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An In—CulnS; nanocomposite film has been prepared by Pulsed Laser Deposition applying a single source
precursor. X-ray powder diffraction, Raman spectroscopy and transmission electron microscopy obser-
vations evidence that the film consists of nanocrystals of elemental In and chalcopyrite type CulnS; with
sizes of 36 and 17 nm respectively. A detailed analysis of the electrical performance of the film suggests
that the nanoparticles are in Ohmic contact and that the resistivity is mainly caused by the CulnS;

nanocrystals which are less conducting than the pure In metal. Irradiation of the film with light shows
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a photoconductive effect mainly with wavelengths larger than 515 nm and smaller than 850 nm.
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1. Introduction

CulnS, crystallizing in the chalcopyrite structure type is
a material that has been extensively studied due to its good
photoelectric properties [1,2]. It has a direct band gap of around
1.5 eV being in the optimum range for solar energy conversion [3],
and can be prepared as both n- and p-type conducting material in
bulk form [2,4], as films using various deposition techniques and
starting materials [5—10], or as nanocrystals with quasi-spherical
shape [11—13] or with different shapes like hollow microspheres
[14], or nanotubes, nanoribbons and nanowires [15,16]. Recently,
this material has been also used as core or shell of nanoparticles
[17,18], and in the form of nanocolloids in nanocrystal inks for
printable photovoltaics [19,20]. Despite many efforts the energy
conversion efficiencies of solar cells prepared with this material
have so far been limited to around 12% due to the difficulties to
prepare films of very high quality [5,6]. Based on the pioneering
work by Grdtzel et al., Heeger et al. and others [21—25] new solar
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cell designs based on nanometre scale blends or so-called
interpenetrating systems have been investigated. In many cases
such nanosized or nanostructured cells work with dye-electrolyte
couples or organic materials. The disadvantages of these cells are
the risk of leakage and degradation. Therefore, there is a need of
pure inorganic materials for such nanostructured solar cells and
one approach is the usage of inorganic nanoclusters together with
CulnS,. For example, nanocomposite films of TiO; and CulnS;, have
been prepared by chemical spray deposition to produce a nano-
composite 3D solar cell. The TiO, nanoparticles reduce the
migration distance of the minority carriers during photoconduction
and in that way also the recombination rate resulting in an
improvement of the efficiency [26,27]. The performance of such
nanocomposite solar cells is strongly influenced by several
parameters like buffer layer thickness or morphology of the TiO;
nanoparticles [27]. Despite some promising results on this kind of
nanocomposites, they have not been much explored, even when
there are other good candidates to form nanoclusters in CulnS,.
Very recently it was demonstrated that In metal deposited on
CulnS; films shows the lowest specific contact resistivity which is of
great importance for solar device properties [28]. Such a low
contact resistance of In with CulnS; could be beneficial in
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composite systems for photoconductive applications. On the other
hand, tandems of nanometric layers of metals with semiconductors
exhibit interesting photoconductive properties with ballistic
transport of photo-excited carriers through the metal layers
[23,29]. These observations encouraged us to synthesize nano-
composite films containing CulnS; and In nanoparticles. The
concept of metal-semiconductor nanocomposite films is new and
we started to develop a suitable synthesis strategy. For the
synthesis a single source inorganic-organic precursor was used,
because in this state the elements are mixed on atomic level. The
precursor material [Cy3H2gN2]sCup1(1)In17.9(1)S33-17H0  was
selected because it contains only Cu, In and S besides the organic
molecules and water. Furthermore, the In:Cu ratio is high
increasing the possibility of deposition of elemental In besides
a Cu—In—S phase thus forming the desired nanocomposite. In
addition, the present investigation should show whether such
a compound composed of large inorganic clusters is suitable as
a single source precursor. The selected deposition method was PLD
where the fast ablation of the target material by the excimer laser
minimizes the preferential vaporization of the different elements,
allowing the production of homogeneous films in a broad range of
thicknesses [30].

During the deposition process of the film regularly distributed
CulnS; and In nanoparticles were formed. The nanocomposite film
was characterized with respect to the structural, optical and
photoelectric properties and the results are presented and
discussed in the paper. The film was analyzed by Raman spectros-
copy, X-ray powder diffraction (XRD), high resolution transmission
electron microscopy (HRTEM), UV—vis spectroscopy and by means
of [-V (current—voltage) measurements.

2. Experimental details
2.1. Preparation of the precursor

An hybrid (organic-inorganic) Cu—In open framework thio-
metalate with composition [C13H28N2]5CU2.1(1)11'117.9(1)533'17H20
(1), isostructural to the known framework with composition
[C13H28N3]5Cd4In16S33-13H20 [31] was prepared. Note that the
estimated variation of the composition of the compound is based
on the average of several analyses performed on different
batches. For the synthesis, 0.7 mmol of CuS, 4.2 mmol of In,
6.9 mmol of S and 13.46 mmol of 4, 4'-trimethylenedipiperidine
were used. The precursors were mixed with 2.5 mL of water and
2.5 mL of ethyleneglycol in a 35 mL Teflon-lined stainless steel
autoclave and stirred for 15 min. The sealed vessel was then
heated at 190 °C for 5 days. After cooling down to room
temperature, the product was filtered off, and washed with water,
ethanol and acetone. Prismatic yellow crystals in a yield larger
than 90% based on In were obtained. Details of the structure and
properties of the compound [Ci3H28N2]5Cuz1(1)ln17.9(1)S33-17H20
will be published elsewhere.

The product was crushed and the obtained powder was ther-
mally treated in Argon atmosphere at 330 °C for 2.5 h. After
decomposition of the precursor material elemental analysis gave 15
weight% of C. The black amorphous product was finally pressed
isostatically to form a pellet being 1.5 cm long and 1 cm in diameter.
This pellet was used as the single source precursor for the
deposition of the film.

2.2. Deposition of the film
The film was deposited by pulsed laser deposition (PLD) on

a (111) Si substrate with resistivity 100 - 10> Qcm heated at 500 °C,
under vacuum. We used a vacuum chamber (minimum pressure
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Fig. 1. TEM micrographs of a) an In-rich zone and b) a S-rich zone. EDX analyses were
done in the indicated points and the results are summarized in Table 1.

p = 5-10~2 Pa) equipped with a turbomolecular pump and a cold
trap (liquid nitrogen) to avoid a sulfur contamination of the
pumping system. A Kr-F excimer laser (A = 248 nm, Compex 201,
Lambda-Physik, Géttingen, Germany) was used for the ablation
process. For the deposition, the optimized conditions for the
preparation of good quality films of other chalcogenide composites
were used [30,32]. We chose pulse energy of 160 m], corresponding
to approximately 4 JJcm?. The repetition rate was adjusted to 5 Hz,
the pressure of the background gas was fixed to 1 Pa, and the
substrate temperature was 500 °C. Argon was used as the back-
ground gas. The distance between the target and the substrate was
adjusted to 40 mm. The thickness of the films was estimated as
approx. 3 pum.

2.3. Characterization methods

For Transmission Electron Microscopy (TEM) investigations, the
film was scratched from the substrate and the resulting
micro-particulates were transferred to aluminium grids which
were fixed in a side-entry, double-tilt holder with the tilting
limited to a maximum of +25° in two directions. High resolution
transmission electron microscopy (HRTEM) was performed with
a Philips CM30ST (300 kV, LaBg cathode). EDX (energy dispersive
X-ray spectroscopy) was performed in the scanning and nanoprobe
mode of the CM30ST instrument using a Si/Li-EDX detector (Noran,
Vantage System).
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Table 1
EDX analyses in at.% of a) an In-rich zone and b) a S-rich zone, which are illustrated
in Fig. 1 a) and b)

Zone Point S—K Cu—K In—L

a) 1 25.8 9.4 64.8
2 6.0 2.0 92.0
3 353 13.8 51.0
4 10.3 4.0 85.7
5 342 9.9 56.0
6 9.3 2.8 87.9

b) 1 293 4.6 66.2
2 47.7 8.0 443
3 51.8 8.2 40.0
4 51.4 8.4 40.2
5 40.1 58 54.0
6 50.5 7.4 42.0

XRD (X-ray Diffractometry) measurements were performed
with a PANalytical X’PERT-PRO diffractometer in reflection mode
using Cu—Ka radiation. The diffractogram was collected in the 20
range from 31 to 58° to avoid the reflections from the Si substrate.
The Raman spectrum of the film was measured with a HORIBA
Jobin Yvon Xplora microscope, using 638 nm laser excitation,
a 100x Olympus objective with 0.9 numerical aperture, and an 1800
groove/mm grating with a spectral resolution of about 1.2 cm™L
Approximately 10 mW laser light was focused on the sample in
order to avoid artefacts in the measurements due to heating.
Measurements of optical reflection were carried with a Cary 5000
UV—Vis—NIR spectrophotometer in the range of 200—900 nm,
using a halogen lamp as light source and a photomultiplier as
detector. The [-V characteristics of the film were measured with
a source—measure—unit Keithley 236 in sweep mode under dark-
ness and under illumination. A 250 Watt Long Life Metal-Halo-
genide lamp was used as light source, providing a light power of
4 mW/cm? to the surface of the sample. A two probe arrangement
was used for the measurements with every probe serving as
a current and as a voltage probe, contacting directly the surface of
the film. The diameter of the probes was around 0.2 mm. The
distance between probes for the measurement was either 0.5 or
2.5 mm.

3. Results and discussion
3.1. Structural and chemical characterization

Microprobe EDX analyses performed in the scanning electron
microscope show the atomic ratio of Cu : In : S is as expected from
the precursor. However, according to nanoprobe EDX measure-
ments performed in TEM, the ratio of the constituting elements Cu,
In, S varies strongly and unsystematically at the nanoscale. Hence,
nanoprobe analyses were undertaken to figure out the reason for
the large compositional fluctuations. In the TEM images displayed
in Fig. 1a and b the different numbered spots indicate the areas
where EDX analyses were carried out. The micrograph in Fig. 1a was
recorded in an In-rich area whereas the picture shown in Fig. 1b
was taken in a S-rich region. The results of the analyses summa-
rized in Table 1 clearly evidence that in the In-richest regions only
small amounts of S and Cu are present. The large compositional
variation is caused by the nanodisperse distribution of the
components well seen in the TEM micrographs, e.g. CulnS,, In and
amorphous S. The latter together with remaining carbon might
represent the amorphous areas between the nanocrystals. No
evidence for secondary crystalline phases in the film were obtained
as described below.

A part of the Raman spectrum of the film is shown in Fig. 2. The
Raman peak centered at 310 cm™! is blue-shifted with respect to
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Fig. 2. Raman spectrum of the film. The peak centered at 310 cm™"' is due to the A,
phonon mode of CulnS,. The broadness of the peak indicates the nanocrystalline
nature of the film.

the position of the A; phonon mode of bulk CulnS; positioned at
around 290 cm~' [33]. This effect has been reported for In-rich
CulnS; films [34]. In the present film the shift of the mode is due to
the nanosized In particles found together with CulnS,. The width of
the peak is an indication of the nanocrystalline nature of the
material, and the asymmetry is caused by the size distribution of
the nanocrystals, as in the case of nanocrystalline Si [35]. The
presence of CulnsSg which is a common byproduct in CulnS; films
[36] could be discarded since its Raman line is located at 362 cm™!
[37], exactly at the edge of the Raman peak centered at 310 cm™ .
On the other hand, CulnS, with CuAu structure type presents
a Raman peak at 305 cm~! [6] which is very close to the experi-
mentally determined position of 310 cm~!. Nevertheless this
structure type of CulnS; is not in accordance with the XRD and
electron diffraction (ED) patterns.

The TEM bright-field image (Fig. 3a) shows an area containing
CulnS; nanocrystals (nCs). The crystalline particles are enclosed in
white lines in the figure, an as can be seen they are randomly
oriented. Fourier transforms of different TEM micrographs were
performed yielding patterns with the d-values of CulnS, with
chalcopyrite structure. The nCs are uniformly distributed and are
separated by amorphous regions (thinner than 1 nm), which
contain carbon and possibly sulfur. The sizes of the nCs range
between 13 and 20 nm. In Table 2 are listed the d-values calculated
from the ED pattern of Fig. 3b and those of bulk chalcopyrite CulnS;
[38] and CulnS; with CuAu structure [39]. A comparison of the data
clearly demonstrates that the CulnS; crystallites in the film have
very similar lattice parameters like bulk CulnS; with the chalco-
pyrite structure type [38]. A further comparison with the d-values
expected for the CuAu structure type of CulnS; [39] evidences the
absence of this structure type in the film material, especially
because the observed d-value close to 0.32 nm is not present in the
CuAu structure type. Therefore, the analysis of the ED pattern
supports that the nCs are CulnS; with chalcopyrite structure and
that the Raman peak at 310 cm~! corresponds to the A; phonon
mode of this material. This conclusion is further evidenced by the
detailed analysis of the XRD pattern.

The XRD pattern of the film is displayed in Fig. 4. The most
intense reflections located at 26 = 32.9, 36.3, 39.2, 54.5 and 56.6°,
correspond to the (101), (002), (110), (112) and (220) planes of
elemental In [40]. The reflections are significantly broadened,
which could be caused by strain and/or particle size effects. The
particle size of the coherent scattering domains of the In clusters
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Fig. 3. a) TEM micrograph of a region of the film containing CulnS,. This material
consists of randomly oriented nanocrystals (enclosed in white lines). b) Electron
diffraction pattern measured in this region.

calculated with the Debye—Scherrer formula is about 36 nm using
the (101) reflection (no correction was made for instrumental
broadening). The two Bragg peaks located at 46.8 and 55.4° can be
indexed with the (220) and (215) reflections of chalcopyrite CulnS,
which were reported to occur at 46.84 and 55.36° 26 [38]. Several
intense reflections of CulnsSg like the (511/333) at 43.99 and the
(440) at 48.13° 20 are not seen in the pattern [41], highly suggesting
the absence of this material in the film. Again, the full-width at half

Table 2
d-values extracted from the electron diffraction pattern together with those of
chalcopyrite and CuAu type CulnS,.

d [nm] Planes CulnS, d [nm] CulnS; Planes CulnS;  d [nm] CulnS,
meas. chalc. chalc. CuAu type CuAu type
0.317 (112) 0.3157

0.305 (103) 0.3037 (002) 0.3078

0.192 (220) 0.1938 (003) 0.2053

0.164 (215) 0.1658 (004) 0.1538
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Fig. 4. X-ray powder pattern of the CulnS/In film. The most intense reflections
originate from In nanoclusters. The broad Bragg peaks at 46.8 and 56.4° are due to
nanocrystals of chalcopyrite CulnS,.

maximum was used to calculate the crystallite size of the CulnS,
nanoparticles and a value of 17 nm is obtained. The crystallite sizes
determined from the powder pattern are in good agreement with
the sizes estimated from the TEM picture. The very broad feature in
the pattern located around 51.2° 26 cannot be explained by any
Cu—In-S, In—S and/or Cu—S phase, and its origin is still not clear.
Considering the areas of the most intense reflection peaks of In and
CulnS; an approximated ratio of 7:1 of In:CulnS; is calculated, in
good agreement with the expected ratio of 8:1.

3.2. Optical and photoelectrical characterization

From the optical reflectance measurements and considering
zero transmission, the percentage of absorption can be calculated
with the simple relation

A = 100(1 —R) (1)

with A being the percentage of absorption and R the reflectance.
The optical absorption spectrum of the sample is shown in Fig. 5
and the inset of the figure displays the absorption spectrum from
the Si substrate for comparison. In the considered energy range the
absorption of the Si substrate decays monotonically with increasing
energy, contrary to what is found for the sample. Despite the
contribution of the substrate to the absorption spectrum, an
absorption edge is evident in the plot caused by the material of the
film. The absorption edge at around 1.46 eV is close to the optical
band gap Eg of bulk CulnS; of 1.5 eV [2]. We note that the value for
E; reported in literature scatters between 14 and 177 eV
depending on the synthesis conditions, Cu:In ratio, particle size, or
post-synthesis treatments. CulnS; nanocrystals prepared by
a solution-based method exhibit E; values either smaller than
1.5 eV (1.47 eV) [42] or much larger (1.65—1.77 eV) [43]. It has been
also reported that the value of Eg of CulnS; films could vary from 1.4
to 1.47 eV increasing the annealing temperature [44]. Such a large
variation has been also observed for films changing the Cu:In ratio
between 1.2 and 0.9 [45]. Some examples for the variation Eg
depending on the synthesis method are 1.51 eV for films prepared
by sulfuration of Cu/In stacks [46], 1.53 eV for crystalline powders
prepared by a sintering method [47] and 1.4 eV for sprayed films
[48]. The Eg value for CulnsSg is lower than the values for CulnS,
and is commonly around 1.3 eV [49,50].
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Fig. 5. Absorption spectrum of the film. The absorption edge is at around 1.46 eV. The
absorption spectrum from the Si substrate is shown in the inset of the figure, for
comparison.

The current—voltage (I-V) characteristics of the film under
darkness and illumination are displayed in Fig. 6. The shape of both
curves is typical for ohmic behavior, i.e. the contacts and the In
nanoclusters in the film present a negligible electrical resistance
[51], allowing the control of the current by the resistivity of CulnS.
The photosensitivity Al/ly with Al being the photocurrent and Iy the
dark current, both determined applying the same voltage, calcu-
lated from the curves yields 0.455. Examples of reported values of
the photosensitivity of Cu-poor CulnS; are 0.1 for single crystals [2]
and 1 for sprayed pyrolized films [52]. This parameter is not
affected when a filter of 515 nm is used in front of the lamp. This
result suggests that the film exhibits photoconductive effects
mainly under light with wavelengths larger than 515 nm and
smaller than 850 nm (1.46 eV, the band gap of the material). This
photoresponse band is close to that of CulnS; films reported in
other works [1].

The resistance of the film, calculated from the I-V plot under
darkness is 219.4 kQ. This resistance (R;) of the sample combines
the contributions of the probe resistance (Rp), the contact
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Fig. 6. [-V curves from the film under darkness and under illumination. The distance
between contacts was 0.5 mm.

resistance (R.), spread resistance (Rsp) and the resistance of the film
(Rs), as described in equation (2).

Rt = 2Rp +2Rc +2Rsp +Rs (2)

The values for Rp, R. and Rsp are independent of the distance
between the contacts, while Rs varies linearly with the contact
distance. This dependency was checked by measuring the resis-
tance with a distance between contacts 5 times larger (2.5 mm)
yielding a value for R; of 371.4 kQ (R¢1). With this distance the value
for Rs is supposed to be 5 times larger, and equation (1) can be
rewritten as:

Solving the system of equations (1) and (2) gives R = 38 kQ.
The rest of the resistance is due to the other contributions, but as
the resistance Ry, is around 5 Q and R << Rsp because the contact
is ohmic, Ry, could be considered to be the major contribution for
the resistance, and for the value Rsp = 181.4 kQ is derived. From
this value it is possible to estimate the resistivity. For semi-
infinite thick films, the resistivity can be calculated with the
relation [53]:

Rsp = p/4r (4)

where r is the radius of the probe. The estimated electrical
resistivity using relation (4) amounts to 7.2 - 103 Qcm, which is in
the range of values reported for stoichiometric and In-rich CulnS;
films (n-type films) [54,55]. We want to mention that according to
some reports the value of the resistivity may be overestimated by
a factor that depends on the ratio r/th, with th being the thickness
of the film [56]. In the present case an overestimation of the
resistivity by up to two orders of magnitude cannot be excluded,
and therefore the calculated value of the resistivity should be
regarded as an approximation. It is also worthy to mention that
a survey of resistivity data published in literature for CulnS;
demonstrates that the data scatter over a relatively wide range.
Important factors controlling the resistivity are the synthesis
method, chemical composition and type of material, i.e., whether
experiments were conducted on bulk or films. For instance, an
n-type CulnS, film deposited on glass using thermal evaporation of
suitable ingots in a high-vacuum chamber exhibits a resistivity of
5.5 - 10> Qcm [7] which varies up to three orders of magnitude
varying the annealing temperature from 300 to 500 °C [57].
A strong dependence of the electrical resistivity on the Cu:In ratio
was observed for films deposited by spray pyrolysis [39] and other
methods. By this technique In-rich CulnS; films composed of very
small crystallites contain IngS7 InySs and CulnsSg as impurity
phases. Such films show electrical resistivity values around 10°
Qcm. A significant drop of the resistivity to about 0.06 Qcm occurs
for Cu:In ratios around 0.9—1.2 where the impurity phases could
not be detected in X-ray powder patterns, and additionally the
material becomes p-type conducting (In poor) [39]. Using chemical
bath deposition for the preparation of p-type CulnS; films yields 51
Qcm after annealing of the film at 450 °C in a sulfur atmosphere
[6]. For sputter deposited p-type films the electrical resistivity has
been reported ranging from 107! to 10! Qcm depending on the
post-treatment of the as-deposited films [38]. Other groups have
reported a change of n-type to p-type in sputtered films upon
aging in air, having then a change in resistivity of 2 - 10% to 10!
Qcm [58]. For stoichiometric polycrystalline CulnS; bulk material
prepared under high-pressure high-temperature conditions the
electrical resistivity is roughly 30 Qcm [5]. On the other hand,
highly densified and oriented stoichiometric CulnS; single-crystal
fragments synthesized by sintering at 1050 °C have a resistivity of
50 Qcm [4].
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Fig. 7. Plot of In(conductance) of the film versus 1/Temperature. There is a transition of
the slope around 230 K. Above this temperature the conductivity is dominated by
band-to-band transitions. Below 230 K the impurities of the material start to be more
important for the electrical conduction.

In the present film a larger value for the resistivity could be
expected considering the large amount of defects due to the grain
boundaries of the CulnS; nCs [54], and due to the presence of
amorphous C at the interfaces. But it seems that In nanoclusters and
the CulnS, particles have a reasonable good contact so that
scattering phenomena of the carriers at the large number of
interfaces are relatively low. Because the resistivity of In metal is
much smaller than the resistivity of CulnS,, the main contribution
to the resistivity should be due to the CulnS, nanocrystals.

A temperature-dependent [-V study of the film was done to
confirm the semiconducting behavior. For semiconductor materials
it is well known that the conductivity ¢ varies exponentially with
the temperature according to:

—E
=0y expTd’% (5)

where o is an overall constant that depends on the mobility, Eg is
the band gap, k is the Boltzmann constant and T is the Temperature
in K. When plotting In(¢) versus 1/T the obtained curve is linear.
Changes of the slope occur if impurities are present in the material.
These impurities need less energy to be activated.

In Fig. 7 a plot of In(conductance) of the film versus temperature
is presented. As can be seen, the curve is linear from 300 to 230 K. In
this region the conductivity is dominated by band-to-band transi-
tions. Below 230 K the slope changes and below this temperature
the impurities start to be more important for the electrical
conduction. The transition at 230 K is in good agreement with the
value of 250 K reported for n-type CulnS; [2]. Such a transition was
also observed in the material with p-type conductivity [59,60].

4. Conclusions

A metal-semiconductor nanocomposite film consisting of
nanocrystals of CulnS; with chalcopyrite structure and of In
nanoclusters was prepared by PLD using a single source precursor.
The new synthesis approach bases on a two-step procedure. The
Cu-poor [C13H23N2]5CU2‘1(1)In17‘9(1)533'17H20 thiometalate was
prepared solvothermally in the first step followed by controlled
thermal decomposition. According to the TEM and X-ray diffraction

experiments the size of the CulnS; crystallites in the film is around
17 nm. The X-ray powder pattern indicates that the In particles are
slightly larger than those of CulnS,. An interesting aspect of the
synthetic approach is the occurrence of CulnS; and elemental In
despite the large deviation of the Cu:ln ratio from 1:1 in the
precursor material. In several contributions it was demonstrated
that small deviations from the stoichiometric 1:1 ratio for Cu:ln
lead to the formation of different sulfides as impurity phases thus
significantly changing the electrical characteristics of the films. At
the moment we have no simple explanation for our experimental
finding.

Despite the nanoscale crystals and the large number of defects
and grain boundaries the electrical and photoelectrical properties
of the film are comparable with CulnS, films prepared with
different synthesis methods and without In nanocrystals. Especially
the electrical resistivity is in the same order of magnitude as
reported in literature for high quality CulnS; films. This result is
somewhat surprising and one possible reason for the relatively
good conductivity is the presence of In nanoparticles being in good
contact with the CulnS; crystallites, i.e., the scattering at the
particle interfaces is low. Additionally, as the resistivity of In metal
is much smaller than the one of CulnS,, the main contribution to
the resistivity should be due to the CulnS;, nanocrystals. One would
also expect some short circuits between In nanoparticles. But due
to the particle distribution such short circuits are statistical and
there is not a direct In metal pathway for the electrical current in
the film, as confirmed by the electrical measurements.

Further experiments are under way for the synthesis and char-
acterization of thin films using different precursors and applying
the PLD technique.
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