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Abstract

In this study, Cu(In,Ga)(Te,S), (CIGTS) thin films with [Ga]/([In] £ [Ga]) atomic ratios in the
ranges of 0.22-0.28 and 0.50-0.67 were fabricated using a two-stage technique. During the first
stage of the technique, in one set of samples, Cu, In and Ga layers were deposited by
electrodeposition on a Mo coated stainless steel (SS) foil substrate forming a SS/Mo/Cu/In/Ga
precursor structure. For another set of samples, a Te layer was also deposited by e-beam
evaporation on the SS/Mo/Cu/In/Ga structure forming a SS/Mo/Cu/In/Ga/Te precursor
structure. During the second stage, SS/Mo/Cu/In/Ga and SS/Mo/Cu/In/Ga/Te stacks were
reacted using rapid thermal annealing (RTA) for 5 min at 600 °C with or without presence of S
vapors to produce CIGTS series thin films. SS/Mo/Cu/In/Ga stack under S atmosphere yielded
CulnGaS, with a Ga-In gradient across the thickness by RTA process. SS/Mo/Cu/In/Ga/Te
stack reacted without S in the reaction atmosphere yielded the CulnGaTe, compound. When S
was present, the same stack with top Te layer yielded only CulnGaS, compound. When,
however, already formed CulnGaTe, compound layers were heated in S environment at 400 °C,
some Te could be retained in the films in the form of elemental Te. Gallium and In grading in
various reacted films were evaluated by x-ray diffraction, secondary-ion mass spectrometry and
EDS. CIGTS films showed highly (112) preferred oriented chalcopyrite phase and with the
increase of Ga content, shifts were observed in the XRD peak positions demonstrating Ga
inclusion in the lattice. Gibbs free energy calculations were used to explain the preferred
reaction of S with metallic constituents when both S and Te were present for reaction.

Keywords: CIGS, CIGTS, foil substrate, RTA, chalcopyrite thin film, two stage process
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1. Introduction

The optical band gap energy range of the semiconductor
materials used as absorber layers in terrestrial thin film solar
cell structures is ideally around 1.4-1.5 eV [1]. The group
[-ITI-VI, semiconductor compounds have optical band gaps
close to this range making them attractive for potential solar
cell applications. However, bandgap by itself is not adequate to
offer high efficiency devices. It is also important to examine
the electronic properties of these compounds and to determ-
ine the optimum fabrication conditions. The reported optical
band gap values for CulnSe, (CISe) and CuGaSe, ternary
compounds are around 1.04 and 1.7 eV, respectively [2].
The optical band gap of CISe can be increased up to about
1.15 eV while preserving good electronic properties, by alloy-
ing with gallium and forming Cu(In,Ga)Se; (CIGSe) compund
with a [Ga]/([In 4 Ga]) atomic ratio of ~0.3 [3]. Above this
ratio the electronic properties generally deteriorate. Another
approach to change the properties of CISe is adding sul-
fur (S) into the lattice forming Culn(S,Se), (CISSe). It is
also possible to include both Ga and S in the material form-
ing Cu(In,Ga)(S,Se), (CIGSSe). Tuttle et al, for example,
obtained CIGSSe/CdS solar cell structures by adjusting both
the [Ga]/([In] 4+ [Ga]) ratio and the [S]/([S £ Se]) ratio.
They determined the requirements for Ga and S doping pro-
files into the CISe lattice to be able to obtain high solar cell
efficiency [4]. Therefore, the efficiency of CISe-based thin-
film solar cells can be increased to higher values with Ga and
S co-alloying. In the thin film photovoltaic (PV) industry, the
CIGSSe compound is a widely studied material due to its high
conversion efficiency (23.35%) and usage of low amounts of
raw materials (~1-2 pm thick absorber layers) [5].

One of the commonly used techniques to synthesize CIGSe
or CIGSSe material is the two-stage process, which includes
deposition of metallic precursor layers comprising Cu, In
and Ga, followed by a sulfurization/selenization process.
The deposition of the precursor films can be done by vari-
ous techniques such as sputtering [6], evaporation [7, 8],
electrodeposition [9, 10], spin coating [11], etc. Among these
techniques, sputtering has been the most commercialized tech-
nique and electrodeposition attracted much attention since it
does not require vacuum and has provided reasonably high cell
efficiencies in roll-to-roll manufacturing [12].

One commonly observed phenomenon in CIGSe thin film
processing by two stage technique is the formation of a com-
positional gradient through the thickness of the film. Among
other researchers, Bagol et al examined the Ga distribution in
CIGSe/CdS solar cell structures formed by a two-stage method
and determined that Ga element was not homogeneously dis-
persed through the thickness of the compound. It was observed
that gallium was concentrated near the back molybdenum
(Mo) contact, leaving mostly a CISe crust layer at the top. It
was shown that such a distribution caused a decrease in cell
efficiency due to low voltage [13]. Probst et al, with their TEM
measurements, found that in Mo/CIGSe thin film structure, the
grain size of the compound near the Mo back contact was small
and the grains got larger near the surface [14]. Weinhardt et al

carried out atomic force microscopy (AFM) and x-ray photo-
electron spectroscopy (XPS) measurements on CIGSSe lay-
ers and found a similar behavior. They also determined that S
and Ga were agglomerated close to the Mo contact [15]. Over-
all, inhomogeneous compositional distribution in CIGSe and
CIGSSe type films formed by the two-stage techniques is a
known phenomenon that often causes lower device efficien-
cies if such gradients are not carefully designed and controlled.
Gallium pile-up near the Mo contact is usually explained by
kinetics of Ga-Se reaction, which is slower than In-Se reac-
tion. As a result, Cu, In and Se react faster forming a CISe top
crust, leaving Ga-rich phases behind. There has been attempts
to influence this situation by changing certain process para-
meters such as the temperature ramping rates and the compos-
ition of the films. One approach studied was adding tellurium
(Te) into the material.

Although use of Te as a interlayer to improve the quality of
the CISe or CIGSe films was previously reported [16, 17], the
Te amount in those studies was extremely small. As an altern-
ative to CIGSe or CIGSSe compounds, a CulnGa(Te,Se),
(CIGTSe) absorber layer was proposed by our group for poten-
tial solar cell applications. Early results suggested that Ga dis-
tribution through the Cu(In,Ga)Te, (CIGT) films was more
uniform than the CIGSe films [18]. Gremenoka et al invest-
igated the structural, optical and electrical properties of CIGT
films obtained by laser evaporation method and noted that
the lattice parameter decreased and the forbidden energy gap
increased with increasing Ga content in the material [19].
Although, there are some reported studies of CIGTSe material,
there are no studies reported about Cu(In,Ga)(Te,S), (CIGTS)
chalcopyrite material comprising both S and Te in the lat-
tice. In the present study, the structural and optical properties
of CIGTS layers fabricated through a two-stage process have
been evaluated as a function of Ga and Te content of these
layers.

2. Experimental

The metallic precursor films of the two-stage process were
prepared by electrodeposition over Mo-coated stainless steel
foils (SS). This process step formed a SS/Mo/Cu-In-Ga struc-
ture with x = [Ga]/([Ga] + [In]) ratios in the ranges of 0.22—
0.28 and 0.50-0.67. The targeted [Cu]/([In = Ga]) ratio was in
the 0.8-0.9 range. Metallic films were electrodeposited in the
order of Cu/In/Ga, which is the easiest stack to form taking
into account the deposition potentials of Cu, In and Ga ele-
ments. It should be noted that these structures were stored in
laboratory environment for over a year before getting used in
this research.

The SS substrates coated with Mo/Cu-In-Ga layers were
cut into smaller (1 cm x 1 cm) pieces. Some of these samples
were then placed in an e-beam evaporator for Te deposition.
Pellets produced from Te powder (5 N-pure) were used as the
source material. The distance between the samples and source
was about 40 mm. The substrate was not intentionally heated
during the Te deposition step and the coating was grown under
achamber pressure of 2 x 1076 Torr. The thicknesses of Cu, In
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Table 1. The thickness values of Cu, In, Ga and Te films and
amount of sulfur (S).

Samples Cu (nm) In(nm) Ga(nm) Te (nm) S (mg)
Culng 7Gag 3(Te,S)> 160 270 90 1125 30
CulngsGag5(Te,S), 171 194 150 1125 30

and Ga layers were determined by counting the charge passed
through the stainless-steel substrate and the thickness of the
Te layers was monitored using a crystal thickness monitor dur-
ing e-beam evaporation. The film thicknesses of all layers are
listed in table 1. It should be noted that, based on these thick-
ness values one can calculate that the reacted compound layers
would have an average thickness of about 1.5 pm.

For telluride formation, the stacks were reacted through
a RTA process. For this process, samples were placed in
a graphite box with a cover and internal dimensions of
50 mm x 20 mm x 12 mm. The box was placed in the vacuum
tight quartz tube of the RTA system. Annealing was performed
at 600 °C and under (5%) H, + (95%) Ar gas atmosphere for
5 min. To obtain films comprising S, Mo/Cu-In-Ga or Mo/Cu-
In-Ga/Te stacks were sulphurized at 600 °C for 5 min under
a sulfur atmosphere using 30 mg high purity sulfur powder
as the source material. In other experiments, for the formation
of Culng7Gag 3(Te,S), and Culng 5Gag 5(Te,S), thin films, first
telluride films (CIGT) were produced by using the RTA pro-
cess without the S source, and then the CIGT samples that
were formed this way were sulphurized at 400 °C-600 °C
for 3 min in presence of S in the graphite box. It should
be noted that an early study of Culn(S,Te), quaternary com-
pound formation by standard melting and annealing technique
showed that the chalcopyrite phase was formed for temper-
atures up to 650 °C. Above this temperature, phase transition
was observed. Therefore, we selected the highest reaction tem-
perature to be 600 °C [20].

The structural properties of the unreacted and reacted
samples were characterized by x-ray diffraction (XRD).
Raman spectroscopy measurements were carried out on the
reacted samples. The chemical composition of the films was
determined by energy dispersive x-ray (EDX) spectroscopy
measurements. The surface and cross-sectional morphologies
of the films were examined via scanning electron microscopy
(SEM). Secondary-ion mass spectrometry (SIMS) was used
to analyze the composition of the films through their thick-
ness. Room temperature photoluminescence (PL) measure-
ments were carried out. Temperature dependent Gibbs energy
values were calculated to explain some of the findings. It
should be noted that for the XRD measurements, incident
angles of 0.3°, 0.5° and 5° were used. Considering the fact
that the x-ray penetration depths at these angles are expected
to be about 50 nm, 130 nm and 1000 nm, data at 0.3° and 0.5°
grazing angles would probe the near-surface region, while the
5° data would represent the bulk properties of the layers [7].
Since the incoming angle for EDX measurements was also
large, EDX data also represent bulk properties.

oCu — Culng 5Gag 5

* Culn —— Culng +Gag 3

# In

- Gﬂ;)03 4 RIO .\.[0

** (Ga,In),04 i : Fe
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Figure 1. XRD pattern of Culng;Gag 3 and CulngsGag s precursor
films.

3. Results and discussion

The XRD patterns for the SS/Mo/Cu-In-Ga metallic precursor
layers, formed during the first stage of the two-stage process,
with two different Ga ratios are given in figure 1. As can be
seen from this data the Cu-In-Ga precursors prepared with
two different Ga ratios shared similar XRD patterns. As can
be seen from this data the Cu-In-Ga precursors prepared with
two different Ga ratios shared similar XRD patterns except
that peaks corresponding to the Ga-oxide phases are more
prominent for the 30% Ga containing film. It should be noted
that these precursors were prepared using room-temperature
electrolytes and they were not heat treated. However, they
stayed in laboratory environment for over a year. As can be
seen, despite the fact that there was no high temperature heat
treatment, phases such as (Ga,In),O; (JPDS# 00-014-0564),
Ga,03 (JPDS# 00-006-0509), Culn, (JPDS# 00-041-0255)
and CugGay (JPDS# 00-002-1253) were observed in the XRD
patterns. In addition, elemental Cu (JPDS# 00-004-0836) and
In (JPDS# 00-006-0416) peaks are also present. Mo (JPDS#
01-089-4896) and Fe ((JPDS# 00-087-0721) peaks are due to
the underlying layers. The reasons why the lower Ga contain-
ing film shows more prominent Ga, O3 peaks and elemental Cu
are not clear but it is possible that the thicker Ga film coated
over the 50%Ga containing precursor may have formed a more
continuous thin protective surface oxide, which does not show
up in the XRD data. Such a thin surface oxide layer may pre-
vent further oxidation of the underlying bulk of the film. With
thinner Ga, the film may have larger surface area because of
discontinuities and resulting roughness. Also the Ga-rich pre-
cursor may consume more of the Cu forming a compound and
reducing the elemental Cu content of the film.

The XRD diffraction patterns of the reacted Culng7Gag 1S,
films, formed after reaction during the second stage of the two-
stage process, measured at different incident angles are given
in figure 2. As seen in the figure, the characteristic peaks of
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Figure 2. XRD patterns of Culng;Gap3S thin film taken by
different incident angles.

(112), (200), (220/204) and (116/312) diffraction planes at
approximate positions of 260 = 28.08°, 32.58°, 46.72° and
55.16° were observed from XRD measurements performed
at 0.3° incident angle. It is also seen that the dominant (112)
and (220/204) peaks are split into two. One of these peaks is
placed close to the expected peak position for CulnS, phase,
the second peak is shifted towards larger angles suggesting Ga
inclusion. With the increase of the incident angle from 0.3° to
0.7°, a similar diffraction pattern was obtained. However, it
was observed that the peak positions were shifted slightly to
higher angles, again in line with more Ga inclusion. With an
increase of the incident angle to 5°, additional phases iden-
tified as Mo,Ss (JPDS#00-040-0972) at 16.71°, Fe at 44.72°
(JPDS#01-085-1440), and Mo (JPDS#00-042-1120) at 40.46°
and 73.68° were observed. Data collected at glazing incident
angles of 0.3° and 0.7° represent the phase content of the near
surface region of the film and it shows the presence of more
In-rich phases. As the angle of incidence is increased to 5°,
one expects to collect more information about phases close to
the substrate. These results suggest that Culng 7Gag 3S, formed
by our two-stage approach resulted in a gradation of Ga within
the film, the back of the film being more Ga-rich. Pure CulnS,
(PDF#00-015-0681) and CuGaS, (PDF#03-065-2730) phase
peak positions are also shown in figure 2 and they support the
arguments above.

For S and Te containing film formation, two different
approaches were investigated. In one approach Mo/Cu-In-
Ga/Te stacks were sulphurized at 600 °C for 5 min under S
atmosphere. In this case it was observed that no Te inclu-
sion was achieved into the compound. Only CIGS phase was

# 0.30
— 070
50
*Te
# CulnGaS,

]
N
Z
g mmm CuGa$)
= mmm CulnS,
1 11 1 . \|| || I| 11 [ |
mmm CulnTe,
mmmm CuGaTey
1 IL | 11 1 1 L II Il II i ™ I .||
10 20 30 40 50 60 70 80

20 (Degree)

Figure 3. XRD patterns of Culng7Gag3(Te,S), sample taken by
different incident angles.

formed. Therefore, another approach was employed, where
first a CIGT layer was formed by reacting the Mo/Cu-In-Ga/Te
stack at 600 °C for 5 min, and then the resulting compound
was reacted with S at temperatures ranging from 600 °C to
400 °C. High sulfurization temperatures yielded again only
CIGS layers, demonstrating that during sulfurization there was
an exchange reaction causing complete replacement of Te in
the compound with S. Reducing the reaction temperature to
400 °C and the reaction time to 3 min, we have seen some
signature of Te in the films. Therefore, all data presented
below regarding CIGTS layers are obtained using this second
approach and the lower reaction temperature. It should be
noted that samples processed to obtain CIGTS in this research
are labeled as CIGTS, irrespective of their actual composition
after the reaction step.

The XRD diffraction patterns of the Culng;Gag3(Te,S),
samples taken at different incident angles are given in figure 3.
The expected peak positions for CulnTe, (JPDS#00-034-
1498) and CuGaTe, (JPDS#01-079-2331) phases are also
shown in this figure. As can be seen from this data the
XRD peaks observed are located at positions that are associ-
ated more with S-containing phases rather than Te-containing
phases. The data at 0.3° belong to the (112) diffraction planes
of the CulnGaS; phase with a [Ga]/([Ga + In]) ratio of about
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13%. With the increase of the incident angle from 0.3° to
0.7°, extra peaks are found that belong to the metallic Te
phase at around 26 = 23.1°,27.58°, 38.40°,43.26° and 49.56°
(JPDS#00-036-1452). This suggests that Te did not properly
react and get included in the lattice of the compound. Solid
phase reaction rate between Te and the other metallic ele-
ments in the stack may not be as fast or energetically favor-
able as reaction between the gaseous S and the metals. As a
consequence, Cu, In and Ga in the precursor layers may have
been grabbed by S, leaving behind elemental Te. It should be
noted that the vapor pressure of Te at the reaction temperature
is around 6 x 107> atmosphere, which is not enough for it to
vaporize. The data taken at 5° displays the Mo and Fe phases
originating from the back contact and the substrate, respect-
ively. Formation of Mo3S; (JP-£00-027-0319) phase is also
observed in this data.

The incident angle dependent XRD patterns taken from
Culng7Gag 3Te; films are presented in figure 4. As can be seen
in the graph, just as in the Culng7Ga3S; layers, most of the
characteristic peaks of the chalcopyrite structure are split into
two or more peaks. For example, peaks belonging to the dom-
inant (112) reflection plane can be seen at 24.56° and 24.98°
in the 0.3° data. As expected, the first peak (left one) belongs
to In-rich CulnGaTe,, while the second peak (right one) can
be attributed to the Ga-rich CulnGaTe, phases. As discussed
before, with reference to figure 2, Ga content in this structure is
apparently also graded, Ga-rich material segregating towards
the back of the film. This is obvious from the fact that the pos-
itions of the diffraction angles shifted towards higher angles
with the increase of incidence angle. These results are con-
sistent with the previously reported work on CulnGa(Se,Te),
semiconductor compounds [18].

The SEM and EDX measurement results of Culng;Gag3S,,
Culng7Gag 3(Te,S), and Culng;Gag3Te, thin films are given
in figure 5 and table 2. As can be seen in the figure, the sur-
face morphologies of the samples are very different from each
other. The feature size of the Culng7Gag3S, sample is estim-
ated to be in the range of 200-240 nm and the surface dis-
tribution is more homogeneous. The film structure is compact
compared to the others. Inclusion of Te in the film changed the
surface morphology completely. Specifically, surface rough-
ness increased compared to the pure Culng7Gag3S, film. In
the Culny7Gag3Te, sample, on the other hand, flake-like fea-
tures are observed with sizes in the 0.5-1 pm range. Some
porosity was also observed.

The results of EDX spectroscopy measurements are sum-
marized in table 2. As can be seen in this table, all samples
showed Cu-poor chemical composition regardless of the type
of chalcogenide used in the reaction. This ratio is reasonably
close to the one set during the electrodeposition of the pre-
cursors. The [Ga]/([Ga + In]) ratio is 0.22-0.28, again reas-
onably close to the targeted ratio of 0.3. Tellurium content in
the CIGT layer is about 50%, as expected. For the CIGTS film,
however, this percentage is only about 7.8%. Sulfur content is
about 47.6%. XRD data for this film had shown presence of
metallic Te. Therefore, the Te content given by EDX may be
mostly due to this phase rather than due to the Te containing
compound.
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Figure 4. XRD patterns of Culng7Gag 3Te; sample taken by
different incident angles.

To study the case of higher Ga-content samples, we
repeated the above experiments for films with [Ga]/([Ga + In])
ratio of about 0.5. The XRD patterns of the CulngsGagsS;
layers obtained after the reaction step are given in figure 6.
As seen in this figure, the characteristic chalcopyrite peaks
due to the (112), (220/204) and (116/312) diffraction planes
are clearly split in the data obtained at low incident angles of
0.3° and 0.7°. This situation is more pronounced compared
to the XRD patterns of the Culng;Gag3S; film of figure 2.
For example, the peak positions of the (112) plane was at
27.80°, 28.65°, 29.16° and the corresponding lattice distances
were determined to be 3.21, 3.12 and 3.16 A. This struc-
ture indicates formation of Ga-rich CulnGaS, compound close
to the Mo back contact, while the surface has an In-rich
crust. In addition to the increase in the intensity of all peaks
with increasing incident angle, small peaks belonging to CuS
(PDF#01-072-1071) phase can also be seen in the glancing
angle data, suggesting near-surface formation of this phase,
which has been observed before [21, 22]. EDAX measurement
results for this sample are given in table 3 and it indicates a Cu-
rich composition. Apparently, there was some In loss from this
sample, possibly in the form of In,S during the reaction step.
This is the reason for CuS phase formation.

In figure 7, XRD patterns of CulngsGags(Te,S), samples
are given. As in the case of figure 3, the diffraction peaks
obtained at low angles show that there is a range of stoi-
chiometries near the surface including In-rich CIGS. Tel-
lurium does not seem to be alloyed with the compound. Data
taken at 5° incident angle shows elemental Te peaks. It appears
that both Ga-rich CIGS and Te reside deep in the film closer
to the Mo contact. EDAX data in table 3 shows only about 2%
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Figure 5. SEM surface image of (a) Culng.7Gag3S2, (b) Culng.7Gag3(Te,S)2, and (c) Culng7Gag3Te, samples.
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Table 2. Atomic percentage and some atomic ratios in Culng7Gag3S2, Culng7Gag 3(Te,S)2, and Culng;Gag 3 Te, samples.

Samples Cu (%) In (%) Ga (%) S (%) Te (%) Cu/(Ga + In) Ga/(Ga + In) S + Te/(Metal)
Culng7Gag3S; 22.1 17.5 5.0 554 — 0.98 0.22 1.24
Culng7Gag3(Te,S), 20.9 17.1 6.8 47.6 7.8 0.87 0.28 1.24
Culng7Gap3Tes 21.9 20.5 79 — 49.7 0.77 0.28 0.99
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Figure 6. XRD patterns of Culng5GagsS; thin film taken by different incident angles.

Table 3. Atomic percentage and some atomic ratios in Culng 5GagsS2, Culng sGag 5(Te,S)2, and Culng sGag s Te, samples.

Samples Cu (%) In (%) Ga (%) S (%) Te (%) Cu/(Ga + In) Ga/(Ga + In) S + Te/(Metal)
CulngsGapsS> 26.9 7.8 15.9 494 — 1.14 0.67 0.98
Culng sGag 5(Te,S), 23.0 10.6 16.2 48.0 2.1 0.86 0.60 1.00
Culng 5GagsTe, 21.6 16.0 16.0 — 46.3 0.68 0.5 0.86

Te in the material. Clearly, reaction of S with the metallic pre-
cursor was more aggressive in this case also, as supported by
the XRD data.

It should be noted that Landry er al attempted to obtain
CulnTe; xSy compound in stoichiometric ratio using a mix-
ture of CIT and CIS in a sealed tube. The mixture was heated
by microwave and the resulting material was tested by XRD.
It was found that after the reaction step CIS and CIT phases
were still present but an additional CulnS(3Te, 7 phase was
detected. These researchers concluded that the solubility limit
of S in this type of chalcopyrite crystal is around 0.3 [21, 22].
There are many differences between their approach and ours.
First of all, they were reacting two compounds. Although the
reaction temperature was not cited, it probably was very high.
Most importantly, their reaction was carried out in a sealed
ampule whereas our graphite box represents a leaky system
since the cap is not vacuum tight sealed. Therefore, when we

attempted reaction at 600 °C, Te was lost without any chance
to react. At the low temperature of 400 °C, Te stayed but it
was mostly in the form of the element since the reaction tem-
perature was not high enough. These results demonstrate the
difficulty of forming CIGTS compound layers using two stage
processing in an unsealed reactor.

In figure 8, the XRD patterns of Culng sGapsTe; thin films
are given. It was observed that all characteristic peaks were
split into at least two components at small incident angles of
0.3° and 0.7°. In the same manner as in the XRD patterns of
Culng7Gag 3Te, of figure 4, In-rich peaks were observed close
to surface, and Ga-rich peaks were observed close to the sub-
strate as can be seen from the data taken at 5° incident angle.
The gradual shift of the peaks towards larger angles with the
increase in the angle of incidence supports this interpretation.

Figure 9 shows the SEM surface and cross-sectional
images taken from the CulngysGagsS,, CulngsGags(Te,S),
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Figure 7. XRD patterns of Culng5Gags(Te,S), thin film taken by
different incident angles.

and CulngsGapsTe, samples. As seen in this figure, all
samples revealed dense polycrystalline microstructures. While
surface the of the CulngsGagsS, thin film displayed small
grains, the Te-doping contributed to coalescence of the small
grains and formation of larger grains. The surface of the
Culng 5Gag 5Te, film also showed formation of larger faceted
grains compared to the CulngsGagsS, film. The cross-
sectional images suggest dense film structure with thickness
in the order of 1.5-2 pum. The CulngsGaysS, sample has a
rougher surface structure and the light colored crystallites are
associated with the CuS phase as detected by energy dispersive
x-ray spectroscopy (EDS) and XRD.

The SIMS measurements were carried out on the
Culng 5Gag 55, and Culng sGag 5 Te,, which represent the prop-
erly reacted compound layers.

As can be seen from figure 10(a), the compositional distri-
butions of the elements in the Culng 5Gag 5S; sample showed
variation through the thickness of the film. While the compos-
itional distribution of Cu and S element showed rather uni-
form distribution, the In and Ga concentration showed gradi-
ent structure. The surface of the sample displayed In-rich and
the back region displayed Ga-rich composition. This is con-
sistent with the XRD data. Reason for Ga gradation is the dif-
ference between Cu-In-S and Cu-Ga-S reactions, the former
being much faster. Therefore, during reaction a crust of In-rich
compound forms leaving behind the Ga-rich phases.
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Figure 8. XRD patterns of CulngsGagsTe, thin film taken by
different incident angles.

The reason why Mo signal is recorded as early as 0.5 ym
into the film is the fact that these layers have rough surface
morphology and the thickness may be varying between 0.5—
2 pm. The SIMS plot taken from the CulngsGagsTe, film is
given in figure 10(b). As can be seen from this data, distribu-
tion of In and Ga through the telluride film is more uniform
compared to the sulfide film.

The chemical compositions of the CulngsGagsS,,
Culng 5Gag 5(Te,S),, and CulngsGagsTe, samples are sum-
marized in table 3. As shown in this table, the Culng sGag5S,
sample has Cu-rich composition and the other samples con-
tain less Cu. The CulngsGags(Te,S), sample showed less Te
compared to the Culng7Gag3S, sample. The Te might not be
incorporated in structure of this sample. It was concluded that
regardless of the Ga atomic ratio Te did not effectively react
and got included into the CulnysGag S, lattice. To interpret
these interesting and somewhat unexpected results, the Gibbs
energy calculations were carried out using the HSC Chemistry
7.14 program. The Gibbs energy is defined by the following
equation;

G=Gy+RTInQ (1)
where Q is the reaction rate, T is the temperature, and R is the
ideal gas constant. The curves showing the variation of Gibbs
energy with temperature, calculated for CulngsGags(Te,S),,
are given in figure 11.

The possible reaction pathways for these compounds may
be given by the following equations;

CuIn0,5Gao,5 +2S (g) = CuInO.gGa(),SSz (2)
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Figure 9. SEM surface and cross-sectional image of (a) Culng 5GagsS, (b) CulngsGag 5(Te,S)2, and (c¢) Culng 5GagsTe, samples.
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Figure 10. SIMS measurement of (a) Culng5GagsS>,
(b) Culng 5sGag5Te, samples.

Culny 5Gag 5Te, + 2S5 (g) = Culng 5Gagy 55, + 2Te 3)

Culng 5Gag.s + Te(g) + S (g) = Culng sGag 5(Te,S),. (4)

More negative Gibbs energy means more energetically
favorable reaction, ignoring the possible kinetic effects. Data
in figure 11 suggests that formation of CIGTS from reac-
tion of Cu-In-Ga compounds with Te and S is less favor-
able than formation of CIGS. Therefore, in an environment
where S and Te are present together, CIGS formation does not
allow Te to be included in the lattice. This explains our res-
ults and the explanations provided earlier in this manuscript.
It should be noted that Zhang et al recently reported results
of an experiment where CdTe compound was reacted with S
in vacuum under different temperature and pressure values.
They observed that S completely exchanged with Te and CdTe
was converted into CdS [23]. We have shown a similar phe-
nomenon for reaction of CIGT compound with S.

It is known that the CulnS,, CuGaS,, CulnTe, and
CuGaTe, semiconductor compounds crystallize in the chal-
copyrite structure that have 24 vibration modes, 21 of which
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Figure 11. Gibbs energy calculation of Culng 5Gags(Te,S), series
samples.
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Figure 12. Raman spectra of Culng7Gag3S2, Culng7Gag3(Te,S)a,
and Culng7Gag 3Te, samples.

are optical and the others are acoustic. In these vibration modes
(1A} + 2A;, + 3B + 3B, + 6E) all optical modes except A,
are active, while B, and E are active only in the infrared region.
Figure 12 presents the Raman spectra data obtained from
the Culng;Gag3S,, Culng;Gags(Te,S), and Culng;GagsTe,
samples. As can be seen from this figure, the spectra are dom-
inated by a peak located at around 297 cm~! that is attributed
to A; mode of the CulnGaS, compound. This peak is present
for both CIGS and CIGTS samples. Other peaks (265 cm™!
and 365 cm™!) of the same phase are also marked in the
figure. According to the literature the A; mode for CulnS,
and CuGa$S, phases are expected to be at around 290 cm ™!
and 310 cm™!, respectively, In the Culng;Gag3S; film it is
observed that the A; mode is seen at a location in between
these values, as expected, as a result of the gradual replacement
of In atoms with Ga atoms. In addition, as a result of grow-
ing the CulnGaS; compound as Cu-rich and Cu-poor, shifts
may occur in the peak positions. The origin of the peak around
265 cm~! with weak peak intensity may be controversial. In
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the literature, this peak may be attributed to the CuS phase or
E(TO) mode of the CuGaS, semiconductor compound. The
peak observed at 365 cm™! position can be ascribed to the
B>(LO) mode of CuGaS, [24-26]. Metallic Te peaks were
observed in the XRD data of the Culng7Gag3(Te,S), sample.
Therefore, the peaks observed at 120 and 139 cm ™' positions
in the Raman spectrum of the CIGTS sample may belong to the
Te phase. Because Te has high atomic number and large elec-
tronic polarizability, it can show strong Raman active phonon
modes [27]. The Raman spectra showed typical bands cor-
responding to the D3 symmetry group of the Te lattice with
one A; mode and one degenerate E mode. The strong bands at
120cm~! for Te crystal are assigned to the A mode, described
by the symmetric intrachain expansion and compression in
the ab plane (basal plane). The weak band centered around
139 cm~! for Te NWs is assigned to the E, mode mainly
described by the asymmetric stretching along the c-axis [28].
Raman spectra of the CulnGaTe, film, displayed peaks at
around 126 and 169 cm~!. The first peak may belong to the
A mode of CulnTe,, while the second peak may belong to
the [Ef | mode of CulnTe; or the [B,-E] mode of CuGaTe2. In
the literature, while the peak positioned at around 125 cm™!
may be attributed to A; mode of CulnTe,, the peak located
at around 136 cm™! can be ascribed to A; mode of CuGaTe,
[29, 30].

The Raman spectra of the CulngsGagpsS,, CulngsGags
(Te,S), and CulngsGagsTe, thin films are given in figure 13.
As can be seen, the spectrum of the CulngsGagsS, film is
dominated by 298 and 365 cm™! peaks, as observed in the
Culng7Gag 35, samples. The dominant peak at 297 cm~! for
the 30% Ga sample shifted to a higher frequency with the
increase of the Ga doping. No significant change was observed
in the position of the 365 cm™! peak. It was observed that the
spectra of the CIGTS sample were similar to the spectra of
the CulnGaS,, both in the positions of the peaks and no addi-
tional peaks were found. This is an expected situation due to
the fact that the amount of Te is very small in the structure (see
table 2). It was observed that the peak observed at 126 cm™!
in the Culng;Gag3Te, sample shifted to 129 cm™! in the
Culng 5Gag sTe; film. The reason for this can be explained by
the increase in the Ga content.

The room-temperature PL. measurements of the Culngy;
Ga()j Sz, CuIn0.7Gao,3Te2, CUIII(),5G3.0,5 Sz and CuIn0,5 Ga(),STez
films are presented in figure 14. Since the PL spectra of
the CIGTS samples exhibited almost the same spectrum as
the CIGS films, this data is not shown. As seen in the
figure 14, since the PL peak intensities of CIGT thin films
were very low compared to the CIGS samples, regardless
of the Ga ratio, the CIGT data was multiplied by a cer-
tain coefficient. Similar PL curves were obtained for both
Culng7Gag 3 and CulngsGags samples regardless of the Ga-
content. An intense peak at around 1.55 eV was observed in the
CulnGaS, samples regardless of the [Ga]/([In + Ga]) atomic
ratio. In the literature, the peak observed at 1.35 eV in Cu-rich
samples is attributed to Cuy, and Vi, defects, while the peak
observed at 1.62 eV is attributed to band-to-band transition. In

Culng 5Gag 559
Culng 5Gag 5(Te.S);

298 |

—— Culng 5Gag 5Tep

Intensity (a.u.)

200 250 300
Raman shift (cm'l)

100 150 350 400

Figure 13. Raman spectra of Culngs5GagsS2, CulngsGag5(Te,S)a,
and Culng sGag sTe, samples.
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Figure 14. PL spectra of Culng7Gag3S2, Culng;Gag3Te,,
Culng 5Gap5S2 and CulngsGagsT> samples.

Cu-poor samples, the 1.62 eV peak may shift to lower energy
values [31].

It is possible to come across very different interpretations
in the literature regarding the band structure of the CulnGaTe;
semiconductor compound. Yandjah et al recorded a band gap
value of 0.87 eV and 1.2 eV from PL measurements for
Culng 5Gag sTe; thin films [32]. In experiments only one peak
was observed at around 1.42 eV, as seen in the figures. One
probable reason why no other PL peaks are not observed may
be related to the wavelength of the excitation source. In our PL
measurements, the samples were excited at 633 nm/17.8 mW
(He-Ne) laser source, while Krustok et al were excited using
a 441 nm/40 mW (He-Cd) laser source [33]. In addition, the
intensity of the signal in these measurements was very weak.
Considering the fact that there may be contributions from
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intrinsic defects and donor-acceptor pair recombination, we
cannot conclusively say that the bandgap value is 1.42 eV.
However, it is clear that the bandgap is smaller than the S con-
taining compound, which is in line with the expectation.

4. Conclusions

Cu(In,Ga)(Te,S), (CIGTS) with ([Ga]/([Ga + In]) ratios of 0.3
and 0.5 and various S and Te content were prepared on Mo
coated SS foils using a two-stage technique. The technique
involved electrodeposition of Cu/In/Ga stacks, evaporation of
Te and reaction through RTA with or without S. SEM and XRD
analysis showed that Cu(In,Ga)(Te,S), thin films were well
crystallized with compact and faceted grains and had strong
(112) preferred orientation. Glancing angle XRD taken at 0.3°
incident angle showed that in general In-rich phases were seen
at the surface, while the Ga-rich phases were near the Mo con-
tact. In films that were reacted simultaneously with Te and S
at high temperature, no Te inclusion was observed. Some Te
could be included in the CIGTS films if a CIGT layer was
reacted with S at the low temperature of 400 °C. Gibbs free
energy calculations showed reactions with S were more ener-
getically favored.
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