Se bonds has been identified before using 

XPS for Cu-rich CuGaSe2 [13]. Even though that study has not 

shown segregations, it has only shown the bonds, the presence 

of the Cd-Se bounds has been linked to variations in the CBD 

processing [13]. In addition, this reaction is thermodynamically  

favourable due to its reaction free energy of -5.6 kJ/mol, 

requiring only that the CIGS film has some aggregates of Cu2Se 

[42]. Cu2-xS phases are highly conductive and could be 

detrimental for solar cell performance when present in the CdS 

due to shunts. The identification of Cu2-xS segregates in the CdS 

has also been shown for physical vapour deposited CdS [43,44] 

indicating its formation is not unique to the CdS-CBD process.  

CONCLUSION 

Using STEM we identified several regions of the CIGS/CdS 

interface where an inter-diffusion of Cu and Cd is observed. In 

these regions the CIGS area shows segregates consisting of Cd-

Se, whereas the CdS layer shows segregates of Cu-S. We show 

for the first time that these regions always appear together. The 

results suggest that Cu takes the place of Cd in the CdS layer. 

To ensure that potential artefacts from the FIB sample 

preparation and from the STEM measurements can be ruled out, 

several TEM lamellae were prepared and results were 

compared in a combinatorial approach. We concluded that the 

segregates are present independently of the FIB preparation 

methods. The presence of Cu in the CdS layer is important since 

Cu may act as a doping element in CdS and in the extreme case 

Cu2-xS can form, which can be potentially harmful for the 

electrical performance of the solar cells. 

Photoluminescence measurements show that by performing  

a wet etching that removes the segregates , the PL emission of 

the CIGS is affected by a smaller density of ionised defects. 

Such fact is in agreement with the segregates influencing the 

CIGS opto-electronic properties. The segregates can potentially 

create defects at the CIGS surface and thereby the PL analysis 

validates the TEM results. 

We suggest that nanodomains of Cu2-xSe present on the CIGS 

layer react with the CdS from the CBD to form segregates of 

Cd-Se on the CIGS layer and to form Cu-S segregates in the 

CdS layer. Such mechanism can be explained by a 

thermodynamically favourable chemical process and is a good 

indication why we detect the segregates together. The findings 

in this work might not be universal for every CIGS layer since 

different CIGS compositions and different deposition recipes 

have a great influence in the properties of the resulting junction. 

Nevertheless, the layers used in the present study are highly 

relevant as they were prepared with a semi-industrial process 

that gives high-performance solar cells. 
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