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A B S T R A C T   

We conducted correlated transmission Kikuchi diffraction and atom probe tomography measurements to 
investigate the relationship between the structure and chemistry of grain boundaries in Cu-rich and Cu-poor 
sulfide chalcopyrite CuInS2 thin-films. We detect different elemental redistributions at random high-angle 
grain boundaries, Σ9 twin boundaries and stacking faults in the Cu-rich and Cu-poor film but no chemical 
fluctuations at Σ3 twin boundaries. For the Cu-rich CuInS2 thin-film, our atom probe tomography analyses reveal 
Cu enrichment as well as In and S depletion at random grain boundaries, Σ9 twin boundaries and stacking faults. 
Hence, we may observe a ‘Cu on In’ scenario, which is accompanied by co-segregation of Na and C. In contrast, 
for the Cu-poor CuInS2 thin-film, our analyses show Cu depletion and In enrichment at random grain boundaries 
and at the vast majority of stacking faults. For S we do not observe a clear trend. Therefore, for the Cu-poor 
CuInS2 thin-film we may observe a ‘In on Cu’ scenario, which is accompanied by co-segregation of Na, K and 
O at the random grain boundaries but not at stacking faults. The amount of impurity segregation varies from one 
grain boundary to another in both thin-films.   

1. Introduction 

Sulfide chalcopyrites Cu(In,Ga)S2 (CIGS) are a promising candidate 
as top junction in stacked tandem solar cells, which have the potential to 
achieve solar energy conversion efficiencies beyond 30% by overcoming 
the Shockley-Queisser limit [1]. CIGS has a direct band gap, which can 
be tuned from 1.55 eV to 2.4 eV for pure CuInS2 and CuGaS2, respec
tively [2]. Hence, CIGS is suitable to cover the high-energy part of the 
solar spectrum and it can be current-matched with a bottom junction by 
controlling its [In]/[Ga] ratio. Recently, CIGS based solar cells achieved 
a certified record efficiency of 15.5% [3]. However, this value is still far 
below the 23.35% record efficiency of Cu(In,Ga)(Se,S)2 based solar cells 
[4]. 

One main reason for the lower efficiencies for CIGS based solar cells 
is their high loss in the open-circuit voltage VOC, i.e. the difference of Eg/ 
q - VOC, where Eg is the band gap and q the electric charge. For the 
certified CIGS based record cell with 15.5% efficiency, a loss in VOC of 
630 mV is measured [3]. In contrast, for highly efficient CIGSe based 
solar cells the VOC loss is approx. 430 mV, i.e. 200 mV smaller compared 
to pure sulfide CIGS [5–7]. The larger VOC loss for CIGS based solar cells 
is due to higher recombination activities, which can occur in the bulk of 
the absorber, at the interface between absorber and back contact as well 

as between absorber and buffer layer. Indeed, the CIGS absorber and 
commonly used CdS buffer show an unfavorable cliff-like alignment of 
their conduction band minima, which causes dominant recombinations 
at this interface [8,9]. Although alternative buffer materials like Zn(O,S) 
would allow to overcome this issue by a spike-like band alignment, there 
is no significant improvement in VOC [10,11]. The quasi Fermi level 
splitting (QFLS) is an indicator for the recombination activity of the 
absorber and an upper limit for the VOC. Lomuscio et al. [12] showed 
that Cu-rich grown CuInS2 (CIS) absorber have a higher QFLS than 
Cu-poor ones. Cu-rich grown CuInS2 refers to absorber films that were 
grown under Cu-excess, where a nearly stoichiometric chalcopyrite 
forms together with a Cu sulfide secondary phase, whereas Cu-poor films 
are grown with a lower Cu concentration and form the chalcopyrite 
phase with a reduced Cu content [13]. Final devices based on Cu-rich 
grown absorbers showcase that the higher QFLS does not result into a 
higher VOC compared to the Cu-poor grown counterpart. This is related 
to shunting problems and recombination losses at the interface between 
the absorber and the buffer [14]. However, if these problems can be 
overcome, it is essential to know how the QFLS and, hence, the VOC 
depend on the microstructure of the bare absorber for both Cu-rich and 
Cu-poor grown CuInS2 absorber films in order to guide their 
optimization. 
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Therefore, as the CIGS absorber layer is a polycrystalline thin-film, 
one needs to investigate the crystallography and chemistry of 
extended defects in the CIGS absorber, namely random high-angle grain 
boundaries (RHAGB), 

P
3 twin boundaries (

P
3 TB) as well as stacking 

faults (SF) and dislocations. These defects can comprise deep traps 
within the band gap, which may cause non-radiative Shockley-Read- 
Hall recombination. Furthermore, charged defects at grain boundaries 
cause band bending, which limits the QFLS in the absorber [15]. 
Therefore, these defects can limit the VOC due to an increased saturation 
current J0. 

For the pure Cu-poor selenides CIGSe, it seems that the GBs are 
mostly electrically benign. Abou-Ras et al. [16] proposed that an atomic 
redistribution takes place at GBs, which reduces excess charges and 
removes deep defects within the band gap. This atomic redistribution at 
GBs was observed by several groups [16–18]. However, for the pure 
sulfides CIGS – neither for Cu-poor nor for Cu-rich CIGS – there is 
nothing known about the chemistry of RHAGBs or 

P
3 TBs or that of SFs 

and dislocations. 
Therefore, in this study we want to elucidate the chemistry-structure 

relationships for extended defects in both Cu-rich and Cu-poor grown 
pure sulfide CIGS based absorbers. For simplicity, we focus only on the 
ternary system CuInS2 (CIS) to avoid possible phase segregation with the 
Ga based alloy [19] as well as to avoid a possible influence of a Ga 
gradient on the chemistry of extended defects. We conduct correlated 
transmission Kikuchi diffraction (TKD) and atom probe tomography 
(APT) measurements to provide crystallographic and chemical infor
mation on selected GBs at the near atomic scale. Besides GBs, we also 
present chemical information of SFs and dislocations. We discuss the 
chemical fluctuations observed at the investigated extended defects and 
their possible effect on the solar cell performance. 

2. Material and methods 

The CIS thin-films studied in this work were fabricated in a high 
vacuum system by co-evaporation of Cu, In and S onto a Mo-coated soda- 
lime glass (SLG) substrate without a Na barrier layer. One sample was 
grown under Cu-rich ([Cu]/([In]) ¼ 1.83) conditions at 590 �C and one 
under Cu-poor ([Cu]/([In]) ¼ 0.95) conditions at 600 �C [14]. Both 
samples were deposited with constant elemental fluxes in a 
one-stage-type process, i.e. in particular the Cu-poor CIS thin-film was 
not subject to a Cu-rich step. The overall composition was measured by 
EDX in a scanning electron microscope at an acceleration voltage of 20 
kV. For the Cu-rich sample, an etching step with 10 wt% KCN for 5 min 
was applied to remove Cu-S secondary phases [13]. For the Cu-poor 
sample only a weak etching step with 5 wt% KCN for 30 s was applied 
in order to clean the surface. Finally, a CdS buffer layer was deposited on 
both absorber films by chemical bath deposition. Complete cells for 
current-voltage measurements were fabricated by magnetron sputtering 
of i-ZnO and Al-doped ZnO and e-beam evaporation of a Ni-Al grid. A 
summary of all investigated samples is given in Table 1. 

The preparation of TEM lamellas and needle-shaped APT specimens 
was carried out using a dual-beam focused-ion-beam (FIB) (FEI Helios 
Nanolab 600i), according to the lift-out technique in Ref. [20]. To 
minimize beam damage due to Ga implantation, a low energy (2–5 keV) 
Ga beam was used for final shaping of the APT specimens. 

STEM-EDX analyses were performed using a JEOL JEM-2200FS TEM 
equipped with a JEOL EX-24063JGT X-ray detector at an acceleration 
voltage of 200 kV. 

TKD measurements were carried out directly on the APT specimens 
by using a home-built single-tilt TEM retainer [21]. Details of this 
technique have been described in Ref. [18]. In order to easily distinguish 
different grains within the TKD datasets, unique grain color maps are 
used, which assign to each grain a random a unique colour, which is not 
related to any crystal orientation. APT analyses were performed using a 
local electrode atom probe (LEAP™ 3000XHR and LEAP™ 5000XR, 
Cameca Instruments) at a specimen base temperature of 60 K. Mea
surements were done in pulsed laser mode, using a ~10 ps pulse length, 
a repetition rate of 100 kHz, and an average detection rate of 4–10 ions 
per 1000 pulses. For measurements utilizing a laser wavelength of 532 
nm and 355 nm we used a laser pulse energy of 100 pJ and 10 pJ, 
respectively. For the quantification of GB segregation of impurities, 
Gibbsian interfacial excess values have been determined from ladder 
diagrams, which are cumulative plots of the number of impurity atoms 
against the total number of atoms [22]. 

3. Results 

3.1. Microstructure and solar cell parameters 

Cross-sectional STEM bright-field (BF) images in Fig. 1 reveal the 
different microstructures for the CIS thin-films grown under Cu-rich and 
Cu-poor conditions, respectively. The Cu-rich grown CIS thin-film 
exhibit grains up to the micrometer range, which contain twin bound
aries and stacking faults. Furthermore, we observe smaller sized (<500 
nm) grains and voids closer to the Mo back contact. In contrast, for the 
Cu-poor grown CIS film we find smaller grains, which show signs of 
dendritic growths and which exhibit a significantly higher density of 
stacking faults and dislocations. Smaller sized grains (<100 nm) and 
voids are found close to the Mo back contact as well. Here, the formation 
of a MoS2 layer at the back contact is more visible compared to the Cu- 
rich grown sample (see Fig. S1 in supplementary material). Moreover, 
the surface roughness is smaller compared to that of the Cu-rich grown 
one (see also Fig. S1 in supplementary material). STEM-EDX measure
ments depicted in Fig. 1 reveals the absence of Cu-S compounds on the 
surface of the Cu-rich grown sample since they were removed by the 
KCN etching step. However, Cu-S compounds are still detectable in the 
bulk (see Fig. 1 b)). Interestingly, the surfaces of the voids formed at the 
Mo back contact are covered with CdS (see Fig. 1 c)). This is likely due to 
the removal of Cu-S compounds by KCN, which may extend deep into 
the bulk, and subsequent chemical bath deposition of CdS is filling up 
the leftover voids and voids being interconnected with them (see Fig. S2 
in supplementary material). On the contrary, for the Cu-poor sample we 
do not detect such a surface coverage of the voids as well as no formation 
of Cu-S compounds. 

Photoluminescence measurements from a previous study [14] of the 
identical absorber samples show that the QFLS of the Cu-rich grown 
absorber film yields 839 meV on average and that of the Cu-poor grown 
one only 670 meV on average. Current-voltage measurements of the 
complete cells based on the Cu-rich grown sample exhibit severe 
shunting, which is discussed later. The best solar cell made from the 
Cu-poor grown sample shows a conversion efficiency η of 8.3%. All cell 
parameters are summarized in Table 2. 

3.2. Cu-rich CuInS2 thin-films 

Fig. 2 a-b) shows TKD analyses performed directly on an APT spec
imen from the Cu-rich sample. The image quality (IQ) values shown in 
Fig. 2 a), which are a measure of the quality of the Kikuchi pattern, are 
reduced in the center region of the APT specimen, i.e. darker contrast, 
due to the presence of a grain boundary. Here, Kikuchi bands from both 
adjacent grains overlap, which leads to a blurring of the Kikuchi pattern 
and, hence, to a reduced IQ value. The bottom center region exhibits as 
well a reduced IQ due to the increasing thickness of the APT specimen. 
The unique colour map in Fig. 2 b) reveals that the specimen contains 

Table 1 
List of investigated samples showing the overall composition, growth tempera
ture and whether a KCN etching step was applied or not.  

Sample [Cu]/[In] T (�C) KCN etching step 

A 1.83 590 10 wt% for 5 min 
B 0.95 600 10 wt% for 30 s  

T. Schwarz et al.                                                                                                                                                                                                                                
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Fig. 1. a-l) Cross-sectional STEM-EDX measurements of the Cu-rich and Cu-poor grown sample. a) and g) show STEM bright-field (BF) images, b) and h) distribution 
of Cu-K (blue), c) and i) distribution of Cd-L (white), d) and j) the distribution of In-K, e) and k) the distribution of S-L, and f) and l) the distribution of Mo-K for the 
Cu-rich and Cu-poor grown sample, respectively. Note that the Cu-K line overlaps partly with Pt lines as well as the S-L with Mo lines. Fig. 1 a) is from our previous 
work [14]. 
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one RHAGB (blue line) with a misorientation angle of 26.4� @ [1 1 0] as 
well as a 

P
3 TB (red line). Fig. 2 c) displays the corresponding recon

structed APT dataset showing the Na and C distribution. One can clearly 
see co-segregation of Na and C at the RHAGB. From the composition 
profile across this RHAGB in Fig. 2 d) the Gibbsian interfacial excess 
values for Na and C are calculated to be ΓNa ¼ 0.17 atoms/nm2 and ΓC ¼

0.05 atoms/nm2, respectively. Furthermore, we observe chemical fluc
tuations of the matrix elements at the RHAGB, namely, Cu enrichment 
and depletion of In and S. In addition, we detect segregation of mainly 
Na atoms but also C atoms in clusters (Fig. 2 c)). The composition of Na 
in those clusters ranges from 0.4 at% to 1.0 at%. Since the APT dataset is 
not long enough, it does not contain the 

P
3 TB given in the TKD 

analysis. In another APT dataset we observed similar findings for 
another RHAGB, which is summarized in Table 3. 

Fig. 3 a-b) shows the IQ and unique colour map of an APT specimen 
of the same Cu-rich sample containing a facetted 

P
3 TB (red line) and a 

P
9 TB (green line). In the corresponding APT dataset in Fig. 3 c) 

showing the Na and C distribution we observe segregation of C atoms at 
the 

P
9 TB. The composition profile across the 

P
9 TB in Fig. 3 d) ex

hibits that the C composition at this interface is still distinguishable from 
the background signal (‘C-bg’ in Fig. 3 d)) and yields an excess value of 
ΓC ¼ 0.03 atoms/nm2. Interestingly, the compositional fluctuations of 
the matrix elements are the same as for a RHAGB, i.e. Cu enrichment as 
well as depletion of In and S. We do not detect any Na segregation at this 
P

9 TB. 
We detect several Na clusters at the bottom part of the APT dataset, 

where the location of the 
P

3 TB is expected. From an enlarged section of 
this Na cluster region displayed in Fig. 3 e) we can see that the Na 
clusters are not homogeneously distributed. The point density map of 
the identical section shown in Fig. 3 f) reveals that the Na clusters are 
confined below a sharp line of higher atomic density (orange-red). 
Comparing Fig. 3 b) and f) clearly exhibit that the inclination angle of 
the 

P
3 TB w.r.t to the black dashed line is the same as for the area with 

higher atomic density. Although the TKD analyses reveals a facetted 
P

3 
TB, we do not observe this faceting in the APT data. This is likely due to 

the field-of-view of APT that is smaller compared to the TKD, i.e. the 
signal from the TKD comes primarily from the bottom part of the 
specimen, while the APT images from its core. The composition profile 
across the identified 

P
3 TB in Fig. 3 g) exhibits no chemical fluctuations 

of the matrix elements at the interface. We observe only slightly 
different In and S compositions for the adjacent grains. Moreover, 
comparing the Na composition with its background signal (‘Na-bg’ in 
Fig. 3 g)) we do not observe any segregation of Na directly at the 

P
3 TB. 

We only detect an enrichment of Na in clusters on the right-hand side of 
the composition profile. 

In addition to RHAGBs and TBs, we identified in another APT dataset 
a two-dimensionally confined extended defect, likely a stacking fault, as 
shown in Fig. 4. Besides Na clusters, the Na distribution maps in Fig. 4 c- 
d) shows an enrichment of Na in a confined planar region, which also 
exhibit a Cu enrichment compared to the grain interior marked by the 
blue 26 at.% Cu iso-composition surface. In order to avoid mistaking one 
of the 

P
3 TBs identified by TKD (see Fig. 4 b)) for a stacking fault in the 

APT dataset, we compared the Na distribution and point density maps in 
Fig. 4 e-f) of an enlarged section (red dashed line), where all three 

P
3 

TBs are expected to be located. Fluctuations of the point density in APT 
are commonly observed at grain boundaries and other crystalline de
fects, and are related to aberrations in the ions trajectories [23,24]. Two 
out of the three 

P
3 TBs can be clearly identified as planes with higher 

atomic density marked by red arrows in Fig. 4 f). Their distance to the 
apex of the APT specimen as well as their spacing, i.e. ~350 nm, ~500 
nm, and ~150 nm, respectively, fits with the corresponding distances of 
the two lower 

P
3 TBs in the TKD analysis. For the upper 

P
3 TB such a 

clear correlation is impeded since a heating up of the APT specimen 
during laser pulsing in this region interferes with the higher atomic 
density of the 

P
3 TB. Nevertheless, between both lower 

P
3 TBs there is 

an approx. ~30 nm thin area, which has a lower atomic density than its 
surrounding, which can be likely assigned to a stacking fault. A 
composition profile across this stacking fault in Fig. 4 g) reveals Cu 
enrichment as well as In and S depletion at the interface. Moreover, the 
Gibbsian interfacial excess for Na and C are calculated to be ΓNa ¼ 0.09 
atoms/nm2 and ΓC ¼ 0.02 atoms/nm2, respectively. 

In total two RHAGBs, one 
P

9 TB and eight 
P

3 TBs as well as one 
stacking fault were analyzed. The corresponding chemical fluctuations 
at these extended defects are listed in Table 3. At all RHAGBs, the 

P
9 TB 

and the stacking fault we detect Cu enrichment as well as In depletion 
and for the vast majority S depletion as well. Moreover, we observe for 
these defects co-segregation of Na and C, except for the 

P
9 TB, which 

only shows segregation of C. We do not detect any segregation of K or O 
atoms at RHAGBs and 

P
9 TB in the Cu-rich CuInS2 sample. The 

calculated Gibbsian excess values for Na and C varies from defect to 

Table 2 
List of average QFLS and VOC as well as cell parameters of the best cells. Data 
from Ref. [14].  

Sample QFLS 
(meV)  

VOC (mV)  η (%) VOC 

(mV) 
JSC (mA/ 
cm2) 

FF 

Cu-rich 839 – – – – – 
Cu- 

poor 
670 610 8.3 613 20.5 66  

Fig. 2. a-b) IQ and unique colour map from an APT needle from the Cu-rich sample showing a RHAGB (blue) with a misorientation angle of 26.4� @ [1 1 0] as well as 
a 
P

3 TB (red). Only data points with a confidence index (CI) > 0.1 are shown. c) APT reconstruction showing the Na and C distribution. d) 1D composition profile 
across the RHAGB (blue arrow) shown in c). 
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defect, and on average the excess value of Na is five times higher than 
that of C. In contrast, for all eight 

P
3 TBs we do not observe any 

chemical fluctuations or segregation phenomena. In the grain interior 
the composition for Na and C varies from 2 ppm to 11 ppm and from 5 
ppm to 13 ppm, respectively, suggesting similar solubility for both im
purities. In addition, the grains have a Cu-poor composition, where the 
[Cu]/[In] ratio varies from 0.90 to 0.97. 

3.3. Cu-poor CuInS2 thin-films 

Fig. 5 a-b) show TKD analyses from an APT specimen from the Cu- 
poor sample. The reconstructed APT dataset in Fig. 5 c) clearly reveals 
co-segregation of Na and K at the RHAGB (blue line) having a misori
entation angle of 49.5� @ [21 8 18]. From the composition profile across 
this RHAGB in Fig. 5 d) the excess values for Na and K are calculated to 
be ΓNa ¼ 1.59 atoms/nm2 and ΓK ¼ 0.11 atoms/nm2, respectively. 
Furthermore, we observe Cu depletion and enrichment of In and S at the 
RHAGB. Interestingly, the chemical enrichments and depletions show a 
rather W-shape like profile than a Gaussian shape. We detect as well the 
same W-shape like composition profile of the chemical fluctuations 
across some of the SFs. One example is given in Fig. 5 f) for the 
composition profile of the SF, which is marked by the blue 19 at.% Cu 
iso-composition surface in Fig. 5 e). 

For another specimen given in Fig. 6 the TKD analysis reveals one 
P

3 TB and one RHAGB. Besides Na and K segregation, we also detect O 
at the RHAGB. The composition profile across the RHAGB in Fig. 6 d) 
reveals that there is no S enrichment at the RHAGB in contrast to that of 
the previous APT dataset, which exhibit no O segregation at the RHAGB. 

Furthermore, Cu depletion as well as In enrichment at the RHAGB in 
Fig. 6 d) are not as clear as for the RHAGB in Fig. 5 d) (see Fig. S4 in 
supplementary material). Moreover, the composition profile of the 
matrix elements exhibit no W-like shape at the RHAGB. In the region of 
the 

P
3 TB (red dashed lines), we observe Na decorated linear features, 

likely dislocations, as displayed in Fig. 5e) and f). However, the 
P

3 TB 
itself shows neither segregation of impurities nor fluctuations of the 
matrix elements as shown in Fig. 5 g). Slight Cu depletions in the Na- 
enriched regions around 40 nm and 80 nm within the composition 
profile are due to the presence of dislocations, which can exhibit Cu 
depletion (cf. Table 3). 

The Cu-poor CuInS2 thin-film shows a high density of dislocations 
and stacking faults, which is reflected as well in APT measurements. One 
example how complex the interplay between RHAGBs, stacking faults 
and dislocations can be is given in Fig. 7. The Na distribution of an APT 
sub-dataset in Fig. 7 a-b) shows that two linear features, likely disloca
tions decorated by Na, are connecting two RHAGBs (see Fig. S5 in 
supplementary material for TKD analysis). However, a closer look to 
Fig. 7 c) reveals that one 2D confined feature, likely a stacking fault, is 
running from one RHAGB to the other one, whereby the Na decorated 
dislocations confine the stacking fault. Moreover, there is a 3D confined 
region of Cu accumulation at the one end, where the stacking fault is 
meeting the RHAGB (side-view in Fig. 7 c)). A Na decorated dislocation 
surrounds part of this region. The 2D compositional maps of Cu from 
different views are exhibiting complex chemical fluctuations at these 
defects. 2D compositional maps of In and S as well as composition 
profiles obtained across the defects can be found in Fig. S6 and Fig. S7 in 
the supplementary material. 

Fig. 3. a-b) IQ and unique colour map from an APT needle from the Cu-rich sample showing one 
P

9 TB (green) and one facetted 
P

3 TB (red). Only data points with 
CI > 0.1 are shown. c) APT reconstruction showing the Na and C distribution. d) 1D composition profile across the 

P
9 TB (green arrow) shown in c). “C-bg” stands 

for C background. e) Magnified Na distribution from the red-dashed region in c). The APT dataset was rotated by 40 �C w.r.t. c), i.e. the same orientation as the TKD 
dataset. f) 2D point density map to e) projected to the plane perpendicular to the viewing direction, which is superimposed with Na atoms. g) 1D composition profile 
across the 

P
3 TB (red arrow) shown in f). The dashed line marks the position of the 

P
3 TB. “Na-bg” stands for Na background. 
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Fig. 4. a)-b) IQ and unique colour map from an APT specimen from the Cu-rich sample showing three 
P

3 TBs (red). Only data points with CI > 0.1 are shown. c) 
APT reconstruction showing the Na distribution and a 26 at.% Cu iso-composition surface, which marks a SF. d) Rotated APT dataset by 40� w.r.t. c) showing the 2D 
confined SF. e) Magnified Na distribution from the red-dashed region in c). f) 2D density map to e) projected to the plane perpendicular to the viewing direction. The 
upper right region shows a void within the dataset. g) 1D composition profile across the SF (black arrow) shown in d). “C-bg” stands for C background. The reader is 
referred to the supplementary material to see that there is indeed segregation of C. 
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The chemical fluctuations for all detected RHAGBs, 
P

3 TBs, stacking 
faults and dislocations of the Cu-poor CuInS2 thin-film are listed in 
Table 3. All RHAGBs show Cu depletion as well In enrichment. For S we 
cannot observe any clear trend since we detect enrichment, depletion as 
well as no fluctuation. Moreover, at almost all RHAGBs we observe 
segregation of Na, K and O. On average the Gibbsian interfacial excess 
values of Na are one order of magnitude higher than that of K and five 
times higher than that of O. In the grain interior the composition for Na 
and K varies from 7 ppm to 23 ppm and from 2 ppm to 11 ppm, 
respectively. The composition of O in the grain interior was not calcu
lated as we cannot distinguish between O coming from the APT spec
imen and its background signal, i.e. residual gases in the APT analysis 
chamber. In addition, the grains reveal a Cu-poor composition, where 
the [Cu]/[In] ratio varies from 0.73 to 0.97. 

In contrast to RHAGBs, both 
P

3 TB exhibit neither chemical fluc
tuations nor segregation phenomena. The majority of the stacking faults 
show the same chemical fluctuations as the RHAGBs, i.e. Cu depletion 
and In enrichment. Only in some cases we observe Cu enrichment and In 
depletion. Moreover, in contrast to the RHAGBs we do not detect any 
segregation of impurities at stacking faults. The dislocations do not show 
any clear trend. One half shows no chemical fluctuations, whereas for 
the other half we observe Cu depletion and In enrichment. As for the 
RHAGBs and stacking faults, there is no clear trend for S at dislocations. 
All dislocations are decorated by Na atoms but only a small fraction by K 
atoms. 

4. Discussion 

4.1. Relationship between chemistry and structure of extended defects 

According to Table 3, an atomic redistribution of the matrix elements 

takes place at RHAGBs in both the Cu-rich and the Cu-poor CuInS2 thin- 
film. For the latter one we find a ‘In on Cu’ scenario at RHAGBs, i.e. Cu 
depletion and In enrichment. This scenario indicates that also for Cu- 
poor sulfide based chalcopyrites, here CuInS2, the formation of InCu 
and VCu point defects pair might take places at RHAGBs similar to 
selenide based Cu-poor Cu(In,Ga)Se2 thin-films [16–18]. Our findings 
are in good agreement with ab initio density functional theory calcula
tions, which show that InCu and VCu point defects have the lowest for
mation energies for Cu-poor and In-rich CuInS2 [25,26]. For S we 
observe no clear trend. Furthermore, the compositional fluctuations at 
RHAGBs are always accompanied by co-segregation of Na and K as well 
as in most cases of O. According to several groups [16–18], O segrega
tion at RHAGBs in Se-based Cu(In,Ga)Se2 thin-films occurs only if there 
is a depletion of Se or no change in Se composition at the interface, i.e. 
the absence of Se enrichment. Our APT measurements confirms that this 
applies as well for the vast majority of RHAGBs in Cu-poor CuInS2 
thin-films. Moreover, the Gibbsian interfacial excess values of Na are up 
to one order of magnitude larger than those of K. This can be explained 
by the different amounts of Na2O and K2O in the SLG substrate, which 
are 14 at% and approx. 0.4 at%, respectively. Since the ratio of Gibbs 
excess values between Na and K is similar to the ratio of their amount in 
the SLG substrate, the diffusion coefficients of Na and K in CuInS2 
thin-films are similar like it was observed for selenide based thin films 
[27]. 

In contrast, for the Cu-rich CuInS2 thin-films we observe a ‘Cu on In’ 
scenario at RHAGB and at one 

P
9 TB, i.e. In depletion and Cu enrich

ment. This scenario indicates that for Cu-rich CuInS2 thin-films the 
formation of CuIn, Cuiand VIn point defects may take places at RHAGBs. 
Our findings are in good agreement with ab initio density functional 
theory calculations, which show that CuIn, Cuias well as VInpoint defects 
have the lowest formation energies for Cu-rich and In-poor CuInS2 [25, 

Fig. 5. a)-b) IQ and unique colour map from an APT needle from the Cu-poor sample showing one 
P

3 TB (red) and a RHAGB (blue) with a misorientation angle of 
49.5� @ [21 8 18]. Only data points with CI > 0.1 are shown. c) APT reconstruction showing the Na and K distribution. d) 1D composition profile across the RHAGB 
(blue arrow) shown in c). e) Magnified region from the red-dashed region in c) showing the Na distribution and a 19 at.% Cu iso-composition surface as well as the 
detail of the of SF next to the RHAGB marked by the purple frame. f) 1D composition profile across the SF (black arrow) shown in e). 
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26]. Cu-enriched RHAGBs were also found in selenide based Cu(In,Ga) 
Se2 thin-films, which had an intermediate Cu-rich growth step but where 
the final overall film composition was Cu-poor and Ga-rich [28]. Inter
estingly, the compositional fluctuations at RHAGBs in Cu-rich CuInS2 
thin-film are always accompanied by co-segregation of Na and C but not 
by K and O as for the Cu-poor CuInS2 thin-films. This also true for a 

P
9 

TB, where only segregation of C is found but not of K and O. The absence 
of K might be related to a larger grain size and a significantly reduced 
density of dislocations, which can interconnect the grains (cf. Figs. 1 g) 
and Fig. 7), in the Cu-rich CuInS2 thin-film compared to the Cu-poor one. 
Since the diffusivity of elements along dislocations is in general faster 
than along RHAGBs and through the bulk [29], smaller Gibbsian excess 
values of Na and K can be expected at RHAGBs in the Cu-rich CuInS2 
thin-film. Indeed, the Gibbsian excess values of Na in the Cu-rich sample 
are almost by one order of magnitude lower than those in the Cu-poor 
sample (see Table 3). Furthermore, the amount of K in the SLG sub
strate is more than one order of magnitude smaller than the amount of 
Na. Therefore, the expected Gibbsian excess value for K at RHAGBs in 
the Cu–rich CuInS2 film is in the range of 0.001–0.01 atoms/nm2, which 
is in the range of the detection limit of the APT technique. The absence of 
O at RHAGBs is not clear. According to Kronik et al. [30] there is an 
oxidation-catalysis effect of Na, i.e. if there is less Na at RHAGBs there 
should be also less O. However, this cannot completely explain the 
absence of O. Given the facts that the Gibbsian excess value of O can be 
twice as high as that of K in the Cu-poor sample and that the amount of O 
is even two orders of magnitudes higher than that of K in the SLG sub
strate, we would still expect a detectable segregation effect of O in the 
Cu-rich sample. Another possible explanation is that the C-enriched 
environment at RHAGBs might be energetically unfavorable for O. 

In contrast to RHAGBs and Σ9 TBs, we do not detect any composi
tional fluctuations at Σ3 TBs. This agrees with findings in Cu(In,Ga)Se2 
thin-films [17,18]. According to Abou-Ras et al. [31], our observations 
suggests that those Σ3 TBs consist of cation-S-terminated {112} inter
face planes. The absence of impurity segregation at Σ3 TBs indicates that 
they are coherent, i.e. the bonding across the interface is not disrupted, 
which makes impurity segregation unlikely [32]. However, although all 
investigated Σ3 TBs show no impurity segregation, we cannot exclude 
segregation phenomena at Σ3 TBs in general. Indeed, TKD analyses (see 
Fig. 3 b)) reveal that one APT dataset of the Cu-rich CuInS2 sample 
contains an incoherent Σ3 TB with facets and ledges. Therefore, segre
gation of impurities can be locally possible, but as shown in Fig. 3 e-f) 
these structural features might not be detected within the limited field of 
view of the APT technique. High-resolution (HR) (S)TEM measurements 
may help to resolve whether facetted Σ3 TBs show induced strain at the 
facet junctions or not. 

The vast majority of stacking faults in both Cu-rich and Cu-poor 
CuInS2 samples seems to show similar chemical fluctuations as the 
RHAGBs. While we observe Na and C segregation at the stacking fault in 
the Cu-rich CuInS2 sample, we do not detect any segregation of impu
rities at stacking faults in the Cu-poor one. This observation may be 
related to a certain type of stacking fault structure, which seems to be 
energetically unfavorable for impurity segregation [33]. Therefore, 
correlated high-resolution TEM-APT measurements are needed to 
resolve the atomic structures of the different stacking fault types and to 
compare them with their chemistry. In contrast to RHAGBs and stacking 
faults, dislocations do not show any clear picture. 

At some RHAGBs as well as stacking faults in the Cu-poor CuInS2 
thin-film we observe a W-like profile of the chemical fluctuations of the 

Fig. 6. a)-b) IQ and unique colour map from an APT needle from the Cu-poor sample showing one 
P

3 TBs (red) and a RHAGB (blue) with a misorientation angle of 
40.8� @ [5 4 14]. Only data points with CI > 0.1 are shown. c) APT reconstruction showing the Na, K, and O & OH distribution. d) 1D composition profile across the 
RHAGB (blue arrow) shown in c). e) and f) magnified region from different views from the red-dashed region in c) showing the Na distribution within the expected 
region for the 

P
3 TB. g) 1D composition profile across the expected position of the 

P
3 TB (red arrow) shown in f). There are several Na decorated linear defects 

within this region, likely dislocations as marked by DL. 
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matrix elements, especially for In and Cu (see Fig. 5). This is not due to 
local magnification effects (see Fig. S8 in supplementary material for 
more information), which is a well-known artifact in APT measurements 
[34]. The origin of this shape might be that at an early stage of the film 
growth some of the RHAGBs and stacking faults were highly enriched 
with In on Cu sites, which may be energetically unfavorable compared to 
a lower In enrichment observed in the final grown sample. During 
further film growth Cu atoms diffuse from the grain interior towards the 
interfaces and kick-out In atoms and reoccupy their original Cu sites 
leading to a W-like chemical profile. Another possible explanation is that 
defects with a W-like profile have an extended complex atomic 
arrangement, which needs to be elucidated by complementary HR-(S) 
TEM. 

It should be noted that, although we only observe Cu depletion at 
RHAGBs and at the vast majority of the SFs in the Cu-poor CIS thin-film, 
we cannot exclude the presence of Cu enrichment at some RHAGBs. The 
[Cu]/[In] ratio of the Cu-poor CIS film is with 0.95 close to stoichiom
etry and the observed Cu enrichment at some SFs and dislocations (see 
Table 3) indicates that a small part of RHAGBs may exhibit Cu 

enrichment similar to findings of Simsek Sanli et al. [35] for the Cu-poor 
selenide system. For the Cu-rich CIS thin-film one may expect that there 
exist no RHABGs with Cu depletion since the formation energies of InCu 
and VCu point defects are very high due to the [Cu]/[In] ratio of 1.83. 
However, excess Cu leads to the formation of Cu-S secondary phases (see 
Fig. 1 b)) and, hence, locally the chemical environment may favor also 
Cu-depleted RHAGBs. 

4.2. Possible effects of the chemistry and structure of extended defects on 
the device performance 

A discussion of possible effects of the above observations on the solar 
cell properties is difficult due to the complex segregation phenomena 
and their interaction with the chemical fluctuations of Cu, In and S. 
However, a comparison with the similar selenide based CIGSe system 
can give first indications. 

One can expect an increased defect density at RHAGBs due to dis
rupted bonds. However, DFT calculations of the selenide compounds 
suggest that the density of deep defects is not significantly increased, i.e. 

Fig. 7. a)-b) Na distribution of an APT dataset of the Cu-poor sample in top and side view showing a network of RHAGBs, SFs and dislocations (DL). c) Na dis
tribution and 2D compositional Cu map in top, cross-section and side view of the highlighted regions (orange, blue, red) in c). 
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the created defects are rather shallow [36,37]. This is related to an 
atomic redistribution, which leads to a relaxation of deep defects [31]. 
Table 3 clearly reveals that such an atomic redistribution might also 
takes place at RHAGBs and 

P
9 TBs in CuInS2 thin-films. For the Cu-poor 

CuInS2 thin-film one can expect that the Cu depletion leads to a down
ward bending of the band gap at the RHAGBs since the uppermost 
valence band of CuInS2 is attributed to Cu-3 d and S-3 p orbitals [25,26]. 
In addition, DFT calculations on the selenides suggests that the segre
gation of Na leads to the formation of NaCu point defects, which reduces 
the density of InCu donors [38]. NaCu point defects do not lead to the 
formation of additional defect levels within the band gap [38]. Since K is 
as well an alkali element, we expected similar beneficial effects as for 
Na. According to Kronik et al. [30], O should passivate detrimental S 
vacancies. Hence, even though non-radiative recombination takes place 
at RHAGBs, the therefore caused reduction of the open-circuit voltage 
VOC of the final device can be limited by the above-mentioned mecha
nisms to a certain extend. 

DFT calculations by Yang et al. [26] suggest that a Cu enrichment as 
we observe at RHAGBs and 

P
9 TBs in the Cu-rich CuInS2 thin-film and 

to some extend at SFs in the Cu-poor CuInS2 thin-film may lead to a band 
gap narrowing. The effect of segregation of Na and in particular that of C 
at these Cu-enriched defects is unclear due to the lack of related theo
retical calculations. Hence, whether such a band gap narrowing indeed 
exist and how Na and C affect the optoelectronic properties needs to be 
investigated by techniques such as Kelvin probe force microscopy 
(KPMF) and cathodoluminescence (CL). Furthermore, for the Cu-rich 
CuInS2 thin-film the CdS buffer can penetrate deep into the absorber 
and the highly conductive Cu-S phases [39] can be located close to 

Cu-enriched RHAGBs (see Fig. 1 and Fig. S2 in SI). Hence, short-circuit 
paths are easily formed, which are most likely responsible that these 
Cu-rich CuInS2 absorber yield no working solar cells. 

In the case of coherent 
P

3 TBs, we do not expect a significant in
crease of the point defect density, particularly of deep defects, and, 
hence, no enhanced non-radiative recombination. Therefore, we 
consider the coherent 

P
3 TBs as electrically benign. In contrast, 

facetted 
P

3 TBs (see Fig. 3 b)) give rise to recombination activity since 
additional strain can be induced due to faceting, which might be 
compensated by point defects and or linear defects [24]. 

The above-mentioned mechanisms may be applied as well to stack
ing faults and dislocations and are not further discussed in detail. 

The quasi Fermi level splitting QFLS, which reflects the recombina
tion activities and the quality of the absorber solely, shows that with Cu- 
rich CuInS2 thin-films one can achieve - in principal - a higher VOC than 
with Cu-poor CuInS2 thin-films due their higher QFLS (see Table 2). If 
the shunting problem for the Cu-rich sample and recombination losses at 
the CdS/CuInS2 interface, which is a typical problem of sulfide based 
chalcopyrite solar cells [40,41], can be overcome, it is necessary to 
further increase the QFLS and, hence, the maximum achievable VOC. The 
work of Lomuscio et al. [14] reveals that the QFLS for CuInS2 is limited 
by a deep defect around 0.8 eV, which is less present in Cu-rich CuInS2 
thin-film. Therefore, it is necessary to annihilate detrimental point de
fects, dislocations and stacking faults as well as to reduce the grain 
boundary surface area, as all structural defects might be the origin of this 
energetically deep defect. This is in particular true for the Cu-poor 
CuInS2 thin-film, which exhibits a significantly larger density of 
extended defects compared to the Cu-rich CuInS2 thin-film (see Fig. 1). 
Furthermore, by reducing the afore-mentioned defects also the strong 
chemical fluctuations detected at these features are reduced and, hence, 
related tail states, which leads to an increased QFLS [42]. Therefore, 
additional annealing steps, especially for Cu-poor CuInS2 thin-films, 
should help to increase the absorber quality and, hence, the VOC. For 
Cu-rich CuInS2 thin-films the influence of C on the QFLS needs to be 
investigated in a future study. 

5. Conclusions 

We conducted correlated TKD-APT measurements to shed light on 
the local chemistry of extended defects in Cu-poor and Cu-rich CuInS2 
thin-films. At RHAGBs and Σ9 TBs we detect varied chemical fluctua
tions of the matrix elements, which are accompanied by co-segregation 
of impurities, whereas at Σ3 TBs we do not observe such phenomena. For 
the Cu-poor CuInS2 thin-film we observe Cu depletion and In enrichment 
as well as segregation of Na, K and O. For S we do not observe a clear 
trend. In contrast, for the Cu-rich CuInS2 thin-film we detect at RHAGBs 
and Σ9 TBs Cu enrichment and In and S depletion as well as segregation 
of Na and C. The alkali elements Na and K in both samples originate from 
the SLG substrate. O may also diffuse-out of the SLG substrate according 
to the model of Kronik et al. [30]. The source of C in the Cu-rich CuInS2 
thin-film is more unclear as it may originate either from a KCN etching 
step or from the chemical bath deposition of CdS. 

The vast majority of stacking faults show similar chemical fluctua
tions as the RHAGBs in the corresponding CuInS2 thin-film. Interest
ingly, stacking faults in the Cu-poor CuInS2 thin-film are not 
accompanied by segregation of impurities, whereas they do in Cu-rich 
one. To find the origin of this observation, the atomic structure and 
chemistry of stacking faults needs to be elucidated in future studies. 
Dislocations are chemically more flexible and show varied composi
tional fluctuations and are always decorated with Na. 

Whether the observed In enrichment and Cu depletion as well as the 
Cu enrichment and In depletion at RHAGBs in the Cu-poor and Cu-rich 
CuInS2 samples, respectively, may lead to an atomic reconstruction and 
may serve as a passivation effect needs to be elucidated in future studies 
like by KPFM and CL measurements. Furthermore, CdS can protrude 
deep into the bulk of the Cu-rich CuInS2 sample and Cu-S phases, which 

Table 3 
Chemical composition changes at defects in Cu-rich and Cu-poor CuInS2 thin- 
film. þ, -, o corresponds to enrichment, to depletion, and to no change, 
respectively.  

Defect type Cu In S ΓNa (at/ 
nm2) 

ΓC (at/ 
nm2) 

ΓK (at/ 
nm2) 

ΓO (at/ 
nm2) 

Cu-rich CuInS2 thin-film 
26.4�@[110] þþ – – 0.17 0.05 – – 
RHAGB þ – o 0.31 0.05 – – 
P

9 TB þþ – – – 0.03 – – 
1x SF þþ – – 0.09 0.02 – – 
8x 
P

3 TB o o o – – – – 

Cu-poor CuInS2 thin-film 

49.5� @ [21 8 
18] 

– þ þ 1.59 – 0.11 – 

40.8� @ [5 4 
14] 

– þ o 0.63 – 0.06 0.23 

44.2� @ [18 9 
5] 

– þ o 0.94 – 0.15 0.17 

57.4� @ [19 12 
3] 

– þ – 3.44 – 0.18 0.60 

RHAGB – þ þ 1.78 – 0.20 0.24 
5x SF – þ o – – – – 
4x SF – þ þ – – – – 
3x SF – þ – – – – – 
1x SF – o þ – – – – 
3x SF o þþ – – – – – 
3x SF þ – þ – – – – 
1x SF þ o – – – – – 
2x 
P

3 TB o o o – – – – 

Dislocations    Na (at. 
%) 

C (at. 
%) 

K (at. 
%) 

O (at. 
%) 

10x o o o 0.2-0.7 – – – 
3x – o o 0.4-0.8 – – – 
4x – o þ 0.2-0.8 – 0-0.03 – 
3x – þ o 0.5-1.2 – 0-0.03 – 
1x – þ þ 0.4 – – – 
1x – þ – 0.2 – – – 
1x þ – þ 0.2 – – – 
1x þ – o 0.2 – – –  
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are highly conductive, can be located close to these Cu-enriched defects, 
which can easily build up short-circuit paths and, hence, lead to non- 
working solar cells. The absence of compositional fluctuations and 
segregation phenomena at highly symmetric Σ3 TBs indicates that the 
point defect density is not substantially increased at this type of defect. 
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