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ABSTRACT

The influence of fabrication processes on the LIBS (Laser Induced Breakdown Spectroscopy)
spectra of major and minor chemical constituents in Culn;GasSe, (CIGS) absorber films
produced by co-sputtering and co-evaporation techniques on Mo-coated soda lime glass (SLG)
is reported. It was found that the ablation rate per pulse of CIGS layers fabricated by the co-
sputtering technique is higher than those fabricated by the co-evaporation technique, resulting in
higher LIBS signal intensities of the constituent elements. The examination of surface
morphology of irradiated surfaces and changes in LIBS signal intensities revealed evidences of
elemental fractionation for the CIGS films fabricated by co-sputtering technique but not for those
by co-evaporation technique. From x-ray diffraction measurements, it was confirmed that the

differences in the ablation and spectroscopic characteristics of the two different types of CIGS
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absorber films were contributed to the differences in crystalline properties. Furthermore, it was
demonstrated that LIBS can effectively determine a depth profile of sodium concentration in

CIGS thin films, diffused from SLG.

KEYWORDS
Solar cell, CIGS, Ablation, LIBS

*Correspondence

Sungho Jeong, School of Mechatronics, Gwangju Institute of Science and Technology, Gwangju
500-712, Republic of Korea.

E-mail: shjeong @ gist.ac.kr

http://mc.manuscriptcentral.com/pip

Page 2 of 33



Page 3 of 33

©CoO~NOUITA,WNPE

PROGRESS IN PHOTOVOLTAICS

1. INTRODUCTION

The second generation solar cells based on thin absorber layers such as amorphous
silicon (a-Si), CdTe, or Culn; 1GasSe, (CIGS) have several advantages as compared to the first
generation solar cells based on crystalline silicon (c-Si). For example, thin film solar cells can be
manufactured at a lower cost than the c¢-Si counterparts [1]. Also, due to manufacturability on
flexible substrates, thin film solar cells can be easily integrated into the roof or exterior walls of a
building [2]. Accordingly, there have been tremendous research efforts to enhance the photo-
conversion efficiency of thin film solar cells and to develop cost-effective manufacturing
technologies. Among the various types of thin film solar cells, CIGS solar cells offer several
attractive properties for practical solar power applications such as high absorption coefficient and
high photo-conversion efficiency of greater than 20% [3, 4]. The high absorption coefficient of
CIGS absorbing layer allows the effective film thickness to be in the range of only 1 ~ 2 microns,
greatly reducing the material usage and associated costs compared to c¢-Si solar cells.

The fabrication of thin CIGS absorbing layer can be achieved by various methods that
include sputtering [5-8], co-evaporation [9-11], electrodeposition [12], spray pyrolysis [13],
paste coating [14] etc. Among these techniques, co-evaporation (shortly, evaporation) and co-
sputtering (shortly, sputtering) processes are the preferred methods for commercial
manufacturing due to process scalability to mass production with consistent and high photo-
conversion efficiency performance. In the evaporation process, the constituent elements (Cu, In,
Ga, and Se) are simultaneously vaporized in a chamber and homogeneous CIGS thin film is then
formed by surface reaction on a substrate. The highest cell efficiency of 20.3 % has been
recorded from the thin absorber film obtained by three-stage evaporation method [3]. In a two-

step sputtering process, the Cu-In-Ga precursor thin films are deposited on the substrate from the
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metal targets of Cu, In, Ga or their alloys such as CuGa, Culn, and In,Ses, and the CIGS films
are obtained by subsequent reaction with selenium source in the elevated temperature
environment. The sputtering-based processes could be more adaptable for large area and
continuous fabrication due to its simpler fabrication steps and the availability of existing
manufacturing facilities.

Although many factors are known to influence on the efficiency of CIGS solar cell
devices, the primary factor that requires most rigorous control is the elemental composition of
the CIGS absorber layer. The stoichiometric ratio of main chemical constituents of the CIGS
absorber is known to govern its energetic and electronic properties [15-18]. Therefore, an
accurate measurement of the elemental composition of CIGS absorber layer is a crucial and
challenging issue for the fabrication process development and manufacturing of high efficiency
CIGS solar cells. Several analytical methods such as secondary ion mass spectrometry (SIMS)
[19], inductively coupled plasma optical emission spectroscopy (ICP-OES) [20], glow discharge
mass spectrometry (GDMS) [21], laser induced breakdown spectroscopy (LIBS) [22-23], or x-
ray fluorescence (XRF) [3] have been applied for the elemental analysis of solar cells. Among
these methods, however, only LIBS and XRF measurements can be performed under
atmospheric environment without the need for complex vacuum systems, thereby allowing in-
situ monitoring and thus quality control compositional measurements during CIGS films
manufacturing. More commonly accepted technique such as ICP-OES requires extensive sample
preparation involving acid dissolution of bulk samples and the measurement takes too long for it
to be an effective in-line method for production control.

LIBS is a powerful method for elemental analysis in which real-time analysis, high

sensitivity, and no sample preparation [24-32] are desired. LIBS has been successfully applied
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for environmental monitoring [33-35], biological species detection [36], military applications
[37], precious artworks analysis [38], nuclear power station inspection [39], depth profiling of
thin film materials [40,41], etc. Recently, Darwiche et al. [22] reported the multi-elemental
analytical characterization of different qualities of solid silicon using LIBS, in particular, the
investigation of optimal environmental parameters such as the pressure and the composition of
buffering gas to improve detection limit of impurities such as boron, calcium and chromium etc.
and addressed the application of LIBS for solar cell industry. Since LIBS only requires nano to
micro grams of mass for effective analysis, a thin film of 100 nm in thickness or less can be
analyzed by LIBS for elemental composition [41]. Consequently, LIBS could be the most
effective technique for high-resolution elemental mapping and depth profiling analyses of thin
CIGS layers. Furthermore, sodium (Na), one of the key elements governing the efficiency of
CIGS solar cells, can be measured with high detection sensitivity down to ppm level using LIBS.
This provides LIBS a distinct advantage over XRF due to the XRF technique’s ineffectiveness
for lighter elements including Na. The short analysis time of LIBS, one second or less per single
laser shot measurement [42], is another strong advantage for enabling rapid compositional
characterization and implementing real-time quality control in manufacturing lines. Despite these
clear advantages of LIBS, the applications of LIBS for elemental analysis of thin film solar cell
materials has been hardly investigated and very limited number of research papers [43] have
been published for LIBS analysis of CIGS absorber layer up to date.

In this work, we report the results for LIBS analyses of CIGS thin absorber films
fabricated by sputtering- and evaporation-based processes. The differences in ablation
characteristics and LIBS signal intensity of the CIGS layers fabricated by these two different

deposition methods were compared. In addition, their microstructural properties were
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investigated by x-ray diffraction (XRD) and scanning electron microscopy (SEM). It is shown
that the observed differences between the sputtered and evaporated films are associated with

microstructural properties of the CIGS films.

2. EXPERIMENTAL SETUP

The polycrystalline CIGS absorber films were grown by either a three-stage evaporation
process or a two-step sputtering process as illustrated in Fig. 1. For substrate, soda-lime glass
(SLG) (Abrisa Co.) coated with a Mo layer of below 1 um thickness was utilized. The Mo layer
functions as the back electrode of a solar cell. For the fabrication of evaporated films, In, Ga and
Se sources were first simultaneously evaporated at the substrate temperature of 400 °C to form a
(In,Ga),Se; layer with a thickness of 1 um, then as the second step Cu and Se were evaporated
and reacted with the (In,Ga),Se; layer at the substrate temperature of 600 °C to form a Cu-rich
phase, and finally In, Ga and Se elements were again evaporated maintaining the same substrate
temperature to produce a Cu-poor phase. For the sputtered films, a Cu-In-Ga precursor film was
first fabricated with the thickness of ca. 0.8 um by simultaneous sputtering of CuysGag4 and
Cugpslngs targets, and then the CIGS film was obtained by subsequent selenization reaction
between precursor film and the Se source provided from a downstream Se cracker (JMON,
Korea) at the substrate temperature of 550 °C for 80 min.

The differences in crystallographic characteristics of the CIGS thin films prepared by
both methods were investigated by XRD measurements (Rigaku X-ray diffractormeter with Cu
Ka radiation). The chemical composition and thickness of both CIGS thin films were measured
by XRF using the CIGS calibration sample consisting of 18.4 at% Cu, 14.3 at% In, 5.0 at% Ga

and 62.3 at% Se with the thickness of 2.15 um (F12H28F11-2, Calmetrics Inc.) as the reference,
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and the results are summarized in Table 1. The CIGS films appeared to have the same thickness
but different compositions. The evaporated film was found to be a Cu-poor film
(Culn; ;Gag 19Se; 32), whereas the sputtered film resulted in a Se-poor phase (Culng75Gag2sSe; s3).
LIBS analyses of the two CIGS absorber films were carried out by using a commercial
LIBS system (Applied Spectra Inc., Model: RT100-HP). The measurement system was equipped
with a high performance Czerny-Turner spectrometer that had a dual-grating turret providing
maximum spectral resolution of 0.1 nm with a 40 nm spectral window. A Q-switched Nd:YAG
laser (A=1064 nm, t=4ns) with a near top-hat spatial profile was used to generate plasma with a
fixed spot diameter of 150 pum.
For LIBS measurement, ten laser pulses were successively shot on the same spot of each
sample at the rate of 1 Hz and the evolution of LIBS spectra with respect to pulse number was
examined. SEM (Hitach S-4700) images of the ablated surfaces at different pulse numbers were

taken to check the changes in surface morphology.

3. RESULTS AND DISCUSSION

Fig. 2 shows the typical LIBS spectra of the two types of CIGS sample over the spectral
ranges of 298-338 and 395-418 nm, separated by a break line. The laser energy used for these
measurements was 0.48 mJ, corresponding to laser fluence of 2.72 J/em?, and the gate delay was
0.5 us. These values of laser pulse energy and gate delay yielded the maximum signal to
background ratio (SBR) and minimum full width at half maximum (FWHM) of the LIBS
emission lines of analyzed chemical constituents. In general, the emission peak intensities of the
constituent elements reflect the original concentration of those elements within the target,

although the relation between the ratio of actual concentration and the ratio of LIBS signal
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intensities needs to be further examined for precise calibration. Thus, the intensity ratios of
Ga/(Ga+In) for both sputtered and evaporated CIGS films were calculated with Ga(I) peak at
403.299 nm and In(I) peak at 410.176nm in Fig. 2 and compared. The calculated Ga/(Ga+In)
intensity ratios of the sputtered and evaporated films were 0.33 and 0.28, respectively, implying
that Ga concentration in the sputtered film is higher than that in the evaporated film. Similar
trends were obtained when other Ga and In peaks in Fig. 2 were used for the same calculation.
The relatively higher Ga concentration of the sputtered film than that of the evaporated film
predicted by these LIBS spectra agrees with the XRF measurement results shown in Table 1.

While it is understood that the intensity ratios between elements revealed consistency
with the original composition, the intensities of emission lines for the sputtered CIGS film
appears significantly higher than those of the evaporated CIGS film over the entire spectral range
in Fig. 2. The higher emission lines’ intensities of the sputtered film can be observed more
clearly for early gate delays as shown in Fig. 3 where the intensity differences of the In(I)
emission line at 410.176 nm between the sputtered and evaporated films are shown. Note,
however, that the In concentration measured by XRF in Table 1 showed a slightly lower value
for the sputtered film. Since an enhanced peak intensity in LIBS spectra is a direct result of
increased electron population in laser plasma [44], the observed relatively higher peak intensities
of the sputtered film is considered to imply that a higher electron population was attained within
the sputtered-film laser plasma. It is assumed that since both films were made of the same
constituting elements, there exist no fundamental differences in the emission transition
characteristics of those elements in both films.

From the measured LIBS spectra, the electron number density of laser plasmas produced

from the sputtered and evaporated films can be estimated as follows. First, it was assumed that
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the FWHM of the measured intensity peaks was determined mainly by the Stark effect and
instrumental characteristics. Then, the electron density could be found from the following

relation [45],

Ai 2W ref

Stark ~ (

) 3)

n n ref

e e

where AAg is the Stark broadened FWHM, n, is the electron density, and w, is the reference
width for a reference electron density ne’ef . Since the observed line width (AAppserved) 1S
contributed from both Stark effect and instrumental resolution (A Aiusrumentar)s AAswark Was obtained
by [40],

AA = A4

Stark observed ~ DMinsirumental (4)
The electron density n, was then calculated by Eq. (3) using the measured line width of Cu
emission line at 324.754 nm and the known reference values of w,,r = 0.0095 nm and ne’ef =0.66
x 10" ¢m™ for Cu [47]. To obtain AAswk cu in Eq. (4), Adopservea Was extracted from the Lorentz
fitting of the measured Cu peak (Fig. 4) and AAiusumenar Was replaced by the resolution of the
ICCD camera used in experiments (0.1 nm). The electron number densities calculated by using
Egs. (3) and (4) are shown in Fig. 5 as a function of gate delays. As shown in Fig. 5, the electron
density of the sputtered film was calculated to be higher than that of the evaporated film for all
gate delays, which reconfirms the observed higher intensity in Fig. 2.

The higher spectral intensity in Fig. 2 and the higher computed electron number density in
Fig. 5 of the sputtered film are considered to confirm that a stronger atomization and ionization
has taken place on the sputtered film. Since laser ablation conditions were identical for both

films, the observed higher emission line intensities of CIGS elements for the sputtered film were

related to an enhanced ablation rate. To verify ablation rate difference between the sputtered and
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evaporated films, spectral changes of these films with respect to laser pulse number were
examined. Specifically, the LIBS spectra of both samples were recorded as shown in Figs. 6(a)
and 6(b), and the detection of Mo emission lines at 386.411 and 390.296 nm was used to
determine the point at which the laser ablation of Mo layer starts to occur. Note that the
thicknesses of the two types of CIGS layers were the same at 1.23 um. The variation of In, Ga
and Mo intensities, normalized by the maximum value obtained over the ten pulses, is
summarized as a function of laser pulse number as shown in Fig. 7. In the case of sputtered film
(Fig. 7 (a)), the intensity of Mo peak increased sharply at the 4t pulse, indicating that it took four
laser pulses to remove the entire CIGS layer. Conversely, the intensities of Ga and In peaks
dropped rapidly after the 4™ shot. For the evaporated film, the increase of Mo peak intensity and
the drop of In and Ga intensities were observed at the g™ pulse (Fig. 7 (b)). The examination of
the ablated surfaces of these two types of CIGS films revealed completely different ablation and
crater morphological characteristics as shown in Fig. 8. Note that the surfaces of both samples
had similar structures prior to laser irradiation. First, the low magnification (x250) images of the
ablation craters in Figs. 8(a) and 8(b) show that the CIGS films were ablated nearly uniformly
over the entire laser spot for both samples until some uneven crater bottom profile emerge at
increased pulse numbers. After the first pulse, however, the surface of sputtered film starts to
develop a porous appearance (Fig. 8(a)), possibly due to fractional ablation of the different
constituent elements. With increasing pulse number, the porous look of the surface becomes less
apparent because of the melting and subsequent re-solidification of the ablated surface. At the 4™
shot, the CIGS layer was ruptured in the middle revealing the underlying layer (Mo), which
marked the sharp increase of Mo signal intensity at the 4™ pulse in Fig. 7(a). Note that the Ga

line intensity of the sputtered film in Fig. 7(a) increased until the 4™ laser pulse, whereas that of
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In peak showed a continuous decrease, which can be an indication of preferential vaporization of
the different constituent elements. If LIBS analysis is performed with an assumption that peak
intensity is proportional to the original composition of the sample, the elemental fractionation,
possibly observed for the sputtered film could become the source of measurement errors for the
elemental composition of CIGS layers. On the other hand, the evaporated film showed a
completely different surface morphology after the 1% shot, that is, a uniform melting of the
surface with no porosity (Fig. 8(b)). The surface morphology of the evaporated film remained
almost the same for increasing pulse numbers until a rupture took place in the middle at the
seventh shot which also marked the sudden increase of Mo signal intensity in Fig. 7(b). The
observed consistency in the morphology of the ablated surface for the evaporated film by the
laser pulse number 2 through 6 may be an indication of mass removal with reduced elemental
fractionation, and have led to more consistent intensity ratio of Ga and In peaks in Fig. 7(b).
These results imply that more accurate estimation of elemental concentration could be achieved
by just considering LIBS intensity measurements alone for the evaporated film.

It is known that the fractional ablation can occur due to different alloy structure of
composites even for the same element [48]. The observed differences in LIBS spectra and
ablation morphologies between the sputtered and evaporated films were understood to be closely
related to micro-structural differences of the CIGS layers fabricated by the two methods. For the
verification of structural differences, XRD measurements were carried out and the results are
shown in Fig. 9(a). The peaks related to a CIGS crystal are observed at 17.9, 27.6, 36.5, 45.2,
53.4, 63.7, 65.4, and 72.2°, which represent (101), (112), (211), (220), (312), (323), (400) and
(332) crystal planes for a chalcopyrite structures, respectively (JCPDS 86-1503) [49]. The XRD

patterns revealed the existence of tetragonal chalcopyrite crystal structure for both samples,
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which was confirmed by the main peaks appeared at (112), (220), (312), (400) and (332) planes
of the chalcopyrite structure [50, 51]. However, the (101) and (323) peaks are absent in the
sputtered film data. In general, relatively stronger peak intensities were observed for the
evaporated film over the characteristic peaks, implying higher crystalline properties of the
evaporated film than the sputtered film. The crystalline characteristics of the sputtered and
evaporated films were also examined with cross-sectional SEM images as shown in Fig. 9(b),
which clearly show that large crystal grains were produced in the evaporated film, whereas the
sputtered film yielded small, rounded, granular microstructure with poorly defined grain size.
The observed large number of grain boundaries in the sputtered film is considered to have
contributed to a relatively stronger absorption of the incident laser energy. Note that impurity is
another factor that is closely related to laser energy absorption but little impurity signals were
observed in the LIBS data of both films. These results from XRD and SEM measurements
demonstrate that the crystalline properties of the CIGS absorber layers vary with fabrication
processes, which in turn results in the differences in spectroscopic characteristics during LIBS
elemental analysis of these layers.

Finally, it is shown that Na profile along the depth of CIGS layers due to diffusion from
the SLG substrate during fabrication process can be determined by LIBS. Na content in the CIGS
layer is one of the crucial factors governing solar cell efficiency [53]. For the measurement of Na
content, the intensity variation of Na line at 589.593nm was examined with varying laser pulse
numbers as shown in Fig. 10. Based on the data in Fig. 7, the laser pulses up to the 4™ shot and
8™ shot for the sputtered and evaporated films, respectively, were considered for the Na profile
examination. For both samples, it is observed that the Na concentration near the surface and near

the CIGS-Mo interface was higher than that in the bulk area, which agrees with the previous
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study that reported a high Na content in the surface regime and a nearly uniform distribution in
the bulk [52, 53]. These results demonstrate the potential for in-situ depth profiling of CIGS

layers with LIBS.

4. CONCLUSION

In this work, LIBS elemental analysis of the absorber layer of CIGS solar cells fabricated
by two different methods, co-sputtering and co-evaporation processes, was carried out in order
to investigate how the fabrication process influences on the LIBS spectra. It was found that the
LIBS intensity of the constituent elements of the sputtered film is significantly higher than that
of the evaporated film of similar composition and the same thickness. On the contrary, the
sputtered film revealed evidences of possible preferential vaporization of different elements that
must be accounted for accurate estimation of elemental composition by LIBS. On the other hand,
the evaporated film showed a high consistency in the individual line intensities. The observed
differences in LIBS signal characteristics between the CIGS films fabricated by two different
types of technique were found to originate from the fundamental differences in crystalline
properties of the CIGS layers produced by the two methods. These results confirm that the
critical parameters for LIBS elemental analysis of CIGS solar cells should include the fabrication

process and resulting material characteristics.
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Table 1. Composition and thickness of the CIGS absorber films fabricated by co-evaporation and
co-sputtering processes measured by XRF

Fabrication Thickness (pm) Composition (%) Elemental ratio
method  ~~5g Mo Cu In  Ga _ Se [Gal/[Ga+In]
Sputtering 1.23 0.57 28.19 21.36 7.28 43.17 0.25
Evaporation 1.23 0.76 21.63 23.83 4.15 50.39 0.15
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FIGURE CAPTIONS

Fig. 1. Illustrations for the fabrication of CIGS absorber layer by (a) co-evaporation process and
(b) co-sputtering process

Fig. 2. Typical LIBS spectra of the CIGS absorber films fabricated by co-evaporation and co-
sputtering processes (gate delay = 0.5us).

Fig.3. Intensity variations of the In(I) emission line at 410.176 nm of the two types of CIGS film
with respect to gate delay.

Fig.4. Fitting of the measured Cu and In emission lines to Lorentz profile for the calculation of
electron number density (Data from the evaporated film. Gate delay = 0.5 ps)

Fig.5. Computed electron number density of the two types of CIGS film with respect to gate
delay

Fig. 6. LIBS spectra of the Mo lines at 386.411 nm and 390.296 nm of the (a) sputtered and (b)
evaporated films

Fig. 7. Variation of the normalized intensities of In, Ga and Mo peaks of the (a) sputtered and (b)
evaporated films with respect to laser pulse number.

Fig. 8. SEM images of the ablated surfaces of the (a) sputtered and (b) evaporated films at
different laser pulse numbers.

Fig. 9. (a) X-ray diffraction patterns and (b) cross sectional SEM images of the sputtered and
evaporated films

Fig. 10. Intensity variation of the Na line at 589.593 nm with respect to laser pulse number.
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Fig. 1. Illustrations for the fabrication of CIGS absorber layer by (a) co-evaporation process and
(b) co-sputtering process
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Fig.5. Computed electron number density of the two types of CIGS film with respect to gate

delay.
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Fig. 6. LIBS spectra of the Mo lines at 386.411 nm and 390.296 nm of the (a) sputtered and (b)
evaporated films
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Fig. 7. Variation of the normalized intensities of In, Ga and Mo peaks of the (a) sputtered and (b)
evaporated films with respect to laser pulse number.
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Fig. 9. (a) X-ray diffraction patterns and (b) cross sectional SEM images of the sputtered and

evaporated films
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