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The chalcopyrite-type CulnSe; is a remarkable material for thin film solar cells owing to its electronic structure
and optical response. Single-phase sphere-like CulnSe, nanocrystallite particles were prepared by a facile
noninjection method with triethanolamine as the complexing agent and the solvent simultaneously. The period
of the reaction was the key to form single-phase CulnSe, nanocrystals at 240 °C. TEM, XRD, XPS, EDX
investigations were performed to characterize the morphology and the detailed structure of as-synthesized
CulnSe; nanocrystals. All of the analysis results proved that the synthesized nanocrystals were pure phase and
close to the stoichiometric ratio rather than a simple mixture. The band gap of the obtained CulnSe;

nanocrystals was 1.03 = 0.03 eV.
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Introduction

Copper indium diselenide (CulnSe)-based solar cells
have often been considered as one of the most promising
ones for cost-effective power generation due to the high-
efficiency. In fact, devices based on this optical material and
produced by three-stage co-evaporation with a modied
surface termination under high vacuum have achieved a
conversion efficiency up to around 20%." However, the high
costs of widespread utilization of CulnSe;-based solar cells,
using high-vacuum deposition techniques, have become a
substantial hurdle to the thin Im PV market. Meanwhile,
non-vacuum methods for formation of CulnyGa;Se; (0 < x
< 1) (CIGS) thin film photovoltaic absorbers can obviously
reduce the cost of the fabrication and installation, which is
necessary to compete with the traditionally generated power.
What’s more, the quality of CIGS layers obtained under non-
vacuum are close to those made by vacuum methods, and
some non-vacuum methods have been widely adopted.”
There are currently several interesting ways to form high-
quality CIGS films under non-vacuum condition.” Particuar-
ly, one approach is to chemically synthesize corresponding
nanocrystals with tunable size and crystal phase, and then
mixing these nanocrystals with suitable organic solvents so
as to create a good dispersive and air-stable paint or ink.’ the
particulate paint or ink can be assembled on both rigid and
exible substrates using roll-to-roll process, which have the
potential to make them cheap enough to large-scale manu-
facture. To obtain high-quality CIGS films, a key challenge
is the synthetize of single-phase and nearly monodisperse
semiconductor compounds nanocrystals.* Therefore, develop-
ing facile routes that enable low-cost fabrication of inorganic
colloidal nanocrystals ink to be used in a scalable coating
process has attracted a great deal of attention.

To date, CulnSe, and related nanocrystals, a class of
optical materials suitable for high-efficiency solar cell fabri-
cation, have been synthesized by solid-state reaction,’ solvo-
thermal,%” and hot-injection techniques.*'*> In a common
sense, however, the nanocrystals synthesized by solvother-
mal techniques, which are conducted under the high temper-
ature and pressure, are highly polydispersed, and generally
require above 15 hours or even a few days to perform.
Meanwhile, the hot-injection methods need complex devices
with protective atmosphere and a rapid injection of pre-
cursors into a hot organic reaction medium.'* Furthermore,
expensive oleylamine is needed as solvent and complexing
agent via hot-injection technique to synthesize such multiple
chalcopyrite nanocrystals. It is rarely reported that CulnSe,
nanocrystals with a band gap greater than 1.03 eV are
synthesized by hot-injection solution method, due to the fact
that high-temperature is beneficial to nanocrystals growing
in hot-injection processes. '

Here, we report a facile noninjection route to prepare high-
quality chalcopyrite CulnSe; nanocrystals. A similar non-
injection thermal decomposition method has also been
successfully used in the synthesis of monodisperse pyrami-
dal CulnS; nanocrystals.'® however, some toxic chemical,
such as n-dodecanethiol and 1-octadecene, were used during
the reaction process. In this work, the synthesis was carried
out in triethanolamine (tEA). tEA was considered as the
reaction medium and the complexing agent. The mechanism
showed that the period of the reaction was the key to form
single-phase CulnSe; nanocrystals at a fixed temperature.
The structure, composition, morphology and absorption
spectra of CulnSe; nanocrystals were investigated. This
approach will allow low-cost fabrication of solar cell devices
through these methods such as drop casting,* spin coating,'’
and printing.'®
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Experimental

Chemicals. Copper (I) chloride (CuCl, 99.99%), indium
() chloride (InCl3-4H,0, 99.999%), selenium (Se, 99.999%),
and triethanolamine (tEA, 99t%) were purchased from
Sigma Aldrich and used without further purification.

Characterization. Phase purity and crystal structure of
the samples were analyzed by powder X-ray diffraction
(XRD; Rigaku D/max-Ra) using Cu Ko radiation. The
morphology and element composition were characterized by
Scanning electron microscopy (SEM; FEI Inspect F) equipp-
ed with an energy dispersive X-ray spectrometer (EDS;
Oxford INCA Penta FET*3). The average size (P = 95%) of
the nanocrystals was measured by SigmaScan Pro 2.0 soft-
ware based on 5 different SEM images with a magnification
rate of 80000. The microstructure and morphology were
characterized by Transmission electron microscopy (TEM;
Tecnai G2 F20 S-TWIN)) with an accelerating voltage of
200 kV. The X-ray photoelectron spectra (XPS) were
collected on an XSAM 800 XPS, using non-monochro-
matized Mg Ko X-ray as the excitation source. UV-vis-NIR
absorption spectra were carried out to evaluate the optical
properties of CulnSe; nanocrystals by using a Perkin Elmer
Lambda 750 UV-vis spectrometer.

Sample Preparation. In a typical synthesis, two precursor
solutions were prepared. For the preparation of a Cu-tEA
and In-tEA precursor solution, stoichiometric amounts of
copper (1) chloride, indium (III) chloride were combined in
tEA under inert conditions and heated to 180 °C under the
protection of the nitrogen. Over the course of an hour, the
solution, marked solution A, gradually changed from color-
less, to blue, and to orange red because of the dissolution of
CuCl and InCl; in tEA. Subsequently, the reaction flask was
cooled down to room temperature. In a separate vial, A Se-
tEA solution was obtained when selenium powder was
absolutely dissolved in tEA, supported by the change in
solution color from transparent to red-brown, and also the
fact that the selenium powder disappeared soon after it was
added into tEA. The Se-tEA precursor solution, labeled
solution B, was prepared and then cooled down to room
temperature.

Solution B was mixed into the reaction flask containing of
the solution A at room temperature. After that, the mixture
was heated to 240 °C to allow the nanocrystals to grow. All
the experiments were done under the protection of the argon
to ensure an inert atmosphere. After a xed time, such as 1h,
6h and 10h, the products were carefully taken out, centri-
fuged, washed 3-5 times with methanol to remove any free
tEA, and dried under vacuum at the room temperature.

Results and Discussion

The main purpose of this work is to prepare single-phase
CulnSe; nanocrystals, so serial experiments were carried out
on the basis of variety of time, and the products, obtained at
different stages, were investigated using the XRD, as shown
in Figure 1. From the XRD patterns, it can be found that the
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Figure 1. XRD patterns of as-synthesized nanocrystals from the
Cu-In-Se precursor with respect to the different reaction time, (a) 1
h, (b) 6 h, and (c) 10 h.

secondary phase of indium selenide and copper (I) selenide
binary compound exist when the reaction time is less than 10
h when the temperature is xed at 240 °C. All diffraction
peaks of the as-synthesized nanocrystals, which react for 10
h, match their standard crystal structure patterns for CulnSe,
(JCPDS 40-1487), and no other crystal phases are observed
in the XRD patterns of the product.

According to X-ray diffraction scans of the product, the
reaction process would be illustrated as follows: tEA is a
weak base and its chemical formula is N(CH>CH>OH)s.
During the reaction, tEA served as both the reducing agent
and the complexing agent. On the one hand, the selenium
powder could be reduced to Se*” ion by the reducing agent
tEA at a high temperature. When the two precursor solutions
were mixed, dissociative Se*” might combine with Cu or In
ions to form Cu,Se or In;Ses in the tEA solution. Cu,Se and
In,Se; could react, and CulnSe, nanocrystals were produced.
A similar phenomenon had also been reported,'®! which
was considered as a solid-liquid reaction mechanism. On the
other hand, the chelating ability of tEA is attributed to the
interaction of oxygen atoms on hydroxyl groups with metal
ions. As the complexing constant of (Cu-tEA,)*"is 1 x 10°2°
apparently, tEA is a good candidate for the chelating agent.
As the metal ion-tEA is a chelate, a steady stream of metal
ions was provided for the reaction process, and then CulnSe;
nanocrystals were consistently deposited.

The morphology of the obtained nanocrystals was investi-
gated by TEM observation. Figure 2(a) shows the TEM
image of the CulnSe, synthesized at 240 °C for 10 h,
indicating that the outward appearance of the as-prepared
CulnSe; nanocrystals seems like spheroid. The size of the
CulnSe; nanocrystals ranges from 27.2 nm to 53.1 nm,
which can be attributed to the different growth time at a high
temperature.

The high-resolution TEM (HRTEM) image (Figure 2(b))
of the as-synthesized nanocrystals shows that the lattice
fringe gives an interplanar spacing of 0.33 nm, which matches
well with the distance of the (112) plane of the standard
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Figure 2. (a) TEM and (b) HR-TEM image of the CulnSe,
nanocrystals obtained at 240°C for 10h, (c¢) EDS spectrum
showing the composition of the nanocrystals.
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tetragonal CulnSe,. Both HRTEM and XRD conrmed that
pure-phase CulnSe, nanocrystals with a tetragonal chal-
copyrite structure were obtained. The formation of such
nanocrystals may involve the reactions of Cu,Se with In,Ses,
decomposed from CuCl and InCl; respectively, in the
presence of tEA.

Additionally, the energy dispersive X-ray spectrum (EDS)
of the nanocrystals (Figure 2(c)) microanalysis was perform-
ed by randomly selecting single particles in the TEM image.
No appreciable impurity is observed in the spectra. A very
small C peak and a significant Au peak, which come from
the metallization process, were detected in the EDX spec-
trum. The results show that the atomic ratio of Cu:In:Se is
1.05:0.97:1.86, which further demonstrats that these nano-
crystals are single phase and close to stoichiometric. The
nanocrystals are slightly copper-rich and selenium-deficient.
The lower Se content may be attributed to the oxidation of
the samples during the analysis.

X-ray photoelectron spectroscopy (XPS) analysis was
used to confirm the valence states of the CulnSe, nano-
crystals as shown in Figure 3. The Cu 2p, In 3d, and Se 2p
core levels were examined respectively. The binding ener-
gies obtained in the XPS analysis were corrected for
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Figure 3. XPS of the CulnSe; nanocrystals synthetized for 10 h in tEA. (a) Survey spectrum. (b) The XPS spectrum of Cu 2p. Two narrow
peaks at 931.75 and 951.46 eV, matched well with the reported binding energy for Cu (I). (¢) The XPS spectrum of In 3d. Two peaks
located at 444.01 and 451.52 eV, indicate In (III). (d) The XPS spectrum of Se 3d. Peak located at 53.64 eV, consistent with Se in selenide

phases.
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Figure 4. UV-vis-NIR absorption spectrum of the obtained

CulnSe, nanocrystals. The estimated band gap energy is 1.06 +
0.03 eV.

specimen charging by referencing the C 1s to 284.60 eV. The
occurrence of O is considered as a consequence of O;
adsorption in the air. The appearance of the characteristic Cu
2ps» peak at 931.7 eV, Cu2pi, peak at 951.5 eV, which is
showed in Figure 3(b), confirm that the existence of Cu®. In
addition, there is no Cu 2p3., satellite peak at about 942 eV
that is attributed to Cu®*". Detailed scan for In 3d (Figure
3(c)) shows two peaks locate at 444.01 eV and 451.52 eV,
match well with the reported binding energy for In(III).’
There is only one peak of Se 3d at binding energy 53.64 eV,
which is consistent with Se in selenide phases. In conclu-
sion, the XPS spectra of the three constituent elements
indicate that Cu (I), In (III), Se (II) are consistent with those
reported in literature for CulnSe,.”?!

In order to evaluate the application of this facile non-
injection synthesis method to solar cells, the optical
properties has been studied. Figure 4 shows the UV-vis-NIR
absorption spectroscopy to evaluate the optical properties of
the nanocrystals suspended homogenously in toluene solu-
tion. It shows the characteristic spectrum of CulnSe; ranges
from 350 nm to 1500 nm. The variation of (ahv)® as a
function of the photon energy (hv) is also shown. An
approximate linear relationship is obtained, and the Eg of the
as-synthesized CulnSe; nanocrystals is therefore estimated
to be 1.06 = 0.03 eV from the intercept of the linear portion
of the curves with the photon energy axis. So the band gap
energy is consistent with the reported value of 1.03 eV for
the CulnSe; nanocrystals and is close to the bulk chal-
copyrite CulnSe; (1.10 eV).? Y. Wang and co-workers have
reported that smaller nanocrystals are needed to observe
significant quantum confinement effects when the particle
size is comparable with the Bohr radius of excitons.” The
fact suggests that the quantum size effect is scarcely observed
for CulnSe; nanocrystals of sizes larger than 30 nm. The
CulnSe; nanocrystals may strongly absorb throughout the
entire visible region of the spectrum, resulting in a black
color of the material.
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Conclusion

A facile noninjection reaction route is developed for the
synthesis of single-phase CulnSe; nanocrystals, by using
tEA as the complexing agent and the solvent. This route is
low-cost and based on green chemistry with a large-scale
capability. This noninjection synthesis foretells an easy
handling with high reproducibility, low-cost but high-yield
(about 85%).

XRD, XPS, EDS, HR-TEM analyses conrm that the struc-
ture and composition of the nanocrystals, prepared by this
method, correspond to those of pure phase CulnSe,.

The UV-vis-NIR data show that the band gap of the
obtained CulnSe, nanocrystals are in the range of 1.03-1.09
eV, which is of interest for its photovoltaic applications.
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