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A. Summary of Project Goals

We proposed to fabricate and study a new photovoltaic material, copper indium boron
diselenide, CulnyB1.xSe; (CIBS), which, to the best of our knowledge, had never been grown and
studied. Substitution of boron for indium in CulnSe, (CIS) is expected to yield a higher
bandgap — toward the optimum 1.37 eV -- for lower concentrations of boron than either gallium
or aluminum*?. This lower concentration was expected to lead to thin ordered films approaching
those of CIS. CIBS had not been previously prepared or studied because the excessively high
boiling point of boron prevents its deposition by evaporation, the classical means of producing
CIS-based solar cell films.

B. Results from Three-Step Thin-Film Fabrication Method

Culny4By thin-film alloys were deposited using planar magnetron sputtering from copper,
indium, and boron targets onto molybdenum-coated soda lime glass substrates. The copper and
indium targets were dc sputtered and the boron was rf sputtered. All depositions were
accomplished in a high vacuum system (1x10°® Torr) pumped by a 500 L s™ turbo molecular
pump. The substrate holder was rotated and heated between 20 and 400 °C to assure uniformity
in film thickness and elemental composition. Selenization of the films was achieved by physical
vapor deposition of atomic selenium under vacuum (< 1x10™ Torr) at 250°C for 20 to 40
minutes followed by annealing of the film for 20 to 40 minutes at a higher temperature ranging
from 300°C to 580°C.

Auger electron spectroscopy (AES) analysis of completed films revealed the presence of only
copper, indium and selenium. Through X-ray diffraction (XRD) patterns (Figure 1), CIS and
Cu,Se phases were identified but no boron-containing species were found. Raman microscope
images (Figure 2) revealed the presence of small crystallites that contained B,Ses. This
compound is known?® to be volatile and decompose at temperatures above 450 °C. We propose



that in the selenization and/or annealing process steps, boron segregates from the copper and
indium in the film, possibly mixing with selenium to form the unstable B,Ses species.
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Figure 2. Raman spectrum of a
surface crystallite (see optical
microscope image inset) on a
selenized Culn, B film.
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Detailed studies of the selenization of uniform Culn;_ By alloys confirmed the boron segregation
from copper and indium with accumulation at the back of the film. This behavior was observed
even in films in which boron had been originally sputtered on top of Cug4sIngss. AES depth
profiles of selenized B/Cuy 45Ing 55 films (Figure 3) at temperatures ranging between 250 and 400
°C show that with increasing temperature, copper and indium migrate through the boron to the
front of the film and mix with selenium forming CIS and Cu,.4Se species. A journal article
describing these results has been accepted for publication in Solar Energy Materials and Solar
Cells.
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Figure 3. Auger Electron Spectroscopy depth profile of a selenized B on Culn precursor. The
procedure was halted immediately after: (a) the temperature was held at 250°C for 20 minutes; (b)
a temperature ramp to 300° C; (c) a temperature ramp to 350° C; (d) a temperature ramp to 400°
C.

Significance of Results and Plans for Future work: It appears that it may not be possible to
form CIBS films using this three-step method. All selenized CIBS films, whether co-sputtered
from individual targets simultaneously, sputtered in layers, or sputtered from composite targets
lack the presence of boron in the bulk of the film. In order to more fully investigate whether
CIBS films can be formed, other methods must be attempted. The next method would be to
deposit the precursor films in a Se vapor as has been done successfully with aluminum® as the
substitutional atom for indium. It may also be possible to create quality CIBS films using the
hollow cathode approach’. Electrically excited B and Se ions that would be present in the high
energy plasma may have a better chance of reacting to form B and Se bonds due to the high
pressure in the nozzle®.



C. Development of a Nanoscience-based Fabrication Method: Proof-of-Concept
Studies and Preliminary Evidence of Novel CIBS Nanocrystalline Materials

Given the difficulties of incorporating boron into the chalcopyrite material structure through the
above thin-film method, a non-vacuum, chemical-based method was pursued in conjunction with
chemical bath deposition method. A two-step method consisting of an open-air solvothermal
reaction followed by the annealing of the resulting solid-state product at 500 °C was developed,
and this method shows great promise for the future preparation of CIBS nanocrystalline
materials.

As a proof-of-concept study, we prepared several samples of nanocrystalline CIS, Culn; xGasSe;
(CIGS), and CuGaSe; (CGS) using this two-step method. Desired stoichiometric quantities of
Se, CuCl,, InCl;, and GaCls were refluxed in trien for 24 (CIS) or 48 hours (CIGS, CGS). After
isolation by centrifugation, rough films of the products were cast on borosilicate glass substrates
from methanol and acetone suspensions. This was followed by annealing in a nitrogen
atmosphere at 500 °C for 20-40 minutes. Characterization data for all products after annealing
are summarized in Table 1. CIGS product gallium content is directly proportional to the In/Ga
mole ratio present in the reaction. SEM images of post-annealed CIGS-1 and CGS products are
shown in Figure 4. These and the other chalcopyrite materials show similar morphologies
consisting of mixtures of plate-like particles or large nodules (100-400 nm in diameter),
nanorods (50-100 nm diameter), and clusters of spherical nanoparticles in the diameter range of
20-40 nm each. Under the annealing conditions studied, no thin-film formation was observed.

Table 1. Characterization Data for Post-annealed Culn;_,Ga,Se; Nanocrystalline Samples

Sample x" XRD d(112), 26 Raman A, phonon, cm™
CIS 0 26.70 172

CIGS-1 021° 26.74 174

CIGS-2 035° 26.98 176

CIGS-3 0.79° 2743 179
CGS 1 27.64 185

* Determined by Auger spectroscopy. ° Target x values based on starting amounts of In and
Ga: 0.25 (CIGS-1), 0.50 (CIGS-2), 0.75 (CIGS-3)

Figure 4. SEM images of
post-annealed (a)

Culng 70Gag;Se, (CIGS-1
sample) and (b) CuGaSe,
(CGS sample)

4

v

15.0kV 6.6mm x180k SE(M)




Employing only the solvothermal reaction step can yield nanocrystalline CIS of reasonable
quality, but in CIGS and CGS preparation there is often significant Cu, ,Se contamination and/or
the apparent presence of metal-containing precursor solids. The latter annealing step in our two-
step process serves to convert precursor solids to the chalcopyrite product and improve the
crystallinity of any pre-existing chalcopyrite. To the best of our knowledge, this is the first
reported open-air solvothermal procedure employed in the preparation of CIGS and CGS
materials. While previously reported open-air solvothermal CIS preparations involved the use of
ethylenediamine (en) solvent’, the use of the higher-boiling (267 °C compared to 120 °C for en)
but chemically-similar trien appears to facilitate gallium incorporation into the nanocrystalline
product structures.

We have gained information about the CIS preparation reaction pathway in trien solvent from the
analysis of stable solid-state intermediates. Upon combining stoichiometric quantities of CuCly,
InCls, and Se in trien, Raman peak(s) for CusSe (~ 255 cm™) are observable within five
minutes. At this point, Se (~ 235 cm™) and CusSe solids are observable by Raman
spectroscopy (Fig. 5a). From XRD spectroscopy, this Cu,,Se phase is identified as berzelianite
(Cul_gSe).
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Figure 5. Raman spectra of solid products from reaction between CuCl,, InCl;, and Se in refluxing trien after
reactions times of (a) 5 min, (b) 1 hr, (c) 6 hr, and (d) 24 hr reaction times. (e) XRD pattern of material as in (d).

No Se XRD signals appear, indicating that at this point, the Se in the sample is amorphous. As
the reaction progresses, a CIS Raman peak (~ 170 cm™) starts to grow in after 1 hour (Fig. 5b).
As CIS forms, the Cu, gSe peak disappears within six hours (Fig. 5c). After 24 hours, all Se has



been reacted (Fig. 5d), and the XRD spectrum shows only CIS (Fig. 5¢). Neither Raman
spectroscopy nor XRD indicate the presence of any solid-state In species, implying that during
the reaction, In exists in a soluble, ionic species.

Studies of CIGS solvothermal formation indicate that the reaction initially proceeds to CIS as
described above (Figs. 5a-d) followed by a slow reaction with one or more soluble Ga species to
form CIGS.

Given that solution-phase charged complexes may be important in solvothermal preparation
mechanisms, it is feasible that solution ionic strength or counterion presence could affect the
stability of these complexes during the reaction. CuCl,, InCls, and Se were reacted in refluxing
trien solvent that contained a 2- to 18-times mole excess (relative to Cu) of an ammonium or
halide salt. Reaction rates are greatly accelerated. Pure CIS (as determined by Raman and XRD
spectroscopy) can be prepared in as little as 30 minutes when an 18-fold NH4Cl excess is
present. This compares to 24 hours without any NH4Cl in the reaction mixture. We propose a
reaction pathway scheme (Figure 6) that features solubilization of Cu, In, Ga, and Se starting
materials, rapid nucleation and growth of Cu,.Se(s) particles, and subsequent reactions of these
with a soluble In species, forming CIS, followed by reaction with a soluble Ga species, forming
CIGS. Halide anions from added ammonium salts are believed to accelerate the reaction by
limiting Cu,.Se particle growth through a competitive Cu-halide complex formation step. The
smaller Cu,«Se particles may react faster with In to form CIS.
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Figure 6. Proposed reaction pathway scheme for the solvothermal preparation of nanocrystalline
Culn; Ga,Se; in triethylenetetramine. See the text for descriptions of the lettered steps. The blue
pathway steps (a’), (b’), and (c’) are proposed to be adopted in place of steps (a) through (d) when
NH4Cl is present in the reaction mixture.

Results from these proof-of-concept studies indicate that incorporation of boron into a CIS
chalcopyrite crystalline structure may occur more readily at the molecular- or nanoparticle-level



than in micro- or polycrystalline systems that exist in thin films. Reactions of CuCl,, InCls,
H3BOs, and Se in trien have resulted in nanocrystalline materials that, by micro-Raman
spectroscopy (Figure 7), may consist of CIS/CIBS mixtures.
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H;BO;, and Se in refluxing trien solvent for 4
days. A mixture which may include
Culn,«BSe, appears to be present.
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Future Work: In the solvothermal preparation mechanism, the control of intermediate species
particle sizes may be important for the incorporation of boron into the CIS chalcopyrite
crystalline structure. Surfactant-based solvents such as oleylamine, octadecylamine, and
trioctylphosphine will be employed in order to optimize particle sizes during the reaction and
encourage boron incorporation. This work will be supported from recent grant awards from the
DOE Office of Energy Efficiency and Renewable Energy and the Nebraska Research Initiative

Program.
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ABSTRACT

Attempts to fabricate new Culn; \BxSe, (CIBS) and CuBSe, (CBS) thin-film materials
have been complicated by the formation of interfering crystallites and by the loss of boron from
the magnetron sputtered precursor alloys during the selenization and annealing processes. Raman
and Auger spectroscopic analysis as well as X-ray diffraction studies show that the formation of
boron selenide may be contributing to the difficulty in creating these new materials.

INTRODUCTION

While much progress has been made in photovoltaic cell development, the United States
still does not have a cost-competitive version of a solar cell for domestic or industrial
applications except in very remote areas of the country. In order for photovoltaic systems to be
competitive, a 15% module efficiency with an installed efficiency of 12% at a cost of $1/Wp and
a 20 year lifetime must be achieved. Broad-based U.S. government-supported research has
determined that this goal can most likely be met by thin-film solar cells [1]. Of these thin film
materials, the CulnSe, (CIS) family shows the most promise [2]. Unfortunately, solar cells
produced with CIS as the absorber layer are limited in efficiency as a consequence of the
relatively small bandgap of 1.04 eV [3]. Ongoing research has been directed toward materials
for which lighter elements from group IIIA of the periodic table are substituted in part for the
indium in order to increase the bandgap.

To date, the greatest energy conversion efficiency, 19.5%, has been achieved with a
Culng 74Gag26Se, (CIGS) absorber layer which has a bandgap of 1.15 eV with an open circuit
output voltage of 0.701 V [4,5]. Changes in the bandgap structure limits the maximum amount
of Ga that can be substituted and still allow the solar cell to maintain this higher efficiency.

We are working toward the fabrication and study of a new material, copper indium boron
diselenide, Culn; «B«Se, (CIBS), which, to the best of our knowledge, has never been grown and
studied. Boron should yield a higher bandgap, closer to the ideal value of 1.5 eV, for lower
concentrations of boron than either gallium or aluminum [6]. We anticipate this lower
concentration to lead to thin ordered films approaching the idealized chalcopyrite crystal
structure of CIS. This material has not been studied because the excessively high boiling point
of boron prevents its deposition by evaporation, the classical means of producing CIS-based
solar cell films.

Boron concentration in the films is a critical parameter in projecting what bandgaps may
be achieved. Based on the results for Ga and Al substitution, [6] we have calculated that less than
24% boron will result in a bandgap near 1.5 eV. To estimate this, the bandgaps of CulnSe,,
CuGaSe,, and CuAlSe; were plotted as a function of the atomic mass of the column III elements



and a perfect logarithmic fit was found, see figure 1. This curve was then extrapolated to the
atomic mass of B and yielded an estimated bandgap for CuBSe; of E, = 3.16eV. Equation (1) in
the paper by Wei and Zunger [6] is repeated here

Eo(x) = (1-x) Eg(A) + x Eo(B) —bx(1-x) (1)

where A is indium and, in our case, B is boron and x is the fraction of boron concentration. This
equation was then used to determine x, the fraction of B to be used. Given that reported b values
for Cu(Al,Ga)Se, and Cu(Ga,In)Se, range from -0.07 to 0.28[6], b values between -0.1 and 0.4
were applied in our calculation to yield an x value range of 21-25 at. % for a CIBS film to have a
bandgap near 1.5 eV. Thus, the concentration required to achieve a given band gap is not
strongly dependent on the parameter b. This percentage is comparable to the Ga-substitution
percentage in CIGS which yields the highest efficiency solar cell to date [3]. Thus, it appears
feasible that a CIBS film with chalcopyrite structure integrity can be fabricated.
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Figure 1. Approximate bandgaps of CuXSe, (X = B, Al, Ga, In) as a function of the atomic mass

of X. Values for CuAlSe,, CuGaSe,, and CulnSe, bandgaps are from ref. 6. The trend is
extrapolated to estimate the CuBSe, bandgap.

EXPERIMENT

The copper-indium and copper-indium-boron precursor films were co-sputtered in an
AJA International ATC 1600 Sputtering System that routinely reaches a base pressure of
approximately 1x10™ Pascal. The argon sputtering gas is directly injected between the target and
ground shield of each planar magnetron sputter gun, at a flow rate of 15 sccm into each gun. The



substrates were loaded into the chamber through a load lock onto the rotating, heated substrate
holder.

The copper and indium guns were driven by dc power supplies, while the boron gun was
driven by an rf supply. The precursor samples, all between 400 and 600nm thick, were analyzed
by Auger Depth Profiling to determine their composition and uniformity. All samples were
selenized in a quartz halogen lamp heating system using a solid, pure selenium source. The
selenium was placed in a graphite boat along with the substrate. The boat was loaded into a
quartz tube which was evacuated by a mechanical pump to a base pressure of less than 1 Pascal.
A thermocouple is embedded into the boat and serves as the process temperature monitor. A two
step ramp and soak process was employed where a 10 minute ramp to 250 °C followed by a 20
minute soak were followed by another 10 minute ramp to the selenization temperature and
another 20 minute soak. A controlled cool down returned the boat to room temperature [7].

Selenized samples were characterized by 0-20 X-ray diffractometry, Raman

Spectroscopy and Auger Depth Profiling.

RESULTS AND DISCUSSION

A comparison of XRD spectra for precursor CuyIny, CuyInyB, and CuyB, films showed
that boron had virtually no effect on the observed Cu,In and Cugln;; peaks. The XRD spectra for
the selenized precursors are seen in figure 2. Peaks consistent with CIS-type structure are
apparent for both selenized CuxIny and CuyInyB, films. Results from the selenized CuxB, film

are most consistent with several Cu,.,Se phases.
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Figure 2. X-ray diffraction scans of CIS, CIBS and CBS films. The intensity of the CIBS and
CBS films are offset for clarity.



The expected shift in the CIS (112) peak for the selenized CuyInyB, film as a result of
substituting the smaller boron atom for the indium is not apparent and any small shift may be
more consistent with mixed CIS and Cu, gSe phases [8-10].

Raman Spectra of the same Cu,Iny, Cu,InyB, and Cu, B, films following selenization at
580°C are seen in figure 3. Note the presence of CulnSe; signals from the selenized CuyIny and
CuyxInyB, films and the lack of a signal near 170 - 190 cm for the selenized Cu, B, film.
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Figure 3. Raman spectrum of Cu,Iny, CuyInyB, and Cu, B, films following selenization at
580°C

Optical microscope images of selenized CuyInyB, films revealed isolated surface
crystallites with apparently distinct morphologies. When the incident laser beam was focused on
these crystallites, the Raman spectra seen in Fig. 4 included a peak near 840 cm™ that is
consistent with the presence of B,Ses [11]. Portions of the films outside these crystallites gave
Raman spectra with no peak at 840 cm™ but otherwise identical to figure 4. The resulting
conclusion is that B remains in the film in isolated regions, rather than throughout the entire film.

Figure 5 shows an Auger depth profile of a selenized Cu,InyB, film. An Auger depth
profile was run on the film prior to selenization. The results indicated that copper, indium and
boron were uniform throughout the film. Sputter deposition of this film was accomplished using
a 45%Cu-55%]In target, a second pure Cu target and a B target. The precursor film contained
about 57% copper, 28% boron and 15% indium. A look at the analysis presented in figure 5
illustrates that the elements are no longer uniformly distributed after selenization, but that the
boron accumulates at the bottom of the film while copper and selenium decrease in relative



concentration as a function of depth into the film. The indium signal appears to peak near the
center of the film. In order to confirm that this was not a result of the selenization process,
numerous copper indium precursors selenized and depth profiled and showed uniform
distribution of the elements through the thickness of the film.
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Figure 4. Raman Spectra of a crystallite on the surface of a selenized copper-indium-boron film
and the surrounding area.
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CONCLUSIONS

The magnetron sputtering system is capable of introducing boron into a Culn metal alloy.
However, the selenization and annealing processes appear to result in either the loss of boron
entirely or the formation of an undesirable B,Ses phase atop a CulnSe; or Cu, Se layer. The
remaining boron appears to accumulate near the film-substrate interface. A similar result for
aluminum was observed for selenized Culn; (Al precursors.[12]

Future experiments are needed in order to optimize the selenization and annealing
processes to overcome the boron selenide formation, boron loss, and boron segregation problem.
One potential approach may be to allow the formation of the boron selenide followed by the
deposition of a Cu(In) overlayer that upon annealing may trap the boron and force the formation
of Culn;_«\B«Se, or CuBSe,. These new experiments are being carried out.
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ABSTRACT

Reaction pathway investigations of the solvothermal
preparation of nanocrystaline  Culn;xGaxSe; in
triethylenetetramine reveal the early formation of a
previously unreported Cu,.Se(s) intermediate. Over 24
hours, this reacts with In and Se species to form
CulnSey(s). If Ga is present, the reaction proceeds over
an additional 48 hours to form Culn;xGaxSe,. Adding
ammonium halide salts reduces the CulnSe, formation
time to as little as 30 minutes. It is proposed that in these
cases, Cu,Se particle growth is limited via a competitive
Cu-halide complex formation. The smaller Cu.4Se
particles may react and form CulnSe, more rapidly. A
reaction pathway scheme consistent with experimental
results and previous literature reports is proposed.

INTRODUCTION

For some time, the chalcopyrite semiconductors
CulnSe; (CIS) and CulnixGaxSe,; (CIGS) have been
leading thin-film material candidates for incorporation in
high-efficiency photovoltaic devices [1-4]. Interest in the
development of more cost-effective, non-vacuum film
production techniques has stimulated research in the
solution-based preparation of nanocrystalline CIS and
CIGS. Reported nanocrystal preparations involve
solvothermal processes in which constituent elements or
their salts are heated in a solvent. While a variety of
reaction conditions have successfully  yielded
nanocrystalline CIS [5-10], and to a lesser extent CIGS
[11, 12], no systematic study of the solvothermal reaction
mechanism(s) or structure-activity relationships has been
conducted. A better mechanistic understanding of this
solvothermal preparation may lend insight into the
synthesis of new CulniyMSe; (M = Ga, Al, B)
chalcopyrite materials.

Most early reported procedures for solvothermal CIS
and CIGS formation involved superheating a sealed
container of Cu, In, Ga, and Se sources in
ethylenediamine (en) solvent at 140-280 °C for 15-36
hours [5-8]. The reaction directly yields nanocrystals.
Proposed mechanisms for these solvothermal processes
involve the formation of separate indium and gallium

selenide species that react with a solvated Cu® complex to
form CIS or CIGS. Following initial Cu®" and Se reduction,
CIS formation is proposed to occur as follows [9, 12]:

2InClz + 3Se” > InSe; + 6CI 1)
In.Ses + Se* > 2InSe;” (2)
InSe;~ + [Cu(en);]” = CulnSe; + 2en 3)

In the formation of CIGS isometric nanoparticles, it
has been proposed that [Cu(en),]” reacts with separately-
formed In,Se; and Ga,Ses phases [12]. While reported
mechanism proposals are consistent with the CIS and
CIGS solvothermal preparations, there has been no
experimental evidence of any of the proposed
intermediates.

Solvent selection is proving to be important in the
engineering of CIS and CIGS nanocrystal size and
morphology. Early attention focused on en because of
possibilities that the square-planar geometry of the
[Cu(en),]” intermediate complex would promote one-
dimensional nanorod growth [9]. More recent reports [10,
13] describe the use of surfactant-based phosphine and
amine solvents such as trioctylphosphine (TOP),
tributylphosphine (TBP), octadecylamine, and oleylamine
in order to control the growth rate of newly formed
nanocrystals. Generally, the bulk of the solvent molecules
and the size of stabilized nanoparticles are inversely
related [14]. Stabilization of small nanoparticles seems to
be related to formation reaction rate. Using these
surfactant-based solvents, CIS and CIGS formation
reaction times of 30-60 minutes have been reported [13].

An advantage of using en and chemically similar
solvents that coordinate strongly to transition metals in
molecular complexes is that reaction intermediates may
be better shielded from oxidation in open-air syntheses.
We have recently demonstrated the first open-air
solvothermal preparation of nanocrystalline Culn;.xGaxSe;
of wide-ranging Ga/ln ratios (x = 0, 0.21, 0.35, 0.79, 1)
[15]. At all compositions, morphologies consist of a
mixture of isometric nanocrystalline growths (10-40 nm
diameters), larger plates (50-100 nm diameters) and
nanorods (see Fig. 1).
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Fig. 1. SEM images of (a) Culng79Gao21Sez and (b)
CuGasSe; nanocrystals prepared solvothermally [15].

In this paper, we report studies of the solvothermal
reaction pathway in triethylenetetramine (trien).  This
solvent is chemically similar to en (see Fig. 2) but has a
higher boiling point (267 °C) that appears to be necessary
to incorporate Ga in the chalcopyrite crystalline lattice and
form CIGS [12]. In the CIS preparation, the initial
formation of a previously unreported Cu,Se solid-state
intermediate is observed. Over time, this compound
reacts with Se and one or more In species to form CIS. If
Ga is present, conversion to CIGS proceeds. The reaction
rate is accelerated by the presence of soluble ammonium
and halide salts in the reaction mixture. A reaction
pathway scheme that is consistent with our results and
previous literature is proposed.

EXPERIMENTAL

Desired stoichiometric quantities of CuCl,, InCls,
GaCl;, and Se were combined in triethylenetetramine
(trien) solvent and refluxed with stirring for times ranging
from five minutes to 48 hours. The reaction mixture was
cooled to room temperature and centrifuged. Following
the decanting of the solvent, the remaining black solid was
washed with methanol and deposited onto a glass or Mo-
glass substrate via spin coating from a methanol/CH,Cl,

suspension.  Products were characterized by micro-
(@) ()
3 3
s Se 5 cls
o o
B B
£ £
= =
L] L]
= =
5 5
& &
T T I e
Wavenumbers {cm”')
cIs (d)
3
£
2
w
$
=
-
=
E
&
T T s,

Wavenumbers (cm”)

Relative Intensity

225
Wavenumbers {cm”')

2

HoN NH»

(b) / N/ N/ \
H,N NH NH NH,

(@)

Fig. 2. Molecular structures of (a) ethylenediamine and
(b) triethylenetetramine

Raman spectroscopy, Auger electron spectroscopy (AES),
X-ray diffraction (XRD), and scanning electron microscopy
(SEM). In reaction rate acceleration investigations, the
reaction mixture included a 2- to 18-mole excess (relative
to Cu) of NH4ClI or other salt in the reaction mixture.

RESULTS AND DISCUSSION

Solvothermal Reaction Pathway for CIS and CIGS
Formation

We have gained information about the CIS
preparation reaction pathway in trien solvent from the
analysis of stable solid-state intermediates. Upon
combining stoichiometric quantities of CuCl,, InClz, and Se
in trien, Raman peak(s) for Cuz,Se (~ 255 cm™) [16] are
observable within five minutes. At this point, Se (~ 235
cm'l) [17] and CuzxSe solids are observable by Raman
spectroscopy (Fig. 3a). From XRD spectroscopy, this
Cu,Se phase is identified as berzelianite (CuisSe), the
same composition that was use to model copper-deficient
Cu,Se XRD signal phase fitting in in-situ XRD studies of
solid-state CIGS formation reactions [18].

No Se XRD signals appear, indicating that at this
point, the Se in the sample is amorphous. As the reaction
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Fig. 3. Raman spectra of solid products from reaction between CuCl,, InCls, and Se in refluxing trien after reactions
times of (a) 5 min, (b) 1 hr, (c) 6 hr, and (d) 24 hr reaction times. (e) XRD pattern of same material as in (d).



progresses, a CIS Raman peak (~ 170 cm‘l) [19] starts to
grow in after 1 hour (Fig. 3b). As CIS forms, the Cu,gSe
peak disappears within six hours (Fig. 3c). After 24 hours,
all Se has been reacted (Fig. 3d), and the XRD spectrum
shows only CIS (Fig. 3e).

Neither Raman spectroscopy nor XRD indicate the
presence of any solid-state In species. This lends support
to the formation of InSe,™ as in (2) or a solvated complex
such as [In(trien)x]3+, as amines are known to coordinate to
In** as labile ligands [20]. Nuclear magnetic resonance
(NMR), electrochemical, and spectroscopic studies of
soluble reaction species are in progress.

Studies of CIGS solvothermal formation indicate that
the reaction initially proceeds to CIS as described above
(Figs. 3a-d) followed by a slow reaction with one or more
soluble Ga species to form CIGS. This is consistent with
reported [Ga(amine)x]3+ formation constants that are two
orders of magnitude larger than those for analogous
[In(amine)x]3+ complexes [20]. In reported solid-state
mechanisms, separately-crystallized CIS and CGS
interdiffuse to form CIGS [21]. From solvothermal reaction
products, we have seen no evidence of simultaneously
present CIS and CGS Raman and XRD signals.

The formation of Cu,.xSe(s) is absent from previously
proposed solvothermal mechanisms and raises questions
about the stability of [Cu(amine),]” complexes in this
reaction pathway. While metal-solvent complexes may be
important intermediates in the reduction of Cu and the fast
formation of Cu,.xSe(s), it is more likely that this solid-state
species is the immediate precursor to CIS.

Reaction Acceleration Effects of Added lonic Salts

The role of specific starting material counterions or
solution ionic strength in solvothermal CIS preparations
has not been investigated. Given that solution-phase
charged complexes may be important in solvothermal
preparation mechanisms, it is feasible that solution ionic
strength or counterion presence could affect the stability of
these complexes during the reaction. The reported
process for electrodeless deposition of CIGS from
aqueous solution employs a 10-fold excess of LiCl as a
“background electrolyte” [22]. Most likely, this facilitates
the various redox reaction steps involved in the CIGS
deposition.

CuCly, InCls, and Se were reacted in refluxing trien
solvent that contained a 2- to 18-times mole excess
(relative to Cu) of an ammonium or halide salt. Reaction
rates are greatly accelerated. Pure CIS (as determined by
Raman and XRD spectroscopy) can be prepared in as
litle as 30 minutes when an 18-fold NH4Cl excess is
present. This compares to 24 hours without any NH4Cl in
the reaction mixture. Tables 1 and 2 summarize the CIS
reaction completion times when various salts are present
in the reaction mixture.

Table 1. Solvothermal CIS Formation Times, in Hours,
with added Ammonium Salts
equiv
present® NH4CI NH4Br NHal NH4PFg
0 24 24 24 24
2 6 8 14 24
6 1 4 6 24
18 0.5 1 2 24

®molar equivalents relative to Cu

CIS formation times vary with the nature of halide ion
(CI', Br, I') in the added ammonium salt. Halide ions are
known to form complexes with Cu® and In®" [23, 24], and
the reaction times correlate inversely with the relative
stabilities of [Cu(amine)sX] (X = Cl-, Br-, I-) complex
formation [25]. The presence of PFg’, a non-coordinating
anion, does not accelerate the reaction. This supports the
idea of Cu- and/or In-halide complex formation in the
reaction pathway.

Table 2. Solvothermal CIS Formation Times, in Hours,
with added Chloride Salts

equiv
present® NH,4CI (CH3)4NClI CaCl,
0 24 24 24
2 6 14 n.d.”
6 1 6 n.d.
18 0.5 2 12

:molar equivalents relative to Cu
not determined

CIS formation times also vary with the nature of the
cation in the added salt. Effects of NH,;" and (CHs)4N"
may be directly compared. It is unlikely that the greater
rate acceleration effect of NH," is due to proton transfer to
trien followed by NHs; complexation to Cu or In, as NH; is
less basic (pKy = 4.75) [26] than trien (pK, = 3.21) [27]. It
is possible that with its larger charge density (smaller ion
size), NH4" may better stabilize a negatively-charged Cu-
and/or In-halide complex in the reaction pathway. This
would imply that the presence of smaller inorganic cations
may accelerate the reaction to a greater extent.
Unfortunately, CaCl, was only slightly soluble in the
reaction mixture, while MgCl,, NaCl and KCI were
insoluble.

Proposed Reaction Pathway Scheme

A modified CIS/CIGS solvothermal preparation
reaction pathway scheme based on our experimental
results and previously reported literature is proposed in
Figure 4.
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Fig. 4. Proposed reaction pathway scheme for the solvothermal preparation of nanocrystalline Culn;.xGaxSe; in
triethylenetetramine. See the text for descriptions of the lettered steps. The blue pathway steps (a’), (b’), and (c’) are
proposed to be adopted in place of steps (a) through (d) when NH4Cl is present in the reaction mixture.

Step (a) — Solubilization of source elements. Upon
combining CuCl,, InCl;, GaCl;, and Se in trien, the
solution immediately turns deep blue, indicative of
[Cu(trien)]” formation. Se appears to slowly dissolve at
room temperature. Amine solvents are known to activate
and solubilize Se as Se(amine)x complexes [28]. Upon
heating, InCl; and GaCls dissolve, presumably as amine
complexes, such as [In('[rien)]3+ and [Ga(trien)]3+, and/or
as selenide ions such as the previously proposed InSe,
[9, 12]. No In or Ga species were observed in solid-state
intermediates by Raman, XRD, or AES. This indicates
that such intermediates remain in solution until the CIS
formation step.

Step (b) — CuxxSe particle nucleation. Molecular
clusters of Cu,.xSe form upon reaction of solvated Cu and
Se species. The first black Cuz«Se precipitate is observed
with the reaction mixture reaches the trien boiling point
(267 °C).

Step (¢) — Cu,4Se particle growth. In trien solvent
under reflux conditions, this growth is expected to proceed
rapidly. Without long carbon chains in their molecular
structures, the trien molecules cannot stabilize [14] newly
formed Cu,xSe particles and prevent growth through
addition of Cu..xSe molecular clusters.

Steps (d) and (e) — CIS and CIGS formation. Over
a period of 24 hours at reflux temperature, the solid
Cu,Se reacts with solution-phase In to form CIS
nanocrystals. If Ga is present, it will react with CIS over
an additional 48 hours at reflux temperature to form CIGS.

Connection between Reaction Rates and
Intermediate Cu,4Se(s) Particles.  Surfactant-based
solvents have recently been reported to accelerate CIS
and CIGS nanoparticle formation [13]. Although no
explanation for this has been proposed, it is reasonable

that through increased accessible surface area, smaller
Cuy«Se particles would react with dissolved In faster than
larger Cu,Se particles would react. Because surfactant-
based solvents can stabilize nanoparticles at earlier
stages in their growth, nanoparticle intermediates in
CIS/CIGS solvothermal preparation reactions would react
faster in surfactant-based solvents than in non-surfactants
like en and trien.

Reaction Acceleration Effects of Added Salts. If
the accelerated CIS formation reaction times in Tables 1
and 2 stem from the stabilization and subsequent reaction
of smaller Cu,4Se intermediate particles, the addition of
ammonium halide salts would appear to have a
“surfactant” effect on the reaction. Because the halide
ions are negatively charged, it is not reasonable to
propose that they stabilize newly-formed Cu,4Se
nanoparticles  through a capping phenomenon.
Considering our evidence of Cu-halide complex formation,
the growth of Cu,«Se particles may be inhibited by a
competitive Cu-halide complex formation mechanism
(steps (') and (b") in Figure 4). This would result in an
accelerated reaction (step (c’) in Figure 4) of smaller
intermediate Cu,Se particles with In.

CONCLUSION

Reaction pathway studies of the solvothermal
preparation of nanocrystalline  Culn;GaxSe,; in
triethylenetetramine have resulted in experimental
evidence of a solid-state Cu,«Se intermediate and
reaction rate acceleration by added ammonium halide
salts. The proposed reaction pathway scheme features
solubilization of Cu, In, Ga, and Se starting materials,
rapid nucleation and growth of Cu,«Se(s) particles, and
subsequent reactions of these with a soluble In species,
forming CIS, followed by reaction with a soluble Ga
species, forming CIGS. Halide anions from added



ammonium salts are believed to accelerate the reaction by
limiting Cu,Se particle growth through a competitive Cu-
halide complex formation step. The smaller Cu,4Se
particles may react faster with In to form CIS. Further
experimental work, including microscopy of CuxxSe(s)
intermediates formed under different experimental
conditions, investigation of surfactant-based solvent
effects on reaction rate, and identification of soluble In and
Ga intermediate species, to test the validity of this reaction
scheme is underway.
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Previous attempts in producing light absorbing materials with bandgaps near the 1.37eV efficiency
optimum have included the partial substitution of gallium or aluminum for indium in the CIS system.
The most efficient of these solar cells to date have had absorber layers with bandgaps<1.2eV. It is
logical that an even smaller substitutional atom, boron, should lead to a wider bandgap with a smaller
degree of atomic substitution. In this study, copper-indium-boron precursor films are sputtered onto
molybdenum coated glass substrates and post-selenized. In the selenized films, although X-ray
diffraction (XRD) measurements confirm that a CIS phase is present, Auger electron spectroscopy (AES)
results indicate that boron is no longer homogeneously dispersed throughout the film as it was in the
case of the unselenized precursor.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

A recent paper by Contreras et al. [1] has set the optimum
absorber bandgap for terrestrial solar cells at 1.37 eV. In this paper
they announce the highest efficiency for a chalcopyrite solar cell
as 19.5%. This high efficiency is achieved with 30% Ga substitution
for In within the CIGS system, yielding a bandgap of 1.14eV. In
order to attain the ideal bandgap, a substitution level of 67% Ga for
In would be needed. At that level, the efficiency for CIGS solar cells
is reduced to approximately 14% [1].

There are evidently several reasons for the decrease in
efficiency when the Ga content becomes high enough to reach
the ideal bandgap. In the above-mentioned paper the authors
show that the dark current and diode ideality factor, J, and A,
respectively, in Eq. (1) below for current density, J, as a function of
developed voltage, V, both increase substantially for E;>1.2eV:

J = JoeVRYAD 4 Gy . (1)

The other terms in this equation are the standard g, electron
charge; k, Boltzmann’s constant; R, series resistance; G, shunt
conductance; and J;, the light generated current density.

The authors explain the rise in A as a function of Ga content for
all bandgaps as probably due to an increase in space charge region
recombination. This increase in A is most likely due to changes in
interface states between the CIGS and CdS or other window
material, with more interface states for more Ga. The explanation
for the increase in Jy is probably associated with large changes in
the electrical transport properties of the absorber (CIGS) layer.
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This is logically due to reductions in diffusion length due to
alterations in the lattice crystal structure when Ga substitution
exceeds 30%. In order to achieve a 1.37 eV bandgap, a substitution
of 67% Ga would be calculated from Eq. (2) below [2]:

Eg(x) = (1 — X)Eg(A) + XEg(B) — bx(1 — X). (2)

In this equation A refers to In and B refers to Ga, Al, or B. (The
bowing coefficient b can be shown to have little effect on the
equation.) As a consequence of the high density of Ga needed to
achieve the desired bandgap and the fact that the efficiency
decreases when the Ga concentration exceeds 30%, attempts have
been made to increase the bandgap using aluminum as a
substitution for In. Using Eq. (2) above, only 25% Al would be
needed to reach a bandgap of 1.37eV.

To date, an efficiency of 16.9% has been achieved in
Culn,Al,_,Se, [3] and this is with a bandgap of about 1.15eV
with Al substituting for 13% of the In. An increase in Al content
always degrades the device efficiency when compared to a CIGS
cell with equal bandgap. The cause is explained to be due to
significantly greater disorder in the absorber layer when the Al
content is increased [4]. More recent work on this combination of
materials [5] is more closely related to our efforts here. The Cu, In,
and Al are deposited sequentially and selenized in an Se vapor.
The resultant films do not have complete incorporation of
aluminum into the CulnSe, structure, but the Al accumulates at
the back of the film.

An analysis of Eq. (2) using boron and an estimate of the
bandgap of CuBSe, [6] yields a substitution level for B for In of
only 18.6% to yield a bandgap of 1.37 eV. Unfortunately, at this
time boron has not been fully introduced into the CIS structure. An
analysis of the film properties and a discussion of the methods
used to produce these films are in the following section.
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2. Deposition techniques

All films fabricated in this study were deposited via magnetron
sputtering of individual Cu, In, and B targets or by sputtering
targets consisting of some mixture of those elements. The films
were then post-selenized in a manner similar to that reported in
the literature for CIGS [7,8]. Several methods were used to deposit
CulnB films onto Mo coated soda-lime glass substrates:

1. Cu and Cuggsingss were DC sputtered and boron was RF
sputtered. All targets were sputtered simultaneously (sample
no. 070425CIB1).

2. Cuggslngss was DC sputtered and boron was RF sputtered.
Both targets were sputtered simultaneously (sample no.
070718CIB1).

3. A boron layer was RF sputtered first and a Cug 4sIng 55 layer was
DC sputtered onto the boron (sample no. 070427CIB1).

4. A Cugg4slngss layer was DC sputtered first and boron was RF
sputtered onto the Cug4sIngss (sample no. 070810CIB1).

5. CusB, and Cuggysingss targets were DC sputtered simulta-
neously (sample no. 070806CIB1).

Specific deposition parameters are detailed in the table. In these
depositions the substrates were all at the temperature of the
sputtering system with no additional heating. The layered
samples are indicated by Cycles #1 and #2. The background
pressure was always less than 1.3 x 10~%Pa and all deposition took

Table 1
Precursor deposition parameters

place at approximately 0.27 Pa. In each case, the substrate to
target distance was 5 cm. Auger electron spectroscopy (AES) and/
or XRD were used to analyze these films. The results are discussed
below (Table 1).

3. Results
3.1. Deposition and study of precursors and selenized films

The first CIB precursor film was made by co-sputtering Cu,
Cup4slngss, and B. The Auger depth profile in Fig. 1 shows the
atomic concentration for precursor sample 070425CIB1. The film
was then subjected to an ex situ selenization procedure similar to
that found in the literature for CIS [7] and CIGS [8]:

(1) The film, residing in a graphite boat with selenium reservoirs
in a rough vacuum environment (~1Pa), was heated to a
temperature of 250 °C at a rate of 25 °C/min.

(2) The temperature was held at 250 °C for 20 min.

(3) The temperature was increased to 400 °C at a rate of 30°C/
min.

(4) The temperature was held at 400 °C for 30 min.

The purpose of steps 1 and 2 are to evaporate the Se to form a thin
layer on the film surface. Steps 3 and 4 drive the Se into the film
and allow the bonding reactions to take place. Several substrates

Sample Sputter time (min) Cu(0.45) Cu(0.4) B(0.6) Cu B Cu (AES) In (AES) B (AES)
In(0.55) (%) (%) (%)
Cycle #1 Cycle 2 DC current (mA) DC current (mA) DC current (mA) RF power (W)
070810CIB1 32 (Culn) 225 (B) 208 150 NA NA NA
070806CIB1 58 NA 100 163.5 45.00 27.50 27.50
070718CIB1 98 NA 60 150 22.50 22.50 55.00
070425CIB1 186 NA 45 35 150 58.00 14.00 28.00
070228CI1 40 NA 100 45.00 55.00 0
070427CIB1 223 (B) 16 (Culn) 100 150 NA NA NA
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Fig. 1. Auger electron spectroscopy depth profile of a co-sputtered Cu, In, B precursor film 070425CIB1 showing uniform distribution of the atomic concentration of each

element.
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were deposited onto simultaneously and were subjected to
different durations of the above-mentioned selenization process.
XRD measurements were made on these films and the results are
displayed in Fig. 2. The data depicted by the curve presented as
circles is from a sample that only experienced steps 1 and 2 of the
selenization process. The curve of triangles is from a sample that
experienced steps 1-4 except that step 4 was shortened by 15 min.
The final curve, depicted by x, is for a sample that fully
experienced steps 1-4. Fig. 2 suggests that as the selenization
procedure progresses, the film slowly changes from a Cu,In phase,
to a CuqgSe phase, to the final CulnSe, phase. Fig. 1 shows that the
boron was homogenously dispersed in the precursor film.
However, Fig. 3 shows that after full selenization, boron can
only be found near the back of the film. Note that in all selenized
films, the AES sensitivities are uncalibrated, meaning that the
depth profile measurements cannot be used to determine exact
atomic percentages. AES atomic percentage analysis cannot be

easily calibrated because element sensitivities change due to
bonding with respect to CIXS composition. However, AES depth
profile measurements taken from precursor films are calibrated;
therefore these reported atomic percentages are valid.

It was thought that perhaps there was not sufficient boron
sputtered into the film in order to properly synthesize CIBS, so a
boron rich precursor was made (070718CIB1). The precursor film
had a B concentration that was uniformly 55% throughout the
film. However, as can be seen in Fig. 4 the degree of boron
substitution in the precursor does not significantly affect the
composition throughout most of the selenized film and the boron
again is found only near the back of the selenized film.

To determine if a problem existed in the selenization process, a
film of Cu and In was deposited from a Cug4slngss composite
target (070228CI1). The resultant selenized film was of uniform
composition throughout the film. A look at the XRD results shown
in Fig. 5 shows that a selenized Culn film does indeed form CIS.
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Fig. 2. X-ray diffraction of sample 070425CIB1 illustrating the shift in phase as selenization progresses.
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Fig. 3. Auger Electron spectroscopy depth profile of a selenized Cu, In, B precursor film 070425CIB1, illustrating the change in atomic concentration from uniformity of the

as deposited film to the movement of boron to the film bottom.
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Fig. 4. Auger electron spectroscopy depth profile showing the atomic concentration of a boron rich selenized Cu, In, B precursor film 070718CIB1, with boron again

accumulating at the bottom of the film.
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Fig. 5. X-ray diffraction results from a Cu-In film selenized using the standard procedure described in the text, the result being a CIS film, sample no. 070228CI1.

The measured 20 are in exact agreement with the predicted
values. Thus, it appears that the standard ex situ selenization
procedure that is used is capable of producing quality CIS films
and the problem is with the addition of boron in the precursor
film.

The next precursor that was deposited consisted of a layer of
Culn sputtered on top of a layer of boron which was sputtered
onto the Mo coated substrate (070427CIB1). The AES depth profile
of this film was exactly as expected with a mixture of Cu and In on
top of B. When this film was selenized what emerged was a layer
of Cu, In, and Se on top of a layer of B. It appears that, in this case,
the boron serves as a barrier to selenium penetration into the film.

In order to get a better understanding of this phenomenon the
next precursor film was deposited with a layer of boron on top of a
layer of Culn on a Mo coated substrate. As expected, the AES
analysis showed precursor concentrations exactly as deposited.
However, AES of the selenized sample showed that a layer of Cu,

In, and Se had formed on top of a layer of B. In all probability,
when this particular film was selenized, the Culn layer diffused
through the boron layer, leaving the CulnSe, layer near the surface
of the film, and the boron layer at the back of the film was not
selenized. This hypothesis is explained below in the description of
the selenization process.

As a consequence of the unexpected nature of this result, the
deposition profile was repeated. Several samples were examined
after different stages in the selenization procedure in order to get
a better idea of the progression of the selenization throughout
the entire procedure. Fig. 6 illustrates the progression of the
selenization of the films and the apparent movement of the boron
through the films during selenization. Again, these samples were
deposited onto simultaneously. Fig. 6a shows that after linearly
elevating the temperature from room temperature to 250°C the
film is basically unchanged from the precursor, i.e. neither
selenization nor atomic movement has occurred. Only a small
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Fig. 6. (a) Auger electron spectroscopy depth profile of a selenized B on Culn precursor. The procedure was halted immediately after the temperature was held at 250 °C for
20 min (sample 070810CIB1a). (b) AES depth profile of a selenized B on Culn precursor. The procedure was halted immediately after a temperature ramp to 300 °C after step
2 was completed (sample 070810CIB1b). (c) AES depth profile of a selenized B on Culn precursor. The procedure was halted immediately after a temperature ramp to 350 °C
after step 2 was completed (sample 070810CIB1c). (d) AES depth profile of a selenized B on Culn precursor. The procedure was halted immediately after a temperature ramp

to 400 °C after step 2 was completed (sample 070810CIB1d).

amount of selenium can be found at the surface and none is found
in the bulk of the film. However, small amounts of Cu and In have
diffused to the film surface. Fig. 6b shows what the film looks like
after step 2 has been completed and the process is halted after a
temperature ramp to 300°C. The only substantial difference
between this stage of the process and the one preceding it is that
a significant amount of Se has adhered to the film surface. The AES
displayed in Fig. 6¢ has undergone a selenization process identical
to that seen in Fig. 6b except that the temperature was ramped up
to 350°C before it was allowed to cool. This stage is almost
identical to the previous one, except that the boron is now located

nearer the bottom of the film at the higher temperature. The AES
displayed in Fig. 6d is for a sample which has undergone a
selenization process identical to that of Fig. 6¢c except that the
temperature was ramped up to 400 °C before it was allowed to
cool.

The Auger analysis of the film represented in Fig. 6d appears to
be nearly the same as one which underwent the entire standard
selenization procedure. This sequence of selenization runs show
that with a B on Culn layered film, the higher the temperature and
the longer the process time, the more Cu and In diffuse to the
front of the film, and most of the boron appears near the back of

Please cite this article as: C.A. Kamler, et al., Sol. Energy Mater. Sol. Cells (2008), doi:10.1016/j.solmat.2008.02.027



dx.doi.org/10.1016/j.solmat.2008.02.027

[<2]

60
c
40 E

I~ .

20

10

Atomic Concentration (%)

0 T T T T T
1 2 3 4 5 6 7 8 9

Sputter Cycle

Fig. 7. The 6AES depth profile illustrating the atomic concentration of a CIB
precursor made from simultaneous deposition of Cu3B, and In targets
(070806CIB1).

the film producing a barrier to further Se penetration. The
similarity in shape of the boron for each stage of the selenization
process indicates that the boron is not the diffusing element, but
the Cu and In are diffusing through the boron. Once the melting
point of In, T = 156 °C, has been exceeded, numerous Cu-In alloys
can be in equilibrium with the molten In and substantial Cu can
be dissolved in the In liquid [9] causing the molten alloy to diffuse
through the boron.

In another attempt to keep the Cu and B together a CIB
precursor was deposited using a CusB, target. Although the
Handbook of Chemistry and Physics [10] lists a compound CusB,,
the target we purchased, expecting to receive the compound, was
a mixture of Cu and B in the above ratio of 3:2. The advantage of
this target is that it is able to be DC sputtered, enabling faster
deposition times than with the pure B target. A precursor film
made from this target along with co-sputtering of In is shown in
Fig. 7. It can be seen that the ratio of Cu to B is close to the desired
value initially and then the ratio of Cu to B becomes smaller. It is
obvious that some experimentation with Cu,B, must be made
before the correct film ratios can be deposited. After selenization,
the film had an AES depth profile nearly identical to that of Fig. 4,
again indicating that the problem is that boron is not being
incorporated into the bulk of the film.

4. Conclusions

It appears that it may not be possible to form CIBS films using
the precursor deposition and ex situ post-selenization method. All

C.A. Kamler et al. / Solar Energy Materials & Solar Cells 1 (1nm1) -

selenized CIBS films, whether co-sputtered from individual targets
simultaneously, sputtered in layers, or sputtered from composite
targets lack the presence of boron in the bulk of the film. Any
boron in these films ends up in a thin region near the substrate
interface. Our ability to synthesize quality CIS films using the
precursor deposition/ex situ selenization suggest that the proce-
dure is being performed as designed.

In order to more fully investigate whether CIBS films can be
formed, other methods must be attempted. The next method
would be to deposit the precursor films in an Se vapor as has been
done successfully with aluminum [3] as the substitutional atom
for indium. It may also be possible to create quality CIBS films
using the hollow cathode approach [11]. Electrically excited B and
Se ions that would be present in the high energy plasma may have
a better chance of reacting to form B and Se bonds. The reason is
that there exists a high pressure in the nozzle due to gas flow
through it. Homogeneous reaction between B and Se can have
high rate in comparison with cases where the pressure decreases,
such as in planar magnetron sputtering. [12]
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Abstract

A non-vacuum, two-step process has been used to prepare nanocrystalline CulnSe; (CIS),
Culn; \Ga,Se, (CIGS) and CuGaSe, (CGS) materials. An open-air solvothermal preparation in
triethylenetetramine (trien) solvent was followed by annealing at 200-500 °C in a nitrogen
atmosphere for 20-40 minutes. All materials have mixed clustered plate, spherical particle, and
nanorod morphologies with the smallest particle diameters ranging between 20-40 nm. Raman
spectroscopy, x-ray diffraction (XRD), and Auger electron spectroscopy (AES) confirm that
indium/gallium ratio control is possible over a wide range. The solvothermal reaction step yields

a mixture of chalcopyrite and Cu,«Se. This is converted to pure chalcopyrite product by

annealing at 500 °C.
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1. Introduction

For some time, the chalcopyrite semiconductors CulnSe; (CIS) and Culn;_GasSe;
(CIGS) have been leading thin-film material candidates for incorporation in high-efficiency
photovoltaic devices [1-4]. Interest in the development of more cost-effective, non-vacuum film
production techniques has stimulated research in the solution-based preparation of
nanocrystalline CIS and CIGS. Reported solvothermal preparations involve the reaction of
constituent elements or their salts in heated solution for several hours or days. The solvent
ethylenediamine (en) has often been employed in the preparation of binary selenides [5-7], CIS
[8-11], and CIGS [10,12]. A strongly coordinating solvent, en has been proposed to solubilize
reactant materials through the formation of solvent complexes such as [Cu(en),]" [11,12] and
[Se(en)x] [13]. Reported CIS nanorod morphologies have been attributed to the square-planar
geometry of [Cu(en),]" serving as a template for one-dimensional growth [11].

While solvothermal reactions in en may be conducted in air, required temperature
conditions vary depending on the complexity of the material prepared. Binary selenides may be
prepared without solvent heating [5,6], however, chalcopyrite crystalline structure formation
requires elevated temperatures. CIS nanorods have been prepared from refluxing en (120 °C)
[11] and several CIS and CIGS nanocrystalline samples have been prepared by superheating
reaction mixtures in sealed containers at temperatures ranging from 140-280 °C [8-10,12].
Reaction temperatures in excess of 230 °C appear to be required to form CIGS nanoparticles of
diameters less than 100 nm.

A two-step process consisting of a solvothermal reaction followed by heat treatment of
the isolated solid product has been reported in two cases. Carmalt et. al. [14] solvothermally

prepared CIS from CuBr, InCls, and NasSe in toluene, resulting in amorphous CIS that converted



to crystalline form after annealing at 500 °C for 24 hours. Li et. al. [5] reported unknown
“molecular precursors” following room-temperature reactions of several metals or their salts
with Se in en solvent. Heat treatments at 250 °C resulted in crystalline Ag,Se, CuSe, PbSe,
SnSe, MnSe, Bi,Ses, and Sb,Se;, respectively.

Given that the low boiling point of en is a drawback in potential solvothermal
preparations of quaternary chalcopyrites, the use of a chemically similar solvent with a higher
boiling point may show greater promise. In this paper, we report the preparation of CIS,
CuGaSe; (CGS), and CIGS nanocrystalline materials of varying indium-gallium ratios via a two-
step process that features an open-air solvothermal reaction in refluxing triethylenetetramine
(trien) followed by annealing of the resulting solid-state product. With a molecular structure and
coordinating ability similar to en (Figure 1), trien greatly increases the utility of chelating amine
solvent use in this preparation as well as its scaleup potential. Without the need of an inert
atmosphere or necessity to exceed the normal boiling point of the solvent (267 °C), this reaction
followed by annealing in a nitrogen atmosphere at 500 °C yields CIS, CGS, and CIGS
nanocrystalline materials of varying indium-gallium ratios as characterized by scanning electron
microscopy (SEM), Raman spectroscopy, X-ray diffraction (XRD), and Auger electron
spectroscopy (AES). The reaction system shows potential for generating a variety of ternary and
quaternary chalcopyrite materials in the CIS family. To the best of our knowledge, we are the
first to report solvothermally-prepared CIGS and CGS via open-air means.

2. Experimental

Desired stoichiometric quantities of Se, CuCl,, InCl;, and GaCls were refluxed in trien

for 24 (CIS) or 48 hours (CIGS, CGS). After isolation by centrifugation, rough films of the

products were cast on borosilicate glass substrates from methanol and acetone suspensions. This



was followed by annealing in a nitrogen atmosphere at 200-500 °C for 20-40 minutes. For this
purpose, samples were placed in an enclosed graphite chamber that was inserted into a quartz
tube surrounded by a 8000W Quad Ellipse Chamber Heater that was connected to a Model 915
power supply/temperature controller from Research, Inc. The tube was evacuated, filled with
nitrogen (99.99% purity), and heated to a set-point that was varied between 200-500 °C in
different experiments with a ramp rate of 8 °C/s. After annealing, the sample was cooled under
flowing N,. The product materials were characterized by micro-Raman spectroscopy (Horiba/Jon
Yvon LabRAM HR800), AES (Physical Electronics 560 AES/XPS), XRD (Bruker-AXS D8
Discover), and SEM (Hitachi S4700).
3. Results and Discussion

Upon refluxing the starting materials in trien, a fine black precipitate forms within five
minutes. This has been isolated and identified by micro-Raman spectroscopy and XRD as
Cuy«Se [15]. Over 24 (CIS) or 48 hours (CIGS, CGS) of continued refluxing, conversion to the
chalcopyrite (CIS) or chalcopyrite precursors (CIGS, CGS) takes place. With added NH4Cl in
the reaction mixture, CIS reaction time is reduced to as little as 30 minutes due to competitive
[CuCl,]* formation equilibria that limit CuySe particle growth [15]. Characterization data for
all products after annealing are summarized in Table 1. CIGS product gallium content is directly
proportional to the In/Ga mole ratio present in the reaction.

XRD data (Figure 2) are consistent with the tetragonal phase of the chalcopyrite crystal
structure [16]. Each product shows seven orientations in expected 20 positions for the (112),
(204/220), (116/312), (400), (316/332), (442/228), and (512) crystal planes. As expected, the

d(112) position shifts to higher values with increasing Ga content. The Ga/(In+Ga) ratio



estimates based on previously reported stoichiometry/lattice parameter relationships agree with
the Auger analyses.

SEM images of post-annealed CIGS-1 and CGS products are shown in Figure 3. These
and the other chalcopyrite materials show similar morphologies consisting of mixtures of plate-
like particles or large nodules (100-400 nm in diameter), nanorods (50-100 nm diameter), and
clusters of spherical nanoparticles in the diameter range of 20-40 nm each. Under the annealing
conditions studied, no thin-film formation was observed.

All post-annealed products exhibit Raman spectra with single, intense scattering peaks
between 172 and 185 cm™ corresponding to the A optical phonon mode that is characteristic of
the chalcopyrite crystal structure [17]. With increasing Ga content, the peak position shifts to
higher frequency and correlate to observed shifts in XRD signal positions (Figure 4). In the
CIGS-3 and CGS Raman spectra, intense broad peaks are also observed in the 260-275 cm™
range. Based on literature reports [18] and matching with authentic samples, this peak has been
assigned to one or more Cu,.<Se-phase impurities. Close examination of the XRD spectra of
these products reveal small impurity signals at 20 = 44.9° consistent with Cu,.Se phases. Depth-
profile Auger analyses indicate that the impurities reside on the particle surfaces. In the CGS
sample, a separate Raman peak at 274 cm™ corresponding to the chalcopyrite B, phonon [19] can
be discerned.

Employing only the solvothermal reaction step can yield nanocrystalline CIS of
reasonable quality but in CIGS and CGS preparation, there is often significant Cu,Se
contamination and/or the apparent presence of metal-containing precursor solids. The latter
annealing step in our two-step process serves to convert precursor solids to the chalcopyrite

product and improve the crystallinity of any pre-existing chalcopyrite. To determine the effects



of annealing temperature on precursor conversion to chalcopyrite, the product CGS/Cu,.<Se
mixture from a CGS solvothermal preparation reaction was isolated. Portions of this sample
were annealed at 200, 300, 400, and 500 °C, respectively, for 20 minutes each. Raman spectra
(Figure 5) reveal that the portion of Cu,.«Se converted to CGS increases with temperature, with
complete conversion occurring at 500 °C or higher. Raman intensity at 185 cm™ (A; phonon
CGS) and 274 cm™ (B, phonon of CGS) [19] slightly increases with increasing annealing
temperature while the 263 cm™ peak connected with several phases of Cu,.,Se rapidly
disappears. Direct reaction of Cu,Se and Ga,Ses to form CGS is probably responsible for this
behavior [20]. Similar effects were also observed for the CIGS and CIS samples.
4. Conclusion

We have developed a two-step, non-vacuum process for the preparation of CIS, CIGS, and
CGS nanocrystalline materials of varying In/Ga composition ratios. An open-air solvothermal
reaction of CuCl,, InCl; (for CIS and CIGS only), GaCl; (for CIGS and CGS only), and Se in
refluxing trien was followed by the annealing of the isolated solid product in a nitrogen
atmosphere at temperatures between 200 and 500 °C. To the best of our knowledge, this is the
first reported open-air solvothermal procedure employed in the preparation of CIGS and CGS
materials. The high boiling point (267 °C) of trien appears to facilitate gallium incorporation
into the nanocrystalline product structures. The annealing step serves to convert precursor solids
to the chalcopyrite product and improve the crystallinity of any pre-existing chalcopyrite.
Optimum material purity is obtained at an annealing temperature of 500 °C.
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Table 1. Characterization Data for Post-annealed Culn;.GaxSe, Nanocrystalline Samples

Sample X' XRD d(112), 26 Raman A, phonon, cm™
CIS 0 26.70 172

CIGS-1 0.21° 26.74 174

CIGS-2 0.35° 26.98 176

CIGS-3 0.79° 27.43 179
CGS 1 27.64 185

 Determined by Auger spectroscopy. ° Target x values based on starting amounts of In and
Ga: 0.25 (CIGS-1), 0.50 (CIGS-2), 0.75 (CIGS-3)
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Figure 5
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Figure Titles

1.

2.

Molecular structures of (a) ethylenediamine and (b) triethylenetetramine

Overlayed XRD spectra of post-annealed CIS (solid line) and CGS (dotted line)
nanocrystalline samples.

SEM images of post-annealed (a) Culng 79Gag2;Se; (CIGS-1 sample) and (b) CuGaSe, (CGS
sample).

Plots of XRD d(112) angles and A; phonon frequencies as functions of Ga/(In+Ga) ratios in
post-annealed Culn; yGa,Se, materials.

Raman spectra of solvothermally-prepared CGS after annealing for 20 minutes at (a) 200°C,

(b) 300°C, (c) 400°C, and (d) 500°C.
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