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Abstract. Solvothermal syntheses of copper-indium-sulfides per-
formed with different Cu:In:S ratios afforded crystallization of nano-
crystalline Cu-In-S phases with compositions close to CulnS,,
Culn;Ss, and Culn;S;;. Each sample shows a different and distinguish-
able morphology. The minority component CulnS, with wurtzite-type
structure crystallizes as thin plates, which are preferably stacked
parallel to black stacks. The component with composition Culn;Ss

forms isolated few nm thin layers being arranged like the petals of a
flower growing from a common point. Finally, red Culn;S;; is ob-
tained as nanobelts with individual diameters of about 20 nm and
lengths up to more than 1 pm. According to electron diffraction pat-
terns and X-ray diffractometry the structures of Culn;Ss and Culn,S;;
cannot be assigned to known bulk phases of the Cu-In-S system, how-
ever first structure models are proposed. /

Introduction

Ternary Cu-In-S nanocrystals have been discussed in litera-
ture as suitable materials for high-efficiency solar cells!!?! and
as materials for solar energy conversion.!*~!¢! The most inten-
sively studied phase of this ternary system is CulnS, (CIS).
CIS is trimorphic crystallizing in the chalcopyrite- (CP),
zincblende- (ZB), and wurtzite-type (WZ) structures.['7-181 In
the ZB and WZ structures the cations are disordered leading
to a more flexible stoichiometry compared to the CP phase
with ordered occupancy of the cation positions. The composi-
tional variability of CIS is large and for ZB CIS, Cu:In:S ratios
ranging from Culn,,S;¢ to CusInS;; has been reported.!'!
The sizes of crystalline domains in these materials vary from
3 to about 30 nm. While the WZ structure can be identified in
X-ray powder patterns, distinguishing ZB from CP structure
is not always easy, because in the nanoregime reflections are
broadened and reflection intensities are low. CIS with the CP
structure exhibits a direct bandgap of ca. 1.5 eV, which is ideal
for solar energy conversion. More interestingly, the bandgap
can be tuned between 1.7 and 3.3 eV for particles between 1
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and 6 nm.?%2!1 In addition, the bandgap can be altered by
adjusting the chemical composition, i.e. Cu poor CIS nano-
particles have a larger bandgap.>?!

Compared to CulnS,, the other phases in the Cu-In-S sys-
tem, Culn,,,,;Ss,..» with n = 0, 1 and 2, have been less inten-
sively studied. For Culn;Ss the structure was reported as chal-
copyrite-like with the tetragonal space group P42¢!?3! and may
be regarded as an ordered defect compound. The formation of
this compound was mainly observed in Cu-In-S thin
films.[?*-281 The optical properties and morphology of such
films were studied by several groups.!?*-!1 Optical absorption
spectra show two transitions, which was explained with the
valence band to conduction band transition (E, = 1.93 eV) and
an indirect transition (E, = 1.57 V) due to band splitting by
the crystal field.?” The compound was also tested as photo-
electrode material for photoelectrochemical water splitting due
to the promising bandgap of 1.54 eV.[*?! CulnsSg was reported
to crystallize in the cubic space group F43m,133! while in other
studies a defect spinel-type structure was proposed with space
group Fd3m.!?3341 CulnsSg crystals with both S deficiency and
S excess have been also grown from the melt and depending
on the actual stoichiometry the electrical properties varied sig-
nificantly.l*>! Depending on the Cu/In ratio in CulnsSg the op-
tical bandgap varies from 1.57 eV (Cu/In = 0.22) to 1.87 eV
(Cu/In = 0.5).%! Varying the Cu/In ratio in electrodeposited
CulnsSg films led to crystallization of a phase pure material
for Cu/In = 0.28, whereas all other samples were mixtures of
CulnS,/CulnsSg or CulnsSg/In.[*”! An interesting structural ob-
servation was reported for the series (CulnsSg);_(In,Ss3),,
where all samples crystallized in F43m with a linear expansion
of the lattice parameter with increasing x.[38]

The latest compound reported in literature is Culn,;Sy;,
which crystallizes as a defect spinel (space group: Fd3m).!>"]
The optical bandgap of this material was measured on single
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crystals yielding E, = 2.23 eV.1*?! For Culn;S; films a signifi-
cant dependence of the optical properties from the film thick-
ness was observed with values for E, = 2.30 eV (d = 460 nm)
and E, = 1.98 eV (d = 290 nm).[*"

Cu-In-S nanomaterials with distinct sizes and morphologies
are synthesized mainly by using the hot-injection method in
organic solvents containing capping molecules*>~#! under sol-
vothermal conditions™¥=3! or the so-called heating up meth-
0ds.>*8 In the overwhelming cases nano-crystalline
Cu-In-S phases are obtained applying Cu and In salts either
as dual sources or as single source.’*-%! From thiometalate
chemistry it is well known that multinary compounds can be
solvothermally prepared using the metals in the presence of
elemental sulfur and basic media. Sulfur reacts in alkaline
solution generating polysulfide species (besides different thio-
sulfates), which attack and dissolve the metals. This approach
was applied for the synthesis of CulnS,.[°®! In this publication
the authors used a 1:1:2 stoichiometric ratio for Cu:In:S and
performed a solvothermal reaction at 280 °C for 48 h. The
final product consisted of nanorods with a nearly stoichiomet-
ric composition in agreement with CulnS,. This observation is
somewhat surprising because a large amount of elemental sul-
fur is consumed by the reaction to polysulfide anions besides
sulfite/thiosulfate anions in basic media.[®”-68]

The main aims of all investigations in the references men-
tioned above were the syntheses of the known Cu-In-S phases
and their characterization with respect to different physical and
chemical properties. The In and S rich Cu-In-S phases were
mainly synthesized as films or by reaction of the elements at
elevated temperatures. Solvothermal approaches for the prepa-
ration of such phases are rare and solely salts of Cu and In
were reacted in the presence of S-containing sources.

The aim of the presented investigation was the synthesis of
CulnsSg applying Cu, In, and S as starting materials in ethyl-
enediamine (en) as solvent. By systematic variation of the
Cu:In:S ratio as 1.3:5:X with X = 8, 8.5, 9, and 9.5 but keeping
the other synthesis parameters constant we were able to syn-
thesize nanocrystalline materials with compositions close to
CulnS, (wurtzite type structure), Culn;Ss and Culn;S;;, all
exhibiting different morphologies. The phase with composition
Culn;Ss occurred as intermediate during formation of
Culn;S;; as evidenced by long term syntheses. Culn,S;; was
obtained as bright red nanocrystals, whereas a phase pure prod-
uct of Culn;Ss could not be obtained. Herein we report the
syntheses, structural analyses with X-ray powder diffraction
and transmission electron microscopy, and the optical proper-
ties (UV/Vis spectroscopy) of the samples.

Experimental Section

The starting materials were elemental Cu, In, and S. Reproducible mix-
tures of optically identifiable phases were obtained using the following
procedures: Elemental Cu (Alfa Aesar, 99.9%), In (Alfa Aesar,
99.9%), and S (Alfa Aesar, 99.9 %) in a molar proportion of 1.3:5:X,
(X = 8-9.5) (total amount: ca. 0.1 g) were mixed with 5 mL of ethyl-
enediamine in a 35 mL Teflon-lined stainless steel autoclave. The se-
aled vessel was heated at 220 °C for 5 d in the first series of syntheses.
Selected syntheses were also extended up to 20 d. After cooling down

to room temperature, the product was filtered off, and washed with
water, ethanol, and acetone. The manual separation of black, orange,
and red crystals is a very difficult task because they are attached to
each other preventing a full separation.

X-ray powder patterns were collected with a PANalytical X’pert-PRO
diffractometer in reflection mode with a resolution of 0.026° (Cu-K,,
radiation, 4 = 1.54056).

The morphology of the compounds was analyzed by SEM (Philips
ESEM XL30, Zeiss Gemini FESEM). Microstructure and composition
were determined by Transmission Electron Microscopy (TEM) utiliz-
ing high resolution transmission electron microscopy (HRTEM), se-
lected area electron diffraction (SAED) and energy dispersive X-ray
spectroscopy (EDX). TEM measurements were performed with two
different microscopes. The first was a Philips CM30ST (300 kV, LaBg¢
cathode) equipped with a Spinning Star device (Nanomegas) for apply-
ing precession electron diffraction (PED, maximum precession angle:
3°). EDX was performed in the scanning- and nanoprobe mode of
CM30ST with a Si/Li-EDX detector (Noran, Vantage System). The
samples were placed on alumina grids, which were fixed in a side-
entry, double-tilt holder with the tilting limited to a maximum of * 25°
in two directions. The second TEM was a Tecnai G> F30 S-TWIN
(300 kV, FEG) equipped with a Si/Li-EDX detector (EDAX). Samples
were placed on molybdenum grids, fixed in a double-tilt holder.

The optical bandgap of the materials was determined using the
Kubelka-Munk method. For this purpose, UV/Vis reflection spectra
were measured with a Cary5 Varian Techtron UV/Vis/NIR spectrome-
ter, operating in the spectral range of 200-3300 nm with 0.05 nm reso-
lution.

Results and Discussion

Morphology and Composition of the Materials

Solvothermal syntheses were performed with Cu:In:S ratios
1.3:5:X with X ranging from 8 to 9.5. The excess of sulfur
was necessary because sulfur reacts in basic media to form
poylsulfides, thiosulfates, and other S-containing species, thus
reducing the available sulfide anions for crystallization of
CulnsSg. The amount of Cu was selected as 1.3:5:X because it
was reported that the growth of Cu-In-S phases occurs via
Cu,_,S nanoparticles.[®®) At lower S contents a black phase
occurred in small quantities, which could be identified as
CulnS, crystallizing in the wurtzite type structure (see TEM
analysis). In many products mixtures of three different types
of crystals could be observed: black (named CI), orange
(named C2), and red (named C3) compounds, with C1 being
always present in very small amounts, if observed in the light
microscope.

The black component C1 (see Figure 1d) consists of tan-
dems and multiples of aligned plates, indicated by arrows in
the SEM micrograph (Figure 1a). This material shows signs of
self-organization in needles. Structures of aligned plates are
not common, and have been usually observed in biominerals
like nacre or in seeded grown crystals.’”! The EDX analysis
performed in the TEM on several points of the plates gives the
empirical formula Cuy 3¢9 11)InS3 26(0.15) (values in parentheses:
estimated standard deviations). The EDX data suggests that the
composition of C1 is close to CulnS,. Crystals of C2 represent
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Figure 1. SEM micrographs of the studied species: (a) compound C1 consisting of plate-like crystals with composition Cu, 30 11)InS226(0.15),
marked by white arrows, (b) crystals C2 crystallized as “nanowalls” with composition Culn, g(0.09)Ss(0.21), and (¢) C3 being composed of thin
nanobelts with composition Cuy 1;(038)In7S10.05(0.9). Light microscopy images: (d) C1 appears as black impurity, (e) orange-colored agglomerates
of C2 (main component) and C1, (f) and red C3 which could be prepared as nearly phase pure product.

the predominant phase in the orange component (see Fig-
ure le), consisting of very thin plates of around 4 pm in lateral
dimensions and just a few nanometers thick (Figure 1b). The
small thickness appears to be constant over the entire area
range. It is noteworthy, that such extreme aspect ratio is only
rarely found for layered materials including the well examined
metal dichalcogenides. In many instances these plates resemble
the petals of a flower, growing from a common point. Some
authors refer to thin plates growing over a bulk as
“nanowalls”,l”!1-72] therefore the term nanowalls is adopted to
describe C2. The empirical formula of this compound is
Culn,.9(0.09)S5(0.21), 1.€. very close to Culn;Ss. The red crystals
C3 consist of nanobelts (Figure 1¢) and are found in the prod-
uct of S-rich syntheses after long reaction times (see Fig-
ure 1f). According to EDX analysis the empirical chemical for-
mula of the nanobelts is Cuy 1;(0.38I07510.95(0.9), i.€., C3 repre-
sents a Cu-poor ternary chalcogenide.

Structural Characteristics

The first syntheses were performed at 7 = 150-180 °C but
the reaction products were mainly amorphous or showed a
very low crystallinity. Hence the temperature was increased to
T = 220 °C and the reaction time was initially 5 d. In the
XRPDs of two selected reaction products the influence of the
S-content is obvious (see Figure 2). The XRPD of the sample
crystallized from the mixture Cu:In:S = 1.3:5:8 indicates a
much less crystalline product and contains more reflections
than that measured for 1.3:5:9.5.

The color of the products was red-orange with only a few
very small black crystallites. The occurrence of reflections at
relatively low scattering angles indicates at least one relatively
large lattice parameter. Other features of the XRD patterns are
remarkable: the reflections are broad, which is typical for crys-
tallites in the nanoregime; the shape of several Bragg reflec-
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Figure 2. Selected X-ray powder patterns of the products obtained
with different ratios of the starting materials after 5 d reaction time.
The intensity scale is normalized.

tions is different and a broad feature is seen at around 27.5°
20. These observations suggest that the materials are strongly
affected by stacking faults and turbostratic disorder (layers are
shifted and rotated against each other), phenomena, which are
often observed for layered materials like e.g. graphite, clay
minerals or dichalcogenides like MoS,. The reflections in the
X-ray powder pattern are affected by the disorder in different
ways: stacking faults lead to a broadening and shift of the re-
flections; turbostratic disorder does not significantly affect re-
flections related to the stacking direction of the layers e.g. the
00! series, but reflections of the type kO and hkl with [ # 0
and h or k # 0 are significantly broadened. We note that the
reflections could not be assigned to any of the known
Cu-In-S compounds, but all attempts to index the patterns
failed, which can be explained by the pronounced disorder
mentioned above.
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The influence of the reaction time onto product formation
was investigated for Cu:In:S = 1.3:5:8 (Figure 3). In the XRD
patterns several remarkable changes are obvious: the intensity
ratio of the two intense reflections at low scattering angles is
altered and for the sample obtained after 10 d the most intense
reflection is that at 5.4° 26, while the intensity of the reflection
at 6.9° 20 decreased. In addition, the number of reflections is
reduced in the XRDP after 10 d reaction time, while the broad
“hump” at about 27.5° 20 is still visible. Because the most
crystalline sample was obtained for Cu;3InsSg s a long term
experiment was performed (Figure 4).

1.0+
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Figure 3. X-ray powder patterns collected for two samples reacted for
different times. The intensity scale is normalized.
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Figure 4. X-ray powder patterns of products obtained after 5 to 20 d
reaction time for Cu, 3InsSys. Reflections marked with an asterisk:
explanation see text.

With increasing reaction time the intensity of the reflection
at 6.9° 20 is reduced and after 15 d this reflection disappeared.
Moreover, the relatively sharp reflections marked with an as-
terisk in Figure 4 all disappeared in the pattern collected after
15/20 d reaction time. The findings may be regarded as a hint
that the reflection at 6.9° 20 and those marked with an asterisk
represent a different phase than the remaining reflections. Dur-
ing our search for Cu-In-Q (Q = chalcogen) phases we found

the crystal structure of Culn;Se;; crystallizing in the trigonal
space group P3ml with a layered structure (a = 4.036 A, ¢ =
32.702 A). The powder pattern is very similar to that observed
for the sample Cu, 3InsSg 5 (20 d) and we simulated a diagram
using the structural data published in referencel’?! (Figure 5).
The pronounced preferred orientation of the crystallites was
taken into account in the simulation of the pattern. The reflec-
tions of the (00/) series match very well with the positions
in the calculated pattern assuming ¢ = 16.40 f\, while cross-
reflections are hidden under the broad “bump” located between
26.5 and 28.5° 26. It is highly likely that the red material is
isostructural to Culn;Se;; because chemical analysis per-
formed in the TEM (EDX, see below) gives as average compo-
sition Cuy 11¢0.38)In7S10.9500.0)- This is a new finding, because
for Culn,;S;; samples prepared by high temperature synthesis
or as films it was reported that the material crystallizes in the
cubic space group Fd3m as a defect spinel.

— calculated
—— measured

Intensity /a.u.

5 10 15 20 25 30 35 40
20/°

Figure 5. Experimental X-ray powder pattern of Cu; 3InsSo 5 20d (red)
and the calculated pattern based on the structural data of Culn,;Sey;.

We note that the color of the products gradually changed
from orange to red with increasing reaction time, i.e. it seems
that the orange material C2 is a mixture of two compounds.
All attempts to synthesize a phase pure compound exhibiting
the X-ray powder pattern with only the strong reflection at ca.
6.9° 20 (and those marked with an asterisk in Figure 4) failed.
The X-ray powder patterns recorded for all compounds ob-
tained with different starting material ratios clearly indicate the
presence of phase mixtures for reaction times up to 10 d. Only
for the largest S content and long reaction times C3 was ob-
served as final product, and C2 may be regarded as an interme-
diate on the way for formation of C3. To gain information
about the structure of C2 HRTEM and EDX analyses were
performed (see below).

High Resolution Transmission Electron Microscopy

Because not enough material of the black component Cl
could be manually separated for collecting a suitable X-ray
powder pattern, TEM investigations were performed on se-
lected round plates with diameters of about 5 pm, which are
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commonly stacked, but sometimes it was possible to find
isolated plates. The HRTEM micrograph of Figure 6a
shows a thin region with the composition CulnS, (EDX:
Cuy golng96S>.04). The FFT of the HRTEM micrograph (Fig-
ure 6b) reveals a sixfold symmetry, which coincides with the
experimental and simulated ED pattern for zone axis [001] of
wurtzite type CulnS, (cf. Figure 6¢ and Figure 6d, respec-
tively). The reported d value for (010) is 3.38 A,'8! while the
average experimental value amounts 3.40 A.

Figure 6. (a) Fourier filtered HRTEM micrograph from C1 with (b)
FFT image. The ED pattern (d) from the same region confirms the
presence of C1. It matches to the simulated ED pattern (c) of wurtzite
type CulnS, along zone axis [001]. The measured ED pattern (d), is
also consistent with (a) and (b).

As mentioned above in many products of the syntheses, C2
and C3 are observed in orange-red agglomerates, and a manual
separation of C2 from C3 was not possible. Crystals of C2
were identified in the TEM as very thin plates highly trans-
parent to the electron beam over the entire area range even in
SEM mode. In contrast to the wedge shape of bulk crystals,
the thickness of the nanowalls appears constant within micron-
size areas by the constant bright- or dark field contrast suggest-
ing the presence of an ultra-thin few-layer material. These
plates may be regarded as nanowalls that show a clear ten-
dency to roll up (Figure 7). The rolling axis is indicated with
an arrow in the micrograph (Figure 7a). Curved surfaces of the
nanowalls present strong fluctuations of the high resolution
contrast (cf. Figure 8). The diffuse streaks intersecting in 000
in the FFT of this micrograph (Figure 8c upper right) suggest
that the rolled nanowall contains in-plane defects. This finding
is supported by the parallel stripes seen in the HRTEM micro-
graph.

Figure 8a shows a HRTEM micrograph of a top view of a
nanowall with good crystalline quality. The FFT of this image
(Figure 8 upper right) evidences a hexagonal symmetry of the
structure in the direction perpendicular to the basal plane of
the nanowalls. However, the reflection intensity distribution in
the PED pattern (Figure 9a) recorded on the same nanowall
violates the hexagonal symmetry, probably due to the amount
of defects originated by the rolling up.

Figure 7. (a) Bending at an edge of nanostacks of component C2 with
rolling axis indicated by an arrow. (b) Corresponding HRTEM micro-
graph with embedded contrast linescan displaying the layer distance
of C2.

Figure 8. Each left: HRTEM micrographs of C2, each right: attached
Fourier transform and enlarged sections from the rectangular areas. (a)
Larger perfectly crystalline area as indicted by hexagonal spot pattern.
(b) Selected area with several rotated stacks (note the oval appearance
of the Fourier transform due to significant deviation from the hexago-
nal axis). The HRTEM contrast is coined by complex superposition
phenomena, (c) Selected area with rotation of stacks and in-plane de-
fects (note the diffuse streaks cutting reciprocal space center within
the Fourier transform).
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Figure 9. (a) PED pattern recorded on a flat zone of a nanowall of
compound C2. (b) Typical SAED pattern of rolled nanowalls of C2.
A rotational disorder of consecutive thin layers stacked along the zone
axis can be identified. Thus the nanowalls consist of stacked nano-
metric layers. The pattern describes circles that are assigned to the
different planes of C2.

Additionally, SAED patterns recorded on many nanowalls
(e.g. Figure 9b) also point to a second feature of the real struc-
ture, namely a rotational disorder of consecutive thin layers
stacked along the zone axis. Earlier studies on Montmorillon-
ite!’* reported similar features resulting from both, correlated
and uncorrelated stacking. Further localized sheet bending in
different orientations was investigated by HRTEM, which also
occurred for C1 (see Figure 6). Thus the C2 nanowalls consist
of stacked nanometric layers indicating that the compound
adopts a layered structure. Different from the case of Montmo-
rillonite, the bending of C2 showed a preferred orientation as
the layers tend to roll up (Figure 7a). This correlates with a
preferably small rotation angle between the stacked layers,
indicated by a gap in the ED pattern rings (Figure 9b).

The rotation angles are frequently random, but in many in-
stances, when the thickness is restricted to a few rotated stacks,
it is possible to determine the rotation angles and the number
of rotated stacks establishing the nanowall. The d values of the
structure of C2 obtained from the circles of the SAED pattern
are 3.29, 1.92, 1.66, 1.26, 1.11, and 0.97 A and were as well
determined by PD experiments. In case of large rotation angles

of a few monolayers in the nanowall, fascinating superposition
micrographs are recorded (Figure 10). The arrangement of the
dots highlights the non-periodic appearance of the superposi-
tion, and the composite nature of four rotated layers is clearly
seen in the FFT of the micrograph (Figure 10b). The low thick-
ness of the stacks is well supported by the absence of dynamic
scattering in the electron diffraction pattern. Thus by nearly
kinematic intensity data it could be possible to count the
number of layer stacks as each set of reflections can be as-
signed to one of the rotationally disordered stacks (see the FFT
in Figure 10c). This advanced option is part of future work on
layered chalcogenides and ferricrystalline materials.”5!

Figure 10. (a) HRTEM imaging on rotationally disordered stacks of
C2 (aligned close to hexagonal axis). (b) Left: rationalization of the
superposition contrast by superimposing four simulated micrographs
which were rotated to each other by 8°, 20°, and 48°, respectively.
Right: enlarged section of experimentally observed superposition con-
trast. (c) Fourier transforms of square selected areas of the images
shown in (b).

The analysis indicates that C2 may present a new structural
modification, unknown for a Cu-In-S compound with compo-
sition close to Culn;Ss. In previous works CulnsSs has been
detected as segregation in CulnS, prepared with excess of
In,'7®! but its crystal structure is not exactly known. The prepa-
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ration of powders with composition Culn;Ss was reported, and
a chalcopyrite type structure with space group P42c¢ was pro-
posed with lattice parameters a = 5.82 A and ¢ = 11.58 A;129-31]
however, for C2 we can definitely exclude this structure
model. Unfortunately, no further structural details were men-
tioned and the assumptions were not verified e.g. by Rietveld
refinements of the X-ray powder data.

The TEM analysis of C3 demonstrates that it is composed
of aggregates of “nanobelts”, which are randomly arranged
(Figure 11a). The average diameter of the single nanobelts is
about 20 nm and the lengths vary up to more than 1 um. The
crystallinity of the nanobelts is low and crystal defects are
present in the most of them. However, in some cases several
aspects of the atomic structure could be determined, for exam-

Figure 11. (a)TEM bright field micrograph of C3 (nanobelts). (b) Typ-
ical SAED pattern of C3. The nanobelts present prominent structural
defects, but it is possible to calculate the d values from the identified
rings of the pattern. (c¢) HRTEM micrographs of a nanobelt of com-
pound C3. The repeated unit perpendicular to the axis of the belts is
about 12.5 A.

ple, the d-values of the structure can be calculated from the
rings’ radii in the SAED patterns (Figure 11b). On the other
hand, the observations with HRTEM (Figure 11c) suggest the
formation of strings along the axis of the belts. In all cases
the repeating unit perpendicular to the axis was about 12.5 A
estimated from the FFT.

The analysis of the three different constituents yields a com-
prehensive picture of the morphology and composition. The
evaluation of the ED patterns indicates that the d values of C3
do not match with data reported for any Cu-In-S phase. The
chemical analysis of component C3 yields the composition
Cuy 11(0.38)In7510.95(0.9) Tesembling that of the layered chalco-
genide Culn,Se;;.[3! Applying this structure type (after ad-
justing lattice parameters) a good agreement is observed for
simulated and experimental X-ray data.

Optfical Properties

The red-orange product consisting of C2 and C3 and the
phase pure red sample C3 were analyzed with UV/Vis spec-
troscopy. Applying a Kubelka-Munk plot for determination of
the bandgap of the C2/C3 mixture the absorption edges are
located at 2.05 and 2.17 eV (Figure 12 top), and for the red
compound the bad gap is estimated as 2.05 eV (Figure 12 bot-
tom). These values are larger than that of other Cu-In-S phases
(see introduction), but close to that of In,S5 (2 eV).[””! But as
mentioned in the introduction the bandgap strongly depends
on the actual composition and the crystallite sizes.

o’/s fa.u.
\"‘\.

1.50 175 200 226 250 275 3.00
energy /eV

o*is? fa.u.

1.50 175 2,00 2325 250 275 3.00
energy /eV
Figure 12. Kubelka-Munk plots of the red-orange component (top) and
of the red component C3 (bottom). Note: An intersection with a base-
line was considered for the determination of the bandgap.
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Conclusions

The reactions of Cu, In, and S in ethylenediamine under
solvothermal conditions near the composition Cu:In:S = 1:5:8
led to the formation of three different phases in an intimate
mixture. Compound C1 with composition close to CulnS, is
obtained as black piled plates aligned in needles. According to
electron diffraction patterns, C1 corresponds to wurtzite-
CulnS,. Sample C2 with composition near Culn;Ss featured
stacked nanowalls with a hexagonal symmetry and the phe-
nomenon of turbostratic disorder. Compound C3 (nanobelts)
with an empirical chemical formula Cuy 11 38)In7S10.9500.9) 18
a Cu-poor material, which has a laminar structure exhibiting
structural similarities to the layered chalcogenide Culn;Se;.
The presented investigations highlight the complexity of solvo-
thermal syntheses, in which product formation depends on sev-
eral parameters like ratio of starting materials and reaction
times. The results show that at short reaction times and lower
S contents nucleation and growth of CulnS, cannot be avoided.
With higher S contents and longer reaction times the sample
C2 with composition near Culn;Ss nucleates and crystallizes
together with Culn,S,. Finally extending the time to 20 d and
using an S excess an optically phase pure product could be
synthesized. In addition, we have demonstrated that X-ray
powder diffractometry is not a conclusive analytical tool for
identification of the phases and elaborated HRTEM investi-
gations are necessary to gain more insight into the composi-
tions and structures of the materials.
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