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Abstract: This work reports the capability of depth profile analysis of thin
Culn;Ga,Se, (CIGS) absorber layer (1.89 pm) with a sub-hundred
nanometer resolution by laser induced breakdown spectroscopy (LIBS).
The LIBS analysis was carried out with a commercial CIGS solar cell on
flexible substrate by using a pulsed Nd:YAG laser (A = 532 nm, T = 5 ns,
top-hat profile) and an intensified charge-coupled device spectrometer in
atmospheric conditions. The measured LIBS elemental profiles across the
CIGS layer agreed closely to those measured by secondary ion mass
spectrometry. The resolution of depth profile analysis was about 88 nm.
Owing to the short measurement time of LIBS and the capability of in-air
measurement, it is expected that LIBS can be applied for in situ analysis of
elemental composition and their distribution across the film thickness
during development and manufacturing of CIGS solar cells.
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1. Introduction

The performance of Culn,.Ga,Se, (CIGS) solar cell has been steadily improved in recent
years and recorded a record high efficiency of 20.4% lately [1]. The achievement of high cell
efficiency in CIGS solar cells is expected to allow the commercialization and mass
production of CIGS thin film solar cells as the major photovoltaic products in the near future
in place of crystalline silicon solar cells [2]. The efficiency of a CIGS solar cell is influenced
by several factors such as elemental composition of the major constituent elements, elemental
profile over the CIGS layer, Ga/(Ga + In) and Cu/(Ga + In) ratios, Na doping and grain size,
etc [2-10]. Among the various factors that affect the efficiency of CIGS solar cells, elemental
composition within the thin CIGS film and the profile of elemental concentration over the
film thickness are crucial factors directly governing cell efficiency. For instance, the
concentration ratio of Ga/(Ga + In) was known to influence the band gap of CIGS and a
higher efficiency could be achieved when the Ga profile along film depth had a notch shape
[5-7]. Also, it was reported that Na content strongly affected the solar cell efficiency because
it controlled the grain size of CIGS [9,10]. Accordingly, an accurate control of the
composition of constituent elements as well as their distribution within the CIGS thin film are
critical to ensure the fabrication of high efficiency solar cell.

For the elemental analysis of CIGS thin films, various analytical methods have been
employed in earlier studies such as Auger electron spectroscopy (AES) [4,11], inductively
coupled plasma-optical emission spectrometry [5,11], wavelength-dispersed electron probe
microanalysis [11-13], Glow discharge mass spectrometry (GD-MS) [14], secondary ion
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mass spectrometry (SIMS) [6,8-10,15], sputtered neutral mass spectrometry [15], x-ray
photoelectron spectroscopy (XPS) [16], X-ray florescence (XRF) [3,17] or laser induced
breakdown spectroscopy (LIBS) [18-20]. Among these analytical techniques, SIMS, GD-MS,
AES and XPS have been successfully applied for the measurement of depth wise distribution
of elements with high resolution [9-12,14,16]. However, since these methods for depth
profile analysis required high vacuum for measurement, they were applicable only for the
laboratory analysis of post-production CIGS samples but not suitable for in situ analysis. The
capability of in situ analysis of the elemental composition and distribution would enable a real
time verification of the composition change in CIGS layers during manufacturing processes,
potentially saving significant cost by preventing production of defective products. To be
applicable for in situ measurement at manufacturing sites, it is further required that the
measurement can be performed in atmospheric conditions. Among the various methods, only
XRF and LIBS measurements can be carried out in air [17-21]. Although the bulk
composition of CIGS layers can be measured with XRF, it is difficult to implement XRF for
depth profile analysis because the penetration depth of x-ray is much greater than the CIGS
film thickness, approximately 50-300 um for the x-ray photon energy range of 25-50 keV
[19].

Alternatively, it has been shown that LIBS could be effectively applied for in situ
monitoring of elemental composition at atmospheric conditions [21] with depth profiling
capability [22-27]. LIBS measurement can be completed in less than one second. Also,
provided that the concentration of a trace element varied with enough spatial resolution, LIBS
has the potential to accurately measure the elemental profile along the depth of a solid [22—
27]. For example, it was shown that the depth profile of phosphorus doped silicon could be
analyzed with a resolution of a few micrometers [26]. The feasibility of depth profile analysis
of titanium dioxide (TiO,) antireflection coating on a silicon photovoltaic cell was also
reported [27]. It was known that a collimated beam was more advantageous in improving
resolution for depth profile analysis of metal [23]. Previously, we demonstrated the feasibility
of depth profiling of CIGS films by LIBS in which it was shown that the variation of
concentration ratios of constituent elements could be predicted with good accuracy with
increasing shot number [19]. Although the possibility of depth profile analysis of CIGS thin
films by LIBS has been suggested in our earlier study [18,19], a quantitative depth profiling
analysis of CIGS solar cell films has not been reported yet.

In this work, we report the results for depth profile analysis of thin CIGS solar cell films
by nanosecond laser based LIBS. It is demonstrated that the depth profile of constituent
elements of CIGS absorber layer can be measured with a spatial resolution below 100 nm.
The results showed that the depth profiles measured by LIBS and SIMS methods agreed
closely.

2. Experiment
2.1 CIGS sample

A commercially available CIGS solar cell (10.4-12.7% aperture efficiency) was used as the
sample for the depth profiling experiments in this study. The CIGS absorber layer of the
sample was deposited on Mo-coated stainless steel foil by co-evaporation method. For LIBS
measurement, first the protective cover layer of the CIGS solar cell was removed and then the
sample was wet etched in a dilute hydrochloric acid and nitric acid solution for 2 min in order
to remove the transparent conducting oxide (TCO) and the buffer layers. The bulk
composition of the exposed CIGS layer was measured to be Cu 24.47 + 0.35, In 12.06 £ 0.36,
Ga 8.96 £ 0.21, and Se 54.50 + 0.31 in atomic percent (at%) by XRF (Solar Metrology.,
SMX-BEN). The average thickness of the CIGS layer measured from the scanning electron
microscope (SEM; Hitach, S-4800) image shown in Fig. 1(a) was 1.89 = 0.06 um. The
thickness of Mo layer measured from the SEM image was about 0.81 pm.
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2.2 LIBS measurement

LIBS measurement of the CIGS layer was carried out using a commercial LIBS system
(Applied Spectra Inc., RT250EC) with an intensified charge-coupled device (ICCD)
spectrometer. The CIGS film was irradiated by a second harmonic Nd-YAG laser (A = 532
nm, T = 5 ns, multimode, top-hat profile) of the system with a laser spot diameter of about 200
um at the sample surface. The 532 nm laser was selected because a strong surface absorption
as in an opaque sample occurs at this wavelength due to its high photon energy (2.34eV)
exceeding the band gap energy of CIGS (~1.0-1.7eV) [5, 28], an advantage for layer by by
layer removal during depth profiling. The plasma emission was collected by a collection lens
and delivered to the ICCD spectrometer via an optical fiber bundle. The schematic of the
LIBS measurement set up is shown in Fig. 1(b). For depth profile analysis, LIBS spectra were
collected from ten different spots on the CIGS sample. Each of the ten measurement spots
were irradiated by thirty consecutive laser shots at the repetition rate of 1 Hz while collecting
the LIBS spectra of each shot. The LIBS spectra at the same shot number from the ten
measurement spots were then averaged to represent the LIBS intensity at the corresponding
shot number and utilized for depth profiling analysis.

(b)

A=532nm, 1=5ns

Intensified charge-
couple device
spectrometer Vo
CIGS sample

Sample stage

Fig. 1. (a) SEM image of the CIGS layer (TCO and buffer layers were removed) and (b)
schematic diagram of the LIBS experiment set up.

Beam controller

2.3 SIMS measurement

For comparison with the LIBS measurement results, the profiles of constituent elements along
the depth of CIGS sample were also measured by SIMS (Cameca, IMS-7f). The SIMS
measurements were carried out using Cs" as the primary ion with an acceleration voltage of 5
kV at an ultra-high vacuum condition (~5 x 107" Pa). The depth profiles were obtained by
raster scanning over a 170 x 170 pum” area at the primary beam current of 50 nA. It took about
12 min until the CIGS layer was completely ablated by SIMS measurement.
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3. Results and discussion
3.1 Determination of optimal measurement conditions

The ablation thickness of CIGS layer per pulse during LIBS measurement depends primarily
on the laser pulse energy. To improve the spatial resolution of depth profiling, it is necessary
to utilize the minimum pulse energy for ablation so that a layer by layer analysis of the film
composition can be achieved with the possible highest resolution. Thus, an experiment was
carried out to determine the minimum laser pulse energy for CIGS ablation but with
sufficiently high plasma emission intensity for ICCD detection. The minimum laser pulse
energy with sufficient signal to background ratio of the LIBS spectra was then determined to
be 0.24 mJ (0.15 GW/cm®). At this laser pulse energy, the optimal delay of ICCD detector
gating from the moment of laser firing (gate delay) was determined to be 0.2 ps and the
duration of gate opening for the collection of emission signal (gate width) to be 10 ps. At
these optimal detector conditions, the signal to background ratio of 4.19 was achieved for the
spectral line of Ga(I) 417.204 nm. The gain of ICCD detector was set to 10 for the
measurements.

Figure 2(a) shows the morphology of craters irradiated by different number of laser pulses
(0.15 GW/cm”). The SEM images of the crater surface show that the CIGS layer was ablated
nearly uniformly irrespective of laser pulse number. When the pulse number was increased
close to 20, the CIGS layer was almost completely ablated and the underlying Mo layer
started to appear in the middle of crater. For instance, energy dispersive x-ray spectroscopy

100pm
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15 shot

2000

(b) .
. 1500+ ’
£ G
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he) e %
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3 500, /_,
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Laser shot number Along the surface (um)

Fig. 2. (a) Surface morphology, (b) ablation depth and (c) cross-sectional profiles of the LIBS
craters for varying laser shot number. (Laser irradiance: 0.15 GW/cm?).
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(Horiba Ltd, EX250) measurement on the middle of the crater for pulse number 21 in Fig.
2(a) showed approximately 70% Mo and 25% Se, confirming the near complete ablation of
CIGS layer.

As shown in Fig. 2(b), the average crater depth increased highly linearly with increasing
pulse number for the ablation of CIGS layer. The average ablation rate per pulse of the CIGS
layer up to the pulse number of 15 was about 88 nm. However, the average ablation rate
increase slightly to 90.8 nm as the Mo layer started to appear as observed from the data
between pulse numbers of 15 and 20 in Fig. 2(b). Figure 2(c) shows the cross-sectional
profiles of the craters produced by varying number of pulses measured with a scanning
confocal microscope (NanoFocus Inc.). The average roughness of the crater bottom surface
slightly increased with increasing pulse number as summarized in Table 1. Compared to the
roughness of the original CIGS surface (62nm), the change of surface roughness due to laser
ablation is considered to be negligibly small. The linearity of ablation depth with respect to
pulse number in Fig. 2(b) and the little change in surface roughness of the LIBS craters
suggest that the layer-by-layer ablation of CIGS thin film can be done with high spatial
resolution and accuracy. Note that when the Mo layer started to appear, the average roughness
dropped significantly, possibly due to the elemental homogeneity of the Mo layer.

Table 1. Properties of LIBS craters for increasing laser shot number

Laser shot  Ablation depth ~ Average ablation thickness ~ Average roughness

number (nm) per pulse (nm) (nm)
5 444.0 88.8 60.1
10 878.1 87.8 68.2
15 1307.8 87.5 71.5
20 1829.0 90.8 53.5

For comparison, the morphology and cross-sectional profile of the CIGS thin film during
SIMS measurement are also shown in Figs. 3(a) and 3(b), respectively. The SIMS crater also
showed uniform surface morphology with a slightly rounded bottom surface. The average
surface roughness of the SIMS crater at the intermediate depth of 0.65 pm was about 61 nm,
equal to that of the original CIGS surface.

Depth (um)

'
N
|

Mo layer

0 50 100 150 200 250 300
Along the surface (um)

Fig. 3. (a) Surface morphology and (b) cross-sectional profiles of the SIMS craters.

3.2 Depth profile analysis

Figure 4 shows the averaged LIBS spectra from the ten measurement spots of the CIGS
sample; the first shot from each of the ten spots was utilized for averaging. The analysis of Se
was excluded in the present study because Se emission lines were observed only in the
ultraviolet regime and their intensities were too weak to be clearly measured at the low laser
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energy condition of present experiments. The spectral information of the Cu(I), Ga(l), In(I)
and Na(I) emission lines in Fig. 4 is listed in Table 2 [29]. The intensities of measured LIBS
spectra were normalized by the total spectral area to obtain normalized LIBS signal intensities
since the absolute intensity of each element varied. The relative standard deviation (RSD) of
the normalized intensities of each element from the ten spots was below 15%.
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Fig. 4. Typical LIBS spectra of the CIGS layer in spectral regions of (a) 375-470nm and (b)
500-600nm (gate delay: 0.2us, gate width: 10ps).

Table 2. Spectral characteristics of Ga, In, Cu and Na emission lines. (A;: transition
wavelength, A;;: transition probability, E; and E;: upper and lower energy levels, and g;-
g;: degeneracy of upper and lower energy state)”

Element 2 (nm) gi-g; Ay (10%7 E; - E; (eV)
Ga(l) 403.299 22 0.485 0.0000 — 3.0734
Ga () 417.204 4-2 0.945 0.1024 - 3.0734
In (I) 410.175 22 0.560 0.0000 - 3.0218
In (1) 451.130 4-2 1.020 0.2743 - 3.0218
Cu (I) 510.554 6-4 0.020 1.3889 - 3.8167
Cu (I) 515.324 2-4 0.600 3.7859 - 6.1912
Cu (I) 521.820 4-6 0.750 3.8167 - 6.1912
Na (I) 588.995 2-4 0.616 0.0000 - 2.1044
Na (I) 588.592 22 0.614 0.0000 - 2.1023

*From [29]

Figure 5 shows the intensity correlation plots of Ga(I) 417.204 nm - Ga(I) 403.299 nm
and In(I) 410.175 nm - In(I) 451.130 nm line pairs of the CIGS LIBS spectra measured from
300 laser shots (10 spots x 30 shots per spot). The intensities of the two Ga or In emission
lines show an excellent linear correlation; Igaay17.204 = 0.543 X IGaqa03.200 and Iinyasiizo =
2.497 X Iiymar0.175- Since the two Ga or In emission lines have a linear correlation, the sum of
their normalized intensities was used as the Ga or In intensity for the depth profile analysis in
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this study. The use of summation intensity instead of single peak intensity reduced the
relative standard deviation (RSD), especially at depths where the signal intensity was weak.
Similarly, the intensity of Na emission line was also represented by the sum of intensities of
the two overlaid Na lines (Na(I) 588.995 nm and Na(I) 588.592 nm) in Fig. 4. On the other
hand, Cu(I) 510.554 nm was selected for Cu intensity because the intensity of Cu(I) 515.324
nm and Cu(I) 521.820 nm emission lines became weaker or disappeared at times as the pulse
number was increased.

Figures 6(a) and 6(b) show the depth profiles of the constituent elements of CIGS layer
measured by LIBS and SIMS methods, respectively, with respect to ablated film depths. For
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Fig. 5. Intensity correlation of the Ga and In line pairs used for summation intensity
calculation.
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Fig. 6. Depth profiles of the CIGS absorber layer measured by (a) LIBS and (b) SIMS. The
LIBS intensity profile of Na was independently scaled for clear comparison with the SIMS
data
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the LIBS data in Fig. 6(a), the film depth was obtained by converting the pulse number into
depth by multiplying the average ablation thickness per pulse (88.0 nm). For the SIMS data in
Fig. 6(b), the film depth was estimated by multiplying the measurement time by the average
sputtering rate of CIGS (2.63 nm/s). Comparison of the depth profiles generated by LIBS in
Fig. 6(a) and those by SIMS in Fig. 6(b) shows that the depth profiles of Ga, In, Na, and Mo
measured by LIBS and SIMS agree closely. The closeness of these profiles is understood to
imply that an accurate depth profile analysis of CIGS layer may be possible by LIBS. Note
that due to the difference in the measurement methods only the shape of depth profiles or the
tendency of intensity changes of each element in Fig. 6 is meaningful to compare.

Based on the LIBS and SIMS data in Fig. 6, the depth profiles of Ga/In ratio and Na were
examined in further detail as follow. The Ga/In ratio is a parameter that governs band gap of
CIGS and needs to be strictly controlled to ensure high cell efficiency [5-7] and Na is also
known to strongly influence the efficiency of CIGS solar cells [9,10]. Figure 7 shows the
profiles of Ga/In ratio along the depth of CIGS layer measured by both LIBS and SIMS.
These profiles show almost identical shapes; an initial shallow bump up to about 300 nm
depth, a broadly increasing Ga/In ratio up to about 1600 nm, and a final sharp peak centered
at around 1800 nm with rapid drop. These results verify that the depth profile of CIGS thin
films can be analyzed by LIBS to the accuracy level almost equivalent to that could be
achieved by SIMS.
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Fig. 7. Comparison of the Ga/In intensity ratios predicted by LIBS and SIMS with respect to
film depth.

Note that the SIMS system utilized in the present study was calibrated using a standard
material (Evans Analysis Group) to predict the absolute Na concentration from the measured
SIMS signal intensity. Using the Na concentration of the CIGS sample predicted by SIMS
measurement as the reference data, the LIBS signal intensity of Na was recalibrated for
absolute concentration. Since the number of data points between each LIBS and SIMS
measurement were different, the concentration data predicted by SIMS within the resolution
of LIBS (~88 nm) were averaged for the calibration of LIBS signal intensity. As shown in
Fig. 8(a), a good linear correlation crossing the origin was observed between the normalized
LIBS Na intensity and the Na concentration (atom/cm’) predicted by SIMS measurement.
When the measured LIBS Na intensity was converted to concentration using the calibration
curve in Fig. 8(a) and plotted with the concentration predicted by SIMS measurement, they
agreed closely as shown in Fig. 8(b).
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Fig. 8. (a) Calibration curve of the LIBS Na intensity and (b) the Na profiles predicted by
LIBS and SIMS.

4. Conclusion

In this work, we demonstrated that the depth profile of major constituent elements of CIGS
absorber layer can be analyzed with high accuracy and resolution by LIBS. The results
suggest that LIBS can provide a powerful method for in situ depth profiling analysis when
incorporated with its intrinsic short measurement time and capability of in-air measurement.
The real time verification of the composition and depth profiles of CIGS absorber layer by
LIBS can be effectively applied for the characterization of CIGS layer during solar cell
development and for the quality control of products during manufacturing.

Acknowledgment

This work was supported by the National Research Foundation of Korea (NRF) grant funded

0.10

0.05

0.00

(a)

Normalized LIBS intensity (arb. unit)

/.
3’/
//./
08 ®
P
,/(-
-7 R?=0.913
0 1 2 3 4

Na concentration x 10" (atom/cm®)

-
o
|

Na concentration x 10" (atom/cm?)

-

(b) e LIBS
o SIMS
o
o o0 o
o o oo o
O. o
9 Q.®
° QO(TO o¥o
. ® © 90¢
OOOOOOOOOO

500 1000 1500
Depth (nm)

by the Korea government (MEST) (No. 2013-064113).

#196255 - $15.00 USD
(C) 2013 OSA

Received 22 Aug 2013; revised 2 Oct 2013; accepted 2 Oct 2013; published 14 Oct 2013
4 November 2013 | Vol. 21, No. S6 | DOI:10.1364/0OE.21.0A1018 | OPTICS EXPRESS A1027




