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a-CuSe crystals of different sizes and shapes have been synthesized by a sonochemical method using the less
hazardous elemental Se and Cu(Ac), as precursors under an atmosphere of Hy/Ar (5 : 95 v/v). X-ray
diffraction (XRD), energy-dispersive analytical X-ray (EDAX) and inductively coupled plasma (ICP) have been
applied to characterize the products. Transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) results show that they are crystallized nanoparticles of tens of nanometers or flakes of

1 um, depending on the irradiation time. Thermogravimetric analysis (TGA) indicates that the products are
stable up to about 480 °C. Diffusion reflection spectra (DRS) reveal that both of them show an indirect band
gap with a similar value of about 1.31 eV. Photoacoustic spectra results show that the nanoparticles and the
flakes have direct band gaps of about 2.39 eV and 2.21 eV, respectively. This is the first report of the optical
properties of a-CuSe. We propose an in situ reduction/reaction mechanism to explain the formation of CuSe.
The influence of ultrasound on the shape and the size of the product is discussed. The chelating role of the

DMSO solvent in the reaction has also been studied.

1 Introduction

Extensive attention has been paid to the preparation and
characterization of metal chalcogenides owing to their inter-
esting properties and potential applications.”” Recently, a
wide range of techniques has been developed to synthesize
metal chalcogenides with control of the microstructure and
particle size. These developments include self-propagating high
temperature synthesis (SHS),® molecular precursor reactions
(involving either the thermal decomposition of compounds
containing M-S or M-Se bonds or H,E (E = S, Se) as the
chalcogen source),”!° and the use of a template agent that
utilizes restrictive environments, such as polymer, micelles,
zeolites and glass.!'™'* Much of the work has been focused on
the formation of controllable nanoparticulate chalcogenides
(especially PbS, PbSe, CdS, and CdSe)."> These nanoparticu-
lates exhibit a size quantization effect that has a potential use
for optical signal processors and switches. Other research has
shown that solid state metathesis (SSM) reactions can be
utilized for the preparation of metal chalcogenides by treating
alkali-metal sulfides with metal halides.'®

The traditional methods, and most of the recently deve-
loped methods, usually demand high temperatures, and/or high
pressures, toxic precursors, and special matrices. It is difficult
to grow well-crystallized nanoparticles under such conditions.

Very recently, Parkin and coworkers!’ reported a route
to selenides by a reaction of Se with elemental metals in amine
solutions. Subsequently, several improved wet chemical methods
were suggested by Qian er al.'®2! to prepare later transition
metals and many main-group metal sulfides and selenides.
However, some of these approaches need special containers
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and/or high pressure, corrosive solvents (ethylenediamine) and/
or chelating agents, and long reaction times.

Copper selenides in different stoichiometries are semicon-
ductors with p-type conductivity, and have been widely used in
solar cells,?? as optical filters,” and as superionic materials.”*
Traditionally, bulk copper selenide can be prepared by heating
Cu and Se powders at high temperature in flowing Ar.? It has
also been shown that the element reaction could be promoted
by a high-energy milling at room temperature.”® However, the
quality of the product is difficult to control.

All of the new methods produce small nanoparticles, which
are useful for optical signal processors and switches. However,
large-size copper selenide particles with excellent crystal quality
are required for the application of solar cell materials in order
to result in a high mobility-life product.”’” Comparing them
with other promising metallic selenides, copper selenides have
more stoichiometries and phases.?® Different compositions,
stoichiometric (a-Cu,Se, CusSe, CuSe and CuSe,) and non-
stoichiometric (Cu, — ,Se) and structural forms of them are
well-documented.? It has been reported that the thermal
stability and the band gaps of copper selenides vary depending
on their stoichiometries or phases.’*3! The composition and
the crystal structure of the final products are usually dependent
on the preparation methods.'®3273* However, the preparation
methods and size or shape control are less flexible than other
metal selenides such as CdSe, and the studies relating to their
optical properties are limited. Therefore, to develop new
methods for preparing high quality copper selenide crystals and
to achieve control of their size or shape are very necessary.
Moreover, further studies of their optical properties will help
us to understand their interband properties.

Obtaining novel materials with controlled size or shape
under mild conditions and with safe precursors at lower
temperatures is an issue that has engaged many researchers.
Sonic energy has been routinely used in the field of material
science for many years.>> Its chemical effects have recently
come under investigation for the acceleration of chemical
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reactions and for the synthesis of new materials, as well as for
the generation of novel materials with unusual properties.®’*!
Herein, we report on a new sonochemical process for the
preparation of hexagonal a-CuSe crystals. The new sonochem-
ical method does not need any chelating agent or additive.
Simple precursors, elemental Se and Cu(Ac),, have been
utilized. On the other hand, a-CuSe crystals with sizes varying
from nanoparticles of tens of nanometers to flakes of 1 um have
been prepared for the first time by the sonochemical process.
The thermal stability and optical properties of the particles
have been studied. The reaction mechanism and the size control
mechanism are also briefly discussed in this paper.

2 Experimental section

Cu(Ac),, elemental Se (~ 100 mesh) and anhydrous dimethyl
sulfoxide (DMSO) were purchased from Aldrich and used
without further purification. Ultrasonic irradiation was
achieved with a high-intensity ultrasonic probe (Misonix;
XL sonifier, 1.13 cm diameter Ti horn, 20 kHZ, 60 W cm ™2
measured calorimetrically).

The X-ray diffraction (XRD) patterns were recorded on
a Rigaku X-ray diffractometer (model-2028, Co Ko A =
1.78892 A). Morphology and structure investigations were
performed with a JEOL-JEM 100SX transmission electron
microscope (TEM). Energy-dispersive analytical X-ray (EDAX)
was detected on a JEOL-JSM-840 scanning microscope. An
inductively coupled plasma atomic emission spectrometer
(ICP-AES) model “Spectroflame Modula E” from Spectro,
Kleve, Germany, with a standard cross-flow nebulizer, was
used to carry out the ICP measurements. Samples were
dissolved in dilute nitric acid. Analysis was conducted of
portions of these solution, vs. certified standards from Merck,
by ICP-AES. Thermogravimetric analysis (TGA) was carried
out on a Mettler TGA/STDA 851 thermogravimeter analyzer
under an Ar atmosphere in the temperature range from 25 to
1000 °C at 10 °C min~'. UV-Vis diffuse reflectance spectro-
scopy (DRS) was measured by a Cary 500 UV-Visible spectro-
photometer at room temperature in the wavelength region
between 200 and 800 nm. Photoacoustic measurements were
conducted employing a homemade instrument that has been
described elsewhere.*? The value of the band gap was
calculated using the “knee method”.** The powder was diluted
with MgO powder in order to prevent saturation phenomenon
during photoacoustic measurements (a 5% mixture of CuSe
was used).

In a typical procedure, 0.538 g of Cu(Ac), and 0.234 g of
elemental Se were dispersed in 80 mL DMSO. The mixtures
were then irradiated for 1.0, 2.0, and 2.5 h under an H,/Ar
atmosphere at room temperature, and the corresponding as-
prepared solids are designated as sample I, sample II and
sample III, respectively. During irradiation, the temperature of
the solution rose to about 130 °C. After irradiation, the
resulting black suspensions were centrifuged and the precipi-
tates were washed three times with absolute ethanol. The solids
were dried under vacuum at room temperature for 6 h. To
study the reaction mechanism, two control experiments were
carried out: (1) Cu(Ac), in DMSO was irradiated for 0.5 h,
yielding a dark gray precipitate; (2) the resulting solid from (1)
was mixed with elemental Se in DMSO solvent, and the
mixture was irradiated for 2 h under an H,/Ar atmosphere. The
solids obtained at the end of the control experiments were
characterized by means of FTIR and XRD.

3 Results and discussion
3.1 XRD studies

Fig. 1 presents the typical XRD patterns of samples I and III,
which can be attributed to the characteristic pattern of a-CuSe.
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Fig. 1 XRD patterns of samples I (curve A) and III (curve B).

Sample II shows a pattern similar to the above ones (not
included in the figure). The main diffraction peaks correspond
to the (101), (102), (006), (107), (110), (108), and (116) planes of
hexagonal a-CuSe (JCPDS file No. 6-427). After refinement,
the cell constants were calculated to be @ = b = 3.952 A and
¢ = 17.356 A, which are consistent with the reported data
in PDF NO. 6-427. Although there are more than 8 stoichio-
metries of copper selenides, and some stoichiometries have
different phases, each of them has its characteristic XRD
pattern.?® Therefore, the XRD patterns give the most positive
evidence of the formation of a-CuSe. The XRD of the product
of the first step of the control experiment did not show the
presence of elemental Cu (JCPDS file No. 4-836) or of copper
oxide (Fig. 2A). The product of the second step was identified
as a-CuSe (Fig. 2B). The control experiment results will help
us to understand the reaction mechanism in section 3.6.

3.2 EDAX and ICP results

In order to give further evidence to the composition infor-
mation of the product, EDAX and ICP measurements were
performed to detect the ratio of the elements. The EDAX
pattern shows very intense Se and Cu signals, which gives an
atomic ratio for Cu : Se of 51.6 : 48.4 (see ESI Fig. S11). It is
close to a1 : 1 stoichiometry. ICP analysis was performed on
the copper selenide samples to confirm the stoichiometry. The
weight percentages of Cu and Se were 45 and 54, respectively.
The weight ratio yields an atomic ratio of Cu : Se of 1.04 : 1.
This result further supports the 1 : 1 stoichiometry of CuSe as
shown by EDAX analysis.
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Fig. 2 XRD patterns of the solids after the control experiments (A, the
first step; B, the second step).



3.3 TEM results

The morphologies of samples I, II, and III were characterized
by TEM. The images and the corresponding selected area
diffraction (SAED) patterns are shown in Fig. 3. From the
pictures, we can see that the particles prepared with a time of
1.0 h are nearly spherical nanoparticles with diameters in
the range 10-20 nm, while the particles obtained with an
irradiation time of 2.0 h are flakes with sizes ranging between
200 and 800 nm. Sample IIT also shows flake morphology
with a size value of about 1 um, and it is larger than sample
II. Comparing the images of the three samples indicates that
the sizes of the particles increased and the shape changed from
nanoparticles into microflakes with an increase in irradiation
time. All of the SAED patterns show a hexagonal structure,
and the SAED pattern of samples II and III are much more
ordered than that of sample I. The intensity and highly ordered
diffraction spots mean that the particles are well crystallized,
whi01217 is important for their use in high mobility-life solar
cells.

m“!n Nia

Fig. 3 TEM images and their SAED of the samples I (A, B), II (C, D)
and III (E, F).
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3.4 Thermal stability

A TGA measurement was conducted to characterize the thermal
stability of the a-CuSe crystal. The typical TGA curve of
sample I in the temperature range 25-1000 °C at a heating rate
of 10 °C min~! under Ar atmosphere exhibits one symmetric
and drastic loss of weight at 440-480 °C (see ESI, Fig. S27).
This loss of weight is attributed to the decomposition of
a-CuSe. The final decomposition product was confirmed to be
Cu,Se by XRD technique (JCPDS file No. 29-575), (Fig. 4).
Furthermore, the amount of about 28% mass loss is in
agreement with the theoretical value of 27.9% mass loss based
on eqn. (1) for the production of Cu,Se.

2CuSe — Cu,Se + Se (1)

The TGA result indicates that the as-prepared o-CuSe
nanocrystals are stable below temperatures of 400 °C. This
decomposition temperature is similar to the reported conver-
sion temperature of CuSe to Cu;Se, (at about 400 °C) for the
chemical bath deposited CuSe film.?” On the other hand, it also
reveals that other kinds of copper selenide can be derived from
the present a-CuSe crystal.

3.5 Optical properties

Copper selenides are well known as a p-type semiconductor
possessing a direct band gap, as well as an indirect band gap.**
However, their band gap value (E,) varies with the change of
their stoichiometries or phases. In order to understand the
excitonic or interband (valence conduction band) transitions of
a-CuSe, the DRS of the nanoparticle and flakes were measured.
This allows us to calculate and determine their band gap. An
estimate of the optical band gap is obtained using the following
equations.*’

a(v) = A(h'v — E)™? 2

where ' = h/2m, I'v is the photon energy, o is the absorption
coefficient, and m is dependent on the nature of the transition.
For a direct transition, m is equal to 1 or 3, while for an indirect
allowed transition, m is equal to 4 or 6. Since « is proportional
to F(R), the Kubelka—Munk function F(R) = (1 — R)*/2/R, the
energy intercept of a plot of (F(R) x hv)? and (F(R) x hv)!?
versus hv yields the E, 4;, for a direct allowed transition and the
E, ing for an indirect allowed transition, respectively, when the
linear regions are extrapolated to the zero ordinate. Using
this method, similar indirect band gaps of about 1.31 eV are
obtained for samples I and I1I (see ESI, Fig. S3t). This value is
higher than the reported band gap of 1-1.1 eV of the bulk
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Fig. 4 XRD pattern of the resulting solid of the TGA measurement.
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Cu,Se,**47 and it is close to the reported indirect band gap
1.0-1.4 eV of Cu, _ ,Se***® and mineral klockmannite CuSe
(JCPDS file No. 34-171).%” Similar results were obtained if
(F(R) x hv)*is plotted against hv, as is appropriate for a direct
semiconductor. For the present comparative exercise, we prefer
the equation for an indirect semconductor according to the
reported band gap values.

To obtain more information, photoacoustic spectra were
applied to study the band gaps. In the present case, the PAS
method was used for the measurements of the band gaps. Figs.
5(a) and (b) show the PA spectra of the nanoparticles and the
flakes, respectively. For the nanoparticles, a direct band gap of
about 2.39 eV was obtained. For the flakes, the direct band gap
is about 2.21 eV. These results are close to the reported values
of Cu, _ ,Se****4 and mineral klockmannite CuSe nanopar-
ticles prepared by chemical bath deposition methods,?” which
show band gaps of between 2.0 and 2.2 eV. The indirect band
gaps are very close to the optimum value for solar cell
application.>® This means that the a-CuSe crystals produced by
this method have potential applications as solar cell materials.
To our knowledge, this is the first report of the optical
properties of a-CuSe (JCPDS No. 6-427). Although there are
a few reports on the optical properties of copper selenide
families, their composition or phase is different from our
samples. Both the direct band gap and the indirect band gap
are higher as compared with the literature data of mineral
klockmannite CuSe,”” especially for the nanoparticles. This
can be attributed to the quantization effect of the nanopar-
ticles. The small quantization effect of sample III might
originate from the third dimension confinement. However, it
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Fig. 5 Photoacoustic spectra of samples I (a) and III (b).
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should be emphasized that no reliable data on the band gap of
an o-CuSe single crystal is available in the literature for com-
parison, and therefore any explanation would be speculative.

3.6 Reaction mechanism

Sonochemical reactions arise from acoustic cavitation phe-
nomena: the formation, growth, and collapse of the bubbles in
a liquid medium. The extremely high temperature (> 5000 K),
pressure (>20 Mpa), and cooling rates (>10'° K s™!) attained
during acoustic cavitation lead to many unique properties
in the irradiated solution.’'>> The high temperatures and
pressures produced in imploding cavitation bubbles lead to the
thermal decomposition of water vapor or organic solvent
vapor, forming radicals. The mechanism of the formation of
CuSe takes into consideration the radical species from DMSO
molecules by absorption of ultrasound [eqn. (3)].%

DMSO )))) "CH;SO + "CH; 3)

The radicals formed in eqn. (3*) can act as inducers and trigger
the decomposition of excited H, molecule to 2H" [eqn. (4)].

‘CH; + *H, — CH, + H' @)

The H' react with Se in the high temperature interface region
of the bubbles forming H,Se [eqn. (5)].

E + 2H — H:E (E = Se, S) 5)

The H,E formed then reacts with Cu?* in situ, forming the
crystalline a-CuSe nanoparticles [eqn. (6)].

Cu®" + H,Se )))) CuSe + 2H" (6)

A nanocrystalline product is expected if the reaction takes place
at the interface of the bubbles.”* On the other hand, an amor-
phous product is obtained if the reaction takes place inside the
bubble as a result of the high cooling rates (>10'° K s™!) which
occur during the collapse.®® Therefore, it is assured that the
reaction will take place at the interface, which explains the
production of a well-crystallized product.

We have also considered and checked an alternative mech-
anism for the reaction. This possibility is that Cu>" is reduced
to elemental Cu during the first step because of the positive
standard potential of Cu?*/Cu, and the Cu then reacts with
elemental Se during the next step. However, the control experi-
ment indicates that Ho/Ar can not reduce Cu®" to elemental
Cu under ultrasound irradiation in DMSO (see section
3.1 XRD studies), while the DMSO can react with Cu®* and
form a complex. The formation of the complex in our
experiment has been confirmed by FTIR results. It had also
been clearly demonstrated that DMSO could react with some
transition metal cations and form their coordinative com-
pounds.’®**” The formation of the coordinative compound
between Cu®>* and DMSO reduces the reductive potential of
Cu?* to Cu. However, the complex still can react with the
resulting H,Se by releasing free Cu®>" homogeneously, forming
high quality o-CuSe crystals (see section 3.1 XRD studies,
Fig. 2). A similar function for NH; had been proposed in the
preparation of CuSe nanoparticles by a hydrothermal method,
with the assistance of NH;.%

4 Conclusion

A sonochemical-assisted approach has been employed to
prepare a-CuSe crystals. The size and the shape of the products
can be affected by changing the reaction time. The a-CuSe
crystals are stable below temperatures of about 480 °C. All of
the crystals have an obvious absorption band in the visible



region, with an indirect band gap of about 1.31 eV and a direct
band gap of 2.2 eV for the flakes and 2.4 eV for the nano-
particles. The indirect band gap is very close to the optimum
value for solar cell application. An ultrasound-assisted in situ
reduction/reaction mechanism is proposed for the reaction.
The role of DMSO in the reaction is not only that of a sol-
vent but also that of a chelating reagent. This work also raises
the possibility of creating other copper selenides or new ternary
compounds using sonochemically prepared CuSe as a pre-
cursor.
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