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Thiswork reports that the composition of Cu(In,Ga)Se2 (CIGS) thin solar cellfilms can be quantitatively predicted
with high accuracy and precision by femtosecond laser ablation-inductively coupled plasma-mass spectrometry
(fs-LA-ICP-MS). It is demonstrated that the results are strongly influenced by sampling conditions during fs-laser
beam (λ = 1030 nm, τ = 450 fs) scanning on the CIGS surface. The fs-LA-ICP-MS signals measured at optimal
sampling conditions generally provide a straight line calibration with respect to the reference concentrations
measured by inductively coupled plasma optical emission spectroscopy (ICP-OES). The concentration ratios
predicted by fs-LA-ICP-MS showed high accuracy, to 95–97% of the values measured with ICP-OES, for Cu, In,
Ga, and Se elements.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cu(In,Ga)Se2 (CIGS) solar cell hasmany attractive properties such as
high cell efficiency (N20%) [1], long-term stability [2], and low
manufacturing cost [3], and thus there has been a tremendous research
effort to improve the performance of CIGS solar cell. Several factors
influence the performance of CIGS thin film solar cell, including optical
transmission through the front-contact, material and thickness of the
buffer layer, composition of the absorber layer, film growth process,
and back-contact material [2,3]. In terms of CIGS film growth, for exam-
ple, various methods such as a hybrid process combining evaporation
and sputtering [4], CIGS nanoparticle-coating [5] and electro-
deposition as a nonvacuum process [6] have been attempted in order
to achieve a higher quality CIGS as well as lower production cost. The
information for structure and surface morphology of CIGS produced
with different processes was also of interest [6,7].

Besides the fabrication processes, the composition of major constit-
uent elements (Cu, In, Ga, and Se) of a CIGS film is also known to be a
significant factor determining the electrical and optical properties of a
CIGS solar cell [8,9]. Accordingly, researches about the analysis of
elemental composition of CIGS thin films have been increasing recently.
Various analytical techniques such as Auger electron spectroscopy,
X-ray photoelectron spectroscopy, energy dispersive X-ray spectrome-
try, inductively coupled plasma optical emission spectroscopy (ICP-
OES), and secondary ion mass spectrometry have been used to analyze
the chemical composition of CIGS thin films [10–13]. Depending on the
method employed for analysis, however, the accuracy, measurement
time, spatial resolution, and availability of the technique differ signifi-
cantly. In principle, a fast, accurate, and reliable technique that can be
readily applied for the evaluation of CIGS solar cell during device devel-
opment or manufacturing processes is most desired by solar cell
researchers and industry [10,14].

The analysis of thin film solar cells is one of the application fields to
which the characteristics of laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) can be effectively applied. LA-ICP-MS
is a powerful method for elemental analysis with advantages of real-
time analysis [15,16], minimal sample consumption, no sample prepa-
ration [17], little waste, andminimal exposure to toxic samples [18]. Ac-
cordingly, LA-ICP-MS has been employed in various areas of application
such as geochemistry [19], forensic science [20], environmental science
[21], semiconductors [22], biomedicine [23], nuclear non-proliferation
detection [24], and so forth. The coupling of femtosecond (fs) laser to
ICP-MS (fs-LA-ICP-MS) has been demonstrated as one of themost accu-
rate analytical methods due to the capability of near stoichiometric ab-
lation and the generation of mono-disperse nanometer sized particles
that can be easily digested in the ICP [18,25,26]. The analytical perfor-
mance of LA-ICP-MS was significantly enhanced with a fs-laser by
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reducing errors related to particle size distribution and matrix de-
pendence [27,28].

In this work, we report the results for fs-LA-ICP-MS analysis of thin
CIGS solar cell films. It is shown that the elemental concentrations of
CIGS films can be accurately predicted by properly choosing sampling
parameters. Calibration curves were generated for the fs-LA-ICP-MS
signal ratios of the constituent elements with reference materials that
were validated by ICP-OES and their accuracy was analyzed.

2. Experimental details

2.1. CIGS film preparation

The CIGS thin film samples used in experiments were fabricated on
soda lime glass (SLG) substrates by a three stage co-evaporation meth-
odwith 1 μm thickMo back contact layer. The CIGS thin filmswere pro-
duced with varying Ga/In ratios by controlling Ga and In evaporation
fluxes; the detailed fabrication processes of these samples were report-
ed elsewhere [29]. The average composition of fabricated CIGS thin
films was then verified by ICP-OES (Verian, 720-ES) for In, Ga and Se,
and atomic absorption spectroscopy (Thermo Scientific, iCE 3000) for
Cu, and the results are listed in Table 1. The thicknesses of CIGS and
Mo layers were measured using scanning electron microscope (SEM)
(Hitachi, S-4800, operation voltage = 15 kV) images of a cross section.

2.2. fs-LA-ICP-MS system

A commercial laser ablation system (Applied Spectra Inc., J100, pulse
width = 450 fs, wavelength = 1030 nm) coupled to an ICP-MS (Ther-
mo Scientific, XSERIES 2) was used for the fs-LA-ICP-MSmeasurements.
The laser spot diameter and fluence at the sample surface were fixed at
about 30 μm and 19.53 J/cm2, respectively. The CIGS thin film samples
were ablated in a chamber to which He was supplied at a flow rate of
0.9 L min−1 as a carrier gas. The ablated mass swept by the He gas
was then entrained into an Ar make-up gas flowing at the rate of
0.9 L min−1. The experimental settings for the ICP-MS were forward
power of 1400 W, Ar flow rates of 13 and 0.7 L min−1 for plasma and
auxiliary gases, respectively, voltages of −82, −1150, −80, −195 V
for the extraction, L1, L2, and L3 lenses. The ICP-MS measurements for
six isotopes (65Cu, 115In, 71Ga, 82Se, 95Mo, 23Na) were acquired in the
time resolved mode and each ICP-MS response was integrated with
background subtraction to obtain the average response per isotope.

3. Results and discussion

3.1. Effects of sampling conditions

During fs-LA-ICP-MS measurements, the ICP-MS response varies
sensitively with respect to ablation conditions. Since the laser spot
size and energy were fixed by the system during the measurement,
laser repetition rate and scan speed were varied in the ranges of
5–500 Hz and 10–500 μm/s, respectively, to examine the effects of
Table 1
Concentration and thickness of the CIGS thin film samples.

Sample No. Concentration (at.%) Concentration
ratio

Thickness
(nm)

Cu In Ga Se Ga/In CIGS Mo

1 25.72 23.31 3.05 47.92 0.131 1720 982
2 25.31 20.91 4.82 48.96 0.231 1885 991
3 25.50 19.40 7.41 47.69 0.382 2175 967
4 25.59 16.82 8.16 49.43 0.485 2020 1100
5 25.77 17.27 9.14 47.82 0.529 1885 1085
6 25.43 15.18 10.91 48.49 0.719 1358 1100
7 26.32 13.12 12.97 47.59 0.989 1335 933
ablation conditions. Depending on the combination of repetition rate
and scan speed, the number of overlapping pulses on each laser spot
changed from zero to about 30 pulses. Fig. 1(a) shows that the integrat-
ed counts per second (ICPS) of the fourmajor elements at the conditions
of repetition rate of 5 Hz and scan speed of 300 μm/s. At this condition,
no overlapping took place between pulses as observed in the cross-
sectional profile of craters (inset of Fig. 1(a)) measured using a white
light interferometric microscope (Zygo New View 6000) and the crater
depth was mostly below 2 μm. Each isotope profile (65Cu, 115In, 71Ga,
and 82Se) in Fig. 1(a) represents an accumulated signal from ten abla-
tion spots along the scan direction for which the complete ablation
took about 2 s (total ablated volume ≈ 400 μm3). The 23Na signal is
attributed to Na element diffused from soda lime glass during the
growth of the CIGS film.

The accuracy and precision of the ICP-MS response shown in
Fig. 1(a) are closely related to the ablation conditions. Gonzalez et al.
[30] reported that the ICP-MS signal intensity and crater profile differed
if the scan speed and repetition rate had changed even at the same
number of overlapping pulses. The primary reason for these changes in
ICP-MS response is the variation in particle characteristics such as parti-
cle size and size distribution sampled during laser–material interactions.
The influence of ablation conditions on the analysis performance of
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Fig. 1. (a) Transient fs-LA-ICP-MS response during consecutive ablation of ten craters on a
CIGS film (Sample No. 3) (repetition rate = 5 Hz, scan speed = 300 μm/s) and (b) 71Ga
isotope signals measured at different ablation conditions.
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Fig. 3. SEM image of the ablation craters and their cross-sectional profile produced on a
CIGS film (Sample No. 3) (repetition rate = 200 Hz, scan speed = 500 μm/s).
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ICP-MS can be examined by calculating temporal relative standard devi-
ation (TRSD) of the ICP-MS response profileswhich represents the short-
term signal fluctuation on the temporal response [31]. The improvement
in TRSD is related to amore consistent particle size distribution and par-
ticle chemical composition during repetitive pulsed laser ablation [27].
Fig. 1(b) shows the transient ICP-MS signals of 71Ga measured at differ-
ent pulse repetition rates and scan speeds. Note that the signal intensity
of 71Ga increasedwith scan speed for the same repetition rate. This result
is similar to that by Gonzalez et al. [30] where the low signal intensity at
low scan speed for a fixed repetition rate was attributed to the accumu-
lation of particles in front of the surface, decreasing the ablation and/or
transport efficiency due to the absorption/diffusion of the laser beam.
The signal increase of 71Ga for increasing repetition rate at the fixed
scan speed of 300 μm/s may be due to an increased amount of ablated
mass. The average ICPS and TRSD of 71Ga calculated at various combina-
tions of scan speed and repetition rate are presented in Fig. 2(a). For the
same repetition rate (see the 10 Hz case), the signal intensity and TRSD
improved initially for increasing scan speed but became deteriorated for
further increase when the signal intensity reached near the maximum.
The same trend was observed for the 82Se, as shown in Fig. 2(b). Based
on these results, repetition rate of 200 Hz and scan speed of 500 μm/s
were selected as the optimal sampling conditions in this study to achieve
high ICP-MS signal and low fluctuation.
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Fig. 2. Variation of ICPS intensity and TRSD of (a) 71Ga and (b) 82Se signals at varying
sampling conditions (Sample No. 3) (The values next to a data point represent TRSD and
scan speed).
3.2. Compositional analysis of CIGS thin film

Fig. 3 shows the ablation craters and cross-sectional crater profile of
one of the CIGS solar cell films sampled at the conditions of 200 Hz laser
repetition rate and 500 μm/s scan speed. Each sample was scanned by
the laser beam in a zig-zag pattern over an area of 200 μm × 200 μm
with a line spacing of 14.3 μm. At this condition, the complete ablation
of a rectangular crater took about 6.65 s. The cross-sectional profile of
the rectangular crater showed that the surface between craters was sig-
nificantly elevated due to accumulation of ablated particles [30]. Since
the thickness of CIGS layer of the sample in Fig. 3 was only about
2.2 μm, the crater depth (N6 μm) sampled not only the CIGS film but
also the Mo layer and part of the SLG substrate.

The same fs-LA-ICP-MS measurement was repeated over a 3 × 3
crater array for each CIGS sample and the average from the nine rectan-
gular craters was then used to represent the ICP-MS isotope signal of
each sample. Fig. 4 shows the ICP-MS responses of 65Cu, 71Ga, 82Se, and
115In isotopes, representing the four major elements of CIGS solar cell
15 20 50 100 150 200 250

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

95
Mo

82
Se

71
Ga

115
In

65
Cu

I
C

P
S

Time (s)

Fig. 4. Transient fs-LA-ICP-MS signals of 65Cu, 71Ga, 82Se, 115In, and 95Mo isotopes during
sampling nine rectangular craters (Sample No. 3).
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films, from the nine rectangular craters sampled at the laser repetition
rate of 200 Hz and scan speed of 500 μm/s. It is observed that the tran-
sient responses of ICP-MS are consistent over the nine rectangular
craters, which demonstrates that the CIGS thin film had a spatially
homogeneous elemental composition. The detailed time response
profiles of the ICP-MS can be found from the signals of the first crater
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Fig. 5. Calibration curves of ICPS ratios for fs-LA-ICP-MSmeasurements: (a) Ga/Cu and In/
Cu, (b) Ga/Se and In/Se, and (c) Ga/In (The number next to a data point represents sample
number).
in Fig. 4. The measurement of 65Mo in Fig. 4 indicates that the ablation
took place not only through the CIGS layer but also into the Mo layer at
this condition. The relative standard deviation (RSD) of the ICPS intensi-
ties of each isotope signal from the nine craters in Fig. 4was estimated to
be within 1.3–6.8%, implying that highly reproducible measurement can
be performed with fs-LA-ICP-MS at the optimal sampling condition. In
comparison, when the ablationwas carried out at the reduced repetition
rate and scan speed of 5 Hz and 300 μm/s, respectively, the conditions at
which ablation depth became nearly the same as the CIGS film thickness
as shown in the inset of Fig. 1(a), the RSD values of average signals from
tenmeasurements (with ten ablation spots permeasurement) increased
to the range of 5.8–18.6%. The deterioration of reproducibility at this
reduced repetition rate and scan speed is considered to be related to
the variation in particle characteristics as discussed above.

Since the thickness of each CIGS sample was different from others as
shown in Table 1, the ablated mass of an element from each sample
becomes proportional to not only the elemental concentration but
also the sample thickness. Thus, absolute ICPS of the ICP-MS isotope sig-
nal cannot be directly correlated to the elemental concentration of each
sample. Alternatively, since the ICPS ratios between elements should re-
main proportional to the elemental concentration ratios of each CIGS
sample, the measured fs-LA-ICP-MS signal was calibrated with respect
to the relative concentrations of constituent elements. Because the con-
centrations of Cu and Se were almost constant at around 25 at.% and
50 at.%, respectively, among the CIGS solar cell samples, these elements
were utilized as the internal standards for the generation of calibration
curves. The calibration curve of Ga/In ratio alsowas established because
the Ga/In ratio is a crucial factor determining CIGS solar cell efficiency.
Fig. 5 shows the calibration curves for Ga/Cu, In/Cu, Ga/Se, In/Se, and
Ga/In established from the ICPS ratio data acquired at the optimal sam-
pling condition. Fig. 5 demonstrates that the obtained calibration curves
have a good linear correlation with the ICP-OES measured elemental
concentration ratios. The R2 values of the linear fitting on the calibration
curve were close to or over 0.99 except the In/Se ratio (0.96). By taking
the ICPS ratios instead of the absolute intensities, the RSD values of the
ninemeasurements decreased to below 2% in average (maximum3.24%
for Ga/Se) as shown in Table 2. These results confirm that fs-LA-ICP-MS
measurement provides accurate calibration results for composition
analysis of CIGS films.

In order to evaluate the accuracy of predicted concentration, cross-
validation was carried out using themeasured fs-LA-ICP-MS data as fol-
lows [32–34]. For example, to calculate the concentration ratio of Ga/In
in sample 1 from the fs-LA-ICP-MS data, the ICP-OES measured concen-
tration ratios of samples 2–7 (y2–7) in Fig. 5(c) were fitted into a linear
equation as a function of ICPS ratio (x) (y2–7= a+ bx), leaving out sam-
ple 1. Then, using the y2–7= a+ bx equation andmeasured ICPS ratio of
sample 1, the concentration ratio (Ga/In) of sample 1was predicted and
plotted with respect to the concentration measured by ICP-OES. The
same procedure was repeated for all samples and the five different cal-
ibration curves, and the results are shown in Fig. 6. The closeness of the
concentration ratios predicted by cross-validation to the ICP-OES
Table 2
Relative standard deviation of the ICPS ratios for nine measurements.

Sample No. Relative standard deviation (%)

Ga/Cu In/Cu Ga/Se In/Se Ga/In

1 1.06 2.40 1.85 1.10 2.30
2 1.11 1.34 1.85 1.81 1.48
3 1.66 0.86 1.55 1.12 1.25
4 1.32 1.70 1.83 2.07 2.07
5 1.52 1.69 3.24 2.65 1.38
6 1.49 1.62 1.54 1.42 1.15
7 1.90 1.48 2.00 1.22 1.87
average 1.44 1.58 1.98 1.63 1.64
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guide).

Table 3
Linear fitting parameters and RMSRE of the cross-validation results.

Elemental ratio R2 slope intercept RMSRE (%)

Ga/Cu 0.997 1.003 −0.002 2.87
In/Cu 0.972 0.981 0.013 3.20
Ga/Se 0.982 0.972 0.004 5.19
In/Se 0.927 0.990 0.003 4.86
Ga/In 0.996 0.985 0.006 2.99
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measured values was evaluated from the R2, slope, and intercept values
of the data in Fig. 6 as summarized in Table 3, which should become1, 1,
and 0, respectively, for perfect correlation. Root mean square of relative
error (RMSRE) of the calibration curves was also estimated using the
following equation [34],

RMSRE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
7
�∑7

i¼1
CICP‐OES;i−CDetermined;i

CICP‐OES;i

 !2
vuut ð1Þ

where CICP-OES is the concentration ratio measured by ICP-OES and
CDetermined is the concentration ratio predicted through the cross-
validation procedures. The results of RMSRE calculation in Table 3
demonstrate that the concentration ratio of any two constituent
elements of CIGS thin film can be predicted using fs-LA-ICP-MS
with a confidence level of about 95–97% of the ICP-OES measured
concentration ratio.

Based on the calibration curves of the ICPS ratio of fs-LA-ICP-MS
data, not only the concentration ratios of constituent elements but
also the absolute elemental concentration of a CIGS film of unknown
composition can be determined quantitatively. Provided that the com-
position of the CIGS can be represented by the four major elements,
ignoring trace elements, such that xCu + xIn + xGa + xSe = 100 where
x is the atomic concentration (%) of an element, the absolute concentra-
tions of all four elements can be determined using the calibration
curves. At least three of the five calibration curves in Fig. 5 are needed
for this purpose. Note that the calibration curves in Fig. 5 are indepen-
dent of each other. Since the calibration curves for Ga/Cu, Ga/Se, and
Ga/In had high linearity and small RMSREs as shown in Fig. 5 and
Table 3, these curves may be selected for the prediction. Then, using
the xGa/xCu, xGa/xSe, and xGa/xIn values determined from the calibration
curves with xCu + xIn + xGa + xSe = 100, the absolute concentration
values of the four major elements can be readily obtained.
4. Conclusion

From fs-LA-ICP-MS analysis of CIGS thin films, it is demonstrated
that the concentration ratios of constituent elements can be predicted
with high accuracy by properly selecting the sampling conditions. At
the optimal sampling condition, a highly linear correlation with respect
to the original concentration ratio could be achieved. Combined with
the intrinsic short measurement time and no necessity of sample prep-
aration, it is considered that fs-LA-ICP-MS can provide a powerfulmeth-
od for fast and quantitative analysis of the major constituent elements
of CIGS solar cell films.
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