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This study demonstrates the potential of Raman microscopy in 
the analysis of thin film cross-sections. Raman maps of the pho-
tovoltaic material CuInS2 (CIS), which was prepared by the spray 
ion layer gas reaction method, revealed the spatial distribution of 
two different CIS modifications – chalcopyrite-type and CuAu I-
type CIS – as well as contaminants and segregates with a lateral 
resolution of ca. 400 nm. Additionally, the chemical heterogene-

ity of a CuGaSe2/CuGa3Se5 bilayer stack was clearly resolved. 
Raman microscopy provides a convenient way to simultaneously 
probe the chemical and structural properties of a sample. Based 
on Raman spectra, chemical species and even different crystal 
structures of inorganic compounds can be identified. Knowledge 
of the distribution of different phases and contaminants in thin 
films is crucial for further improvements of the coating process. 
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1 Introduction Wide band-gap copper-containing 
chalcopyrites, such as CuInS2 (CIS) and CuGaSe2 have at-
tracted considerable interest as absorber materials in thin-
film solar cells [1]. CuInS2 exhibits an optical band gap 
(1.5 eV) ideally matching the solar spectrum, whilst 
CuGaSe2 is a candidate for the top cell in tandem solar 
cells [1]. The efficiency of such solar cells is greatly de-
pendent on the composition as well as on crystal structure 
and purity of the compounds involved [2]. 

In this study, cross-sections of thin film solar cell ab-
sorbers based on polycrystalline CIS have been character-
ized, which were prepared by the spray ion layer gas reac-
tion (ILGAR) method on molybdenum-coated glass sub-
strates [3]. These films were found to consist of two re-
gions of different morphology (Figure 1). In the lower part 
of the film, a stack of approx. 30-nm thick CIS layers is 
found. By transmission electron microscopy (TEM) and 
Raman spectroscopy it was shown that these CIS layers are 
separated by interlayers containing elemental carbon. On 
top of this part, a well-crystallized region with grain sizes 

of up to several hundred nanometers is located. Addition-
ally, a thin (about 20 nm) MoS2 layer formed at the mo-
lybdenum/CIS-interface, and segregated copper sulfide 
species on the film surface can be observed [4]. 

 

 
Figure 1 Scanning electron microscopy (SEM) image of an 
ILGAR CIS sample showing well-crystallized and layered CIS on 
a Molybdenum-coated glass substrate. 

 
The fine structure of this ILGAR CIS film makes 

chemical and structural characterization a challenge. 
Cross-sectional TEM samples of ILGAR CIS were ana-
lyzed by Raman microscopy. In contrast to the usually 
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used ‘point spectroscopy’, which only probes the investi-
gated samples locally on a few selected spots, Raman 
mapping was performed here by scanning the sample and 
collecting the whole spectrum at every pixel. The results 
demonstrate the potential of Raman microscopy in this 
field of application. Based on Raman spectra, not only dif-
ferent chemical species, but even different crystal struc-
tures of the same compound can be distinguished. Since 
the presence of secondary phases of the absorber material 
CIS is known to be detrimental for the solar cell efficiency, 
a mapping of the distribution of different crystal structures 
is highly desirable [2].  

2 Experimental 
2.1 Apparatus For Raman microscopy, an upright 

NTEGRA Spectra system from NT-MDT (Zeleno-
grad/Moscow, Russia) was employed. The system is 
equipped with an upright confocal laser microscope, an 
atomic force microscope (AFM), a white-light video mi-
croscope for rough observation/alignment of the sample, a 
photomultiplier tube (PMT) detector for confocal imaging, 
and a Raman spectrograph equipped with a charge-coupled 
device (CCD). It allows simultaneous AFM and optical 
measurements on exactly the same part of transparent and 
opaque samples. All optical measurements were performed 
using a 100× long working-distance objective with a nu-
merical aperture (NA) of 0.7 for both, excitation and col-
lection of the backscattered light from the sample. A HeNe 
laser was used for excitation (λ = 632.8 nm, ca. 5 mW at 
the sample, corresponding to an irradiance on the order of 
106 W/cm2). The measurements are controlled by NT-
MDT’s Nova software. A rough alignment of the sample 
can be performed using micrometer screws and white-light 
microscope observation. Subsequently, software-controlled 
mapping experiments were carried out by scanning the 
sample (maximum scan range ca. 100 µm × 100 µm). 

2.2 Samples The polycrystalline CIS thin films that 
are described in this paper have been prepared by the spray 
ILGAR method on molybdenum-coated glass substrates 
[3]. A CuGaSe2/CuGa3Se5 bilayer stack sample was pre-
pared by chemical close-spaced vapor transport (CCSVT) 
[5]. All samples were prepared by the face-to-face method 
[6] in the form of standard TEM samples, so that two thin 
films could be investigated at the same time. The samples 
were mechanically ground to a thickness of about 30 µm 
and thinned to a thickness of 100–200 nm by ion etching 
(Ar+ ions, 4 kV, 0.5 mA) under an angle of 11–13°. 

3 Results and discussion 
3.1 CIS sample Raman spectra of a Spray ILGAR 

CIS thin film cross-section were collected with a 12 s inte-
gration time per pixel. Figure 2 shows typical Raman spec-
tra that were collected on different parts of the sample. 
They represent mixtures of different components, but the 
spectra selected here are dominated by one chemi-

cal/crystalline species, such as CH CIS (Trace (1)), 
CA/disordered CIS (Trace (2)), and CuxSy (Trace (3)).  

 
Figure 2 Typical Raman spectra collected on different parts of a 
CIS TEM sample. The three spectra are dominated by bands of 
CH CIS (1), CA/disordered CIS (2), and CuxSy (3).  

The most prominent CIS bands are found in the range 
of ca. 270–370 cm-1. The most prominent modes of the two 
modifications of CIS – chalcopyrite-type (CH) CIS and 
CuAu I-type (CA) CIS – are the A1 modes of both phases 
at 290 cm-1 (Trace (1)) and 305 cm-1 (Trace (2)), respec-
tively [7]. However, it was observed that in Spray ILGAR 
CIS films, the disorder induced in the films by the presence 
of CA CIS is accompanied by an increased intensity of the 
B2

1
LO and E1

LO modes of CH CIS at about 340 cm-1 [4]. 
Therefore, the intensity of the band located at about 
340 cm-1 can be regarded as a measure for the degree of 
disorder and for the amount of CA CIS present in the 
films. Spectral interferences with CuIn5S8 and In2O3, 
which also might be present in the sample, can be ruled out 
due to their Raman intensities. In contrast to the 1:1-
intensity ratio of the 305-cm-1 and 340-cm-1 modes in the 
spectrum of CA CIS observed here, the bands of CuIn5S8 
in the same range have a ratio of 7:1 [4]. The detection of 
In2O3 can be ruled out due to the 20–80× lower intensity of 
its most prominent band at 306 cm-1 compared to the A1 
modes of the two CIS modifications [4]. Two broad, over-
lapping bands at ca. 1340 cm-1 and 1560 cm-1, which corre-
spond to the D and G modes of nanocrystalline or amor-
phous carbon phases [8], were also observed in the spectra 
showing strong association with CA CIS (Trace (2)). This 
is in agreement with the findings of TEM/EDX, which re-
veal that in the lower part of the absorbers nanometer-thin 
layers containing the elements Cu, In, and S are separated 
by carbon-rich layers [4]. Spectrum (3) in Figure (1) is 
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dominated by bands that can be assigned to CuxSy. The 
segregation of binary copper phases on the film surface has 
been frequently observed in Cu chalcopyrite films [9]. For 
exact determination of the Cu:S ratio, reference measure-
ments with different well-characterized copper sulfides 
would be necessary. For example, the band at 417 cm-1 is 
described in the literature to be characteristic for CuxSy 
species with x<y, whereas the 146-cm-1 band is known to 
be present in the spectra of copper sulfides with Cu:S ra-
tios of 1:1 to 1.4:1 [10]. 

For a spatially resolved chemical analysis, the sample 
was scanned over a range of 10 µm × 10 µm, and a Raman 
map with 80 × 80 pixels was collected within ca. 21 h. 
Figure 3 shows distributions of different species over the 
sample area, which are based on the integrated intensity of 
the following ranges in the Raman spectra: 133–156 cm-1, 
CuxSy; 260–380 cm-1, total CIS; 220–300 cm-1, CH CIS; 
300–380 cm-1, CA/disordered CIS; 1100–1700 cm-1, car-
bon. The first and last 10 cm-1 of every measurement range 
were used to calculate a linear baseline, which was sub-
tracted before calculating the integral of the Raman bands. 
In the case of the sharp CuxSy band at 146 cm-1, only 
1 cm-1 on both ends of the measurement range was used for 
baseline calculation. The spatial resolution was estimated 
based on the full width at half maximum (FWHM) of the 
smallest structures in Figure 3 (c) to be 375 nm ± 125 nm 
(3 ± 1 pixels). The lateral resolution of ca. 400 nm is in 
good agreement with the apparent size of nanoparticles 
much smaller than the laser focus (data not shown). 

The Raman map of CIS in Figure 3 (b) reveals a lay-
ered structure of CIS with the dark areas in the middle (e.g. 
visible on the left border of the image) representing the ep-
oxy glue used in the face-to-face sample preparation 
method. Thus, the structure is in good agreement with the 
schematic representation in Figure 3 (a). Figure 3 (c) and 
(d) reveal that the CIS layers consist of two different modi-
fications, i.e. CH CIS and CA CIS. CA CIS has almost the 
same distribution as amorphous/nanocrystalline carbon 
(Figure 3 (f)). This lets us assume that the stacked CIS lay-
ers in the lower part of the CIS sample found in TEM ex-
periments contain large amounts of CA CIS separated by 
amorphous or nanocrystalline carbon layers. In agreement 
with the SEM image in Figure 1, there is a crystalline CIS 
layer with ca. 1-µm-thick crystals on top of the layered 
CIS (Figure 3 (c)). Raman microscopy clearly shows that 
the well-crystallized part consists of CH CIS, which is the 
desired phase for photovoltaic applications, whilst the for-
mation of CA CIS in the ILGAR process might be the rea-
son for the still low solar cell efficiency [2]. 

For the understanding of the growth process of the 
Spray ILGAR CIS films, the distributions of carbon and 
CuxSy are of paramount interest. An example for the latter 
is shown in Figure 3 (e). Obviously, copper sulfide has 
formed on top of three CIS crystallites due to segregation 
during the ILGAR process. 

These experiments demonstrate how Raman micros-
copy can reveal the distribution of the various phases in 

Spray ILGAR CIS thin films. Thereby, it provides useful 
information, which helps to understand the growth mecha-
nism and thus provides a basis for further improvements of 
the process. 

 

Figure 3 Schematic representation of the layered structure of a 
CIS cross-section (a) and Raman intensity maps collected on the 
same part of the sample corresponding to the following com-
pounds: both CIS modifications (b), CH CIS (c), CA/disordered 
CIS (d), CuxSy (e), and amorphous / nanocrystalline carbon (f). 

 
3.2 CuGaSe2/CuGa3Se5 sample Under the same 

conditions (632.8 nm, 5 mW at the sample), Raman map-
ping of a CuGaSe2/CuGa3Se5 cross-section was performed. 
Figure 4 (a) shows an AFM topography image that was 
collected in semicontact mode. The image reveals crystals 
that are arranged in two layers (both from bottom left to 
top right of the image). AFM artifacts, such as horizontal 
lines at the edges of the crystals, are due to the relatively 
big height differences of up to 5.5 µm, which is close to 
the maximum z-scan range of the AFM used in this study. 

A Raman map of the 10 × 6-µm2 area was collected 
with a resolution of 20 × 12 pixels. The mapping was per-
formed with the AFM in feedback, which controlled the 
movement of the sample in z direction, in order to reduce 
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topography artifacts in the Raman measurements. The 
most prominent bands in the Raman spectra were a sharp 
band at 184 cm-1 (CuGaSe2) and two broad bands at 
258 cm-1 and 960 cm-1 (CuGa3Se5), respectively. Integrals 
of Raman intensities were calculated after baseline correc-
tion as described above. In Figure 4 (b) and (c), the intensi-
ties of Raman bands assignable to CuGa3Se5 and CuGaSe2, 
respectively, are mapped out. The Raman maps clearly re-
veal the two-layered structure of the sample as schemati-
cally shown for comparable samples in Ref. [5]. 

 

 
Figure 4 AFM topography (a) and Raman maps (b, c) of the two 
components of a CuGaSe2/CuGa3Se5 system. 

 
4 Conclusion This study clearly demonstrates the 

potential of Raman microscopy for investigation of cross-
sections of inorganic samples, such as chalcopyrite thin-
film solar cell absorber layers. Raman microscopy pro-
vides a convenient way to simultaneously probe the 
chemical and structural properties of an extended sample 

area. Not only different chemical species, but also different 
crystal structures of the same compound can be distin-
guished, and their spatial distribution can be mapped out 
with a resolution of ca. 400 nm. Raman mapping of pol-
ished cross-sections of ILGAR CIS samples will be the 
subject of a further study. First measurements with a 532-
nm laser have revealed that spectra with a similar signal-
to-noise ratio as shown here can be obtained within 0.1–1 s 
due to the λ−4-dependence of the Raman scattering inten-
sity, which will reduce the measurement time for a map-
ping from ca. 21 h to 10 min–1 h. Also, tip-enhanced Ra-
man spectroscopy (TERS) with the described setup is un-
der development, which can provide a spatial resolution of 
10–50 nm [11]. 
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