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Introduction
This overview article provides insight 
into how to apply Raman spectroscopy 
in combination with a confocal, opti-
cal microscope setup on polycrystal-
line material systems, in order to obtain 
quantitative information on phase 
distribution, grain sizes, crystal orien-
tations and microstrain. Although the 
present work uses Cu(In,Ga)(S,Se)2 
absorber layers in corresponding thin-
film solar cells as a model system to 
demonstrate the capabilities of Raman 
microspectroscopy, the approaches 
discussed may be applied to any 
organic or inorganic, polycrystalline 
materials system.

Raman spectroscopy is an analytical 
tool, which may be used for the char-
acterisation of organic and inorganic 
materials. By delivering very character-
istic sets of frequencies of molecular or 
crystal lattice vibrations, this method 
provides access to spectroscopic “finger-
prints”, which—by comparison with refer-
ence spectra—enable the identification 
of the chemical components of mate-
rials. Beyond this application, by eval-
uation of relative band intensities and 
exact band positions, further material 
properties, such as crystal orientations 
and stress/strain can be derived from 
Raman spectra.

Raman spectroscopy is based on exci-
tation by an intense and monochromatic 
light source (typically, a continuous, visi-
ble laser). Upon inelastic scattering of 
light by the material under investigation, 
photons with slightly shifted frequen-
cies are generated. The frequency differ-
ences between the excitation laser light 
and scattered light equal the frequen-
cies of Raman-active crystal lattice or 
molecular vibrations. These frequency 
differences are termed “Raman shifts” 
and are expressed in wavenumber shifts 
(∆ cm–1) (see, for example, Raman spec-
tra in Figure 1b). The collected Raman-
scattered light is typically dispersed 
within a grating spectrometer, and spec-
tra are detected using a charge-coupled 
device (CCD) camera. Thus, the whole 
Raman spectrum can be collected in 
one shot without the need of scanning, 
neither the excitation wavelength nor the 
spectrometer grating.1,2

The use of visible laser light for the 
excitation makes the combination of 
Raman spectroscopy with microscopes 
straightforward. In a Raman microscope, 
an objective lens is used for both focus-
ing of the laser beam and collection of 
the light backscattered by the sample. 
Typically, microscopic observation enables 
the choice of measurement spots on the 
sample surface, while software-controlled, 

sample-scanning stages enable mapping 
experiments, in which in every pixel of a 
two-dimensional image the whole Raman 
spectrum (consisting of intensity and 
Raman-shift axes) is collected. Data anal-
ysis software enables conversion of this 
four-dimensional data into two-dimen-
sional, colour-coded maps of, for example, 
selected band intensities that are spec-
troscopic images of the sample surfaces 
representing distributions of either chemi-
cal components or further material prop-
erties.3

Even though providing the same 
wavenumbers of molecular vibrations 
as infrared spectroscopy/microscopy, 
Raman microscopy has several advan-
tages. Amongst them, the higher spatial 
resolution is crucial for microspectro-
scopic imaging. As the spatial resolu-
tion of a microscope depends linearly 
on the excitation wavelength, infrared 
microscopy has resolutions on the order 
of tens of micrometres, whereas Raman 
microscopy provides access to the 
submicrometre range.4 Perpendicular to 
the surface, the resolution in transpar-
ent samples is typically of the order of 
tens of micrometres, but can be tuned 
down to a few micrometres by the use 
of confocal optics. In opaque samples, 
depth resolution is determined by the 
optical penetration depth. In the strongly 
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absorbing solar cell materials described 
in this article, the lateral spatial resolu-
tions were around 400–500 nm, while 
perpendicular to the surface, only the top 
100 nm of the thin-film samples contrib-
uted to the Raman spectra.5

The present work gives an overview of 
our studies on Raman microscopy in the 
field of thin-film solar cell research, rang-
ing from classical Raman maps revealing 
the distributions of chemical constituents, 
via polymorphic forms and changes in 
stoichiometry to crystal-orientation distri-
bution, and finally to stress/strain maps 
with high pixel numbers. We expect that 
beyond thin-film solar cell materials, the 
approaches presented below can be 
applied also on any organic or inorganic, 
polycrystalline material system.

Chemical composition 
maps and line scans
Classical approaches to analyse Raman 
mapping data are: (1) the identification 
of sample components by comparison 
of their spectra with reference data, (2) 
the definition of marker bands, which are 
characteristic for individual components 
and which do not overlap with signals 
from other compounds (see, for example, 
Figure 1b) and (3) the plot of two-dimen-
sional distributions of (most often base-
line-corrected) marker band intensities 
yielding spectroscopic/chemical images 
of the sample surface (see Figure 1c). A 
corresponding study was conducted on 
CuInS2 thin films in completed solar cell 
stacks prepared in cross-sectional geom-
etry, which set the starting point of the 
authors’ interdisciplinary collaboration and 
nicely demonstrated how Raman micros-
copy can extend the analytical possibili-
ties of electron microscopy in the field 
of thin-film solar cell research (Figure 1). 
Indeed, while Raman microscopy cannot 
compete with electron microscopy in 
terms of spatial resolution, the chemical 
information contained in Raman spectra 
is complementary and can be combined 
with elemental analysis data provided 
by energy-dispersive X-ray spectroscopy 
scanning electron microscopy (SEM–
EDX).6

In CuInS2 samples prepared by the 
spray ion layer gas reaction (ILGAR) 
method, SEM–EDX analysis revealed the 

solar cell absorber material to be pres-
ent in a well-crystallised and in a layered 
form, consisting of alternating nano-
metre-thin layers of CuInS2 and carbon 
(Figure 1a). Raman microscopy of cross-
sectional samples showed that both 
forms correspond to two different poly-
morphs of the material: the well-crystal-
lised chalcopyrite CuInS2 and the layered 
CuAu I-type/disordered CuInS2 modifica-
tion (Figures 1b and 1c). Furthermore, 
Raman microscopy identified the carbon 
layers as amorphous or nanocrystalline 
carbon and found crystals of the segre-
gate CuxSy (formed together with In2O3 
instead of CuInS2) close to chalcopyrite 
CuInS2 crystals. Thus, as an extension of 
elemental analysis by SEM–EDX, Raman 
microscopy can provide information on 
crystalline, amorphous and polymorphic 
phases, and their distributions.6

A more advanced way to analyse 
Raman data was applied in a study on 
cross-sectional samples of Cu(In,Ga)Se2 

(CIGSe) layers prepared from solar cell 
stacks.7 The analysis of band-position 
shifts on the order of 10 cm–1 provided 
access to the Ga concentration gradients 
present perpendicular to the substrate in 
such layers. Varying the Ga concentration 
(x) in CuIn1 – xGaxSe2 thin films (ranging 
from CuInSe2 with x = 0 to CuGaSe2 with 
x = 1) leads to shifts of the most promi-
nent (A1) mode in the Raman spectra 
between 173 cm–1 and 183 cm–1 due 
to corresponding changes of the crys-
tal lattice constants.8 By analysing exact 
band positions in the Raman spec-
tra collected at high spectral resolution 
(approximately 0.4 cm–1/CCD pixel), Ga 
concentration gradients were calculated 
from these spectra, which were in good 
agreement with results obtained by vari-
ous other methods for elemental distri-
bution analysis,7 including also Raman 
depth profiling being realised by alternat-
ing sputtering of a crater and acquisition 
of Raman spectra within the crater.9

Figure 1. SEM image and Raman map of a cross-sectional sample of a CuInS2 solar cell stack. 
(a) SEM image showing well-crystallised and layered CuInS2; (b) selected Raman spectra of such 
a sample showing marker bands of (1) chalcopyrite CuInS2 (CH CIS), (2) CuAu I-type/disordered 
CuInS2 (CA CIS), (2+3) amorphous/nanocrystalline carbon and (4) copper sulfide (CuxSy); and 
(c) Raman map showing CH CIS (red), CA CIS (green), nanocrystalline/amorphous carbon 
(white), CuxSy (yellow) and the epoxy glue used to prepare the sample by the face-to-face 
method (blue). Adapted and extended from Reference 6.
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Orientation-distribution 
and strain maps
Since the early years of Raman spec-
troscopy the effect of crystal orienta-
tion on Raman intensities has been 
known.10 Mathematically, the Raman 
intensity depends on the polarisability 
tensor of the crystal or molecule under 
investigation and the three-dimen-
sional orientation of the polarisation of 
the beam of light employed for excita-
tion; in very simple words, the intensi-
ties of the individual vibrational modes 
of a material depend on the efficiency 
of their excitation by the incoming light 
waves. The excitation is very efficient if 
the polarisation direction of the light is 
parallel to the main direction of a vibra-
tional motion and becomes very inef-

ficient with perpendicular orientation. 
This effect was previously demonstrated 
using single crystals of CuInSe2,

11 while 
we applied Raman spectroscopy on poly-
crystalline CuInSe2 thin films as a model 
system in our study.

We found that the relative intensity 
changes of the A1 mode (marked red in 
Figure 3) and the B2+E mode (marked 
green in Figure 3) of CuInSe2 can be 
used as contrasts in mapping experi-
ments to reveal individual crystals of 
polycrystalline surfaces of this material. 
The main advances of our approach are 
the high pixel numbers, the evidence by 
means of another independent method 
that basically all crystals (down to submi-
crometre scales) can be visualised by 
the approach, and the good agreement 

with theoretical predictions revealing the 
quantitative character of the measure-
ment.5

In our study, typical maps with 
high pixel numbers consisted of 
200 × 200 pixels (or 40,000 individ-
ual Raman spectra) with step sizes of 
250 nm, thereby covering an area of 
50 × 50 µm2. By oversampling, we make 
use of the full lateral spatial resolution 
of Raman microspectroscopic imaging, 
which we demonstrated to be approxi-
mately 400 nm at 632.8 nm laser exci-
tation through a microscope objective 
lens with 100× / NA = 0.90. Figure 4 
shows a large Raman map collected on 
the same area on which also an elec-
tron backscatter diffraction (EBSD) map 
was acquired. The Raman map consists 
of the superimposed spatial intensity 
distributions of the two selected Raman 
modes (red and green). The good agree-
ment of the EBSD and Raman intensity 
maps is obvious, and basically all crys-

Figure 2. Measurement of Ga concentration gradients in Cu(In,Ga)Se2. (a) Raman spectra 
measured across a Cu(In,Ga)Se2 layer in a cross-sectional solar stack sample starting from the 
surface (0 µm) towards the molybdenum back contact; (b) Raman shifts of the most prominent 
mode (A1) of Cu(In,Ga)Se2 and calculated relative Ga concentrations; and (c) Raman intensity 
of the most prominent MoSe2 band normalised to the Cu(In,Ga)Se2 A1 mode intensity as a 
measure for the steeply increasing MoSe2 concentration towards the molybdenum back contact. 
Adapted and extended from Reference 7.

Figure 3. Three Raman spectra (black, 
violet and blue lines) from various points in 
CuInSe2 thin films, highlighting the contained 
microstructural information. The Raman 
modes can be assigned to different crystal 
lattice vibrations of CuInSe2 (labelled A1, E 
and B2+E). Plotting relative band intensities 
(e.g. the A1 mode in red and B2+E mode in 
green) yields crystal distribution-orientation 
maps, whereas small shifts of Raman bands 
as image contrast reveal distributions of 
stress and strain. The same red, green and 
blue colour codes are used in Figures 4 and 
5 as well. Adapted from Reference 5.
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tals with sizes above the resolution 
limit of Raman microscopy are visible 
in both images. Indeed, while Raman 
microscopy cannot compete with EBSD 
in terms of spatial resolution, its main 
advantage in this context is the ease of 
the approach. Since basically all samples 
which can be used for light microscopy 
are also compatible with Raman micros-
copy, in most cases, no or only very little 
additional sample preparation is needed. 
Compared with the extensive preparation 
and analysis efforts necessary for EBSD, 
this means there is no need for polish-
ing, coating with conductive material or 
transfer to high vacuum.

Another interesting feature of Raman 
mapping analyses of polycrystalline 
materials is the possibility to evaluate 
small band shifts for assessment of stress 
and strain. In a stressed crystal the crystal 
lattice constants are slightly smaller than 
in the equilibrium state resulting in higher 
vibrational frequencies. As the observed 
shifts of the A1 mode of CuInSe2 were 
typically within 1 cm–1, only three to four 
steps of approximately 0.3 cm–1 (defined 
by the spectral resolution of the instru-

ment) were detected when analysing 
the raw data. As described in a recent 
report, the resolution can be improved 
to 0.05 cm–1 by peak fitting using a 
Lorentzian or Gaussian distribution.12 
Fitting each of the 40,000 peaks with a 
Gaussian resulted in the Raman image 
shown in Figure 4c.

Raman shifts can be converted into 
stress in GPa based on experimen-
tally determined, material-dependent 
conversion factors (CuInSe2: 5 cm–1/
GPa),13,14 which in turn yields strain 
as the ratio of stress and the Young’s 
modulus (CuInSe2: 68.8 GPa).15 A more 
detailed description of this procedure 
can be found in Reference 16. Indeed, 
the microstrain values were measured 
on the exactly same sample area as the 
orientation-distribution map because 
they were extracted from the same spec-
tra just by evaluating band shifts instead 
of band intensities (see Figure 3). 
Microstrain values measured within indi-
vidual grains in polycrystalline CuInSe2 
thin films were all on the order of 10–4. 
Comparison with the microstrain values 
determined by EBSD and X-ray micro-

diffraction16,17 showed good agreement 
with the Raman data, underlining the 
quantitative character of the approach. 
However, while EBSD and X-ray micro-
diffraction were also able to provide 
decent distributions of microstrain within 
individual grains with spatial resolution 
well below 100 nm, the sensitivity of the 
microstrain measurement (i.e., the capa-
bility to distinguish microstrain values 
of neighbouring measurement points) 
using Raman microspectroscopy for the 
given microstrain values of only 10–4 
was not sufficient.

The question as to whether also the 
crystal orientation data contains quan-
titative information was solved by 
comparison of experimental Raman 
data with theoretical predictions. Figure 
5 shows Raman maps, which were 
performed on the area marked with a 
white rectangle in Figure 4. Two different 
laser polarisation directions reveal very 
different behaviour of the two selected 
Raman modes (Figures 4a and 4b). The 
crystal planes exposed to the sample 
surface were determined from EBSD 
data for individual crystallites (Figure 
4c). Examples for two grains are shown 
in Figures 4d and 4e. For the deter-
mined crystal planes, theoretical model-
ling predicted the behaviour of the two 
Raman modes as a function of polari-
sation angle. The experimental data for 
the two polarisation directions shown 
in Figures 4a and 4b matched well the 
theoretical prediction.5 We expect that 
measurements with several (not only 
two) polarisation directions can reveal 
characteristic profiles of Raman intensi-
ties, from which quantitative information 
on crystal planes and orientations can 
be derived.

Conclusions
We have demonstrated that Raman 
microspectroscopic imaging of polycrys-
talline materials can reveal

 ■ distributions of molecules and solid 
phases,

 ■ polymorphic and amorphous phases,
 ■ gradual changes of stoichiometries,
 ■ the individual crystallites in polycrys-

talline material surfaces,
 ■ quantitative information on crystal 

orientation and

Figure 4. Crystal-orientation maps based on (a) relative Raman intensities of the A1 (green) 
and B2+E modes (red) and on (b) EBSD measurement of the same identical position within the 
sample. (c) Evaluation of A1 Raman band positions revealing stress and strain. The white rectan-
gle relates to Figure 5. Adapted and extended from Reference 5.
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 ■ quantitative information on stress 
and strain.

Even though with lateral resolutions 
on the order of 500 nm, it will never be 
able to compete with electron-micros-
copy-based approaches, an important 
advantage of Raman microspectroscopy 
is the ease of its application, as in many 
cases no or very little sample prepara-
tion is needed and the experiments are 
performed at atmospheric pressure.
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