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ABSTRACT: A new wurtzite phase of copper tin selenide
(CTSe) was discovered, and the resulting nanocrystals
were synthesized via a facile solution-phase method. The
wurtzite CTSe nanocrystals were synthesized with
dodecylamine and 1-dodecanethiol as coordinating sol-
vents and di-tert-butyl diselenide (‘Bu,Se,) as the selenium
source. Specific reaction control (i.e., a combination of 1-
dodecanethiol with ‘Bu,Se,) was proven to be critical in
order to obtain this new phase of CTSe, which was verified
by powder X-ray diffraction and selected area electron
diffraction. The wurtzite CTSe nanocrystals possess an
optical and electrochemical band gap of 1.7 €V and display
an electrochemical photoresponse indicative of a p-type
semiconductor.

he need for low-cost, scalable, and solution-processable
photovoltaic materials is a leading impetus for new
research in the field of semiconductor nanocrystal synthesis.'
While great advancements in photovoltaic technologies have
been made with CdTe, PbSe, and Culn,Ga,_S, (CIGS)
nanocrystals,” there is a current trend to replace materials
containing environmentally harmful (e.g., Cd, Pb) and scarce
(e.g, Te, In, Ga) elements with environmentally benign
photovoltaic materials comprised of more earth abundant
elements.’ Along these lines, there has been a recent focus on
the development of Cu,ZnSnS, (CZTS) and Cu,ZnSnSe,
(CZTSe) nanocrystals,* in addition to the less compositionally
complex binary tin monochalcogenide (SnS and SnSe)
nanocrystals.” These materials all possess band gaps in the
range of E, = 1.3—-1.6 eV in addition to relatively high
absorption coefficients (~10* cm™), which make them
attractive candidates as absorber layers in photovoltaic devices.
Another potentially attractive, yet not well studied, material is
Cu,SnSe; (copper tin selenide, CTSe). CTSe is a ternary I—
IV—VI semiconductor that possesses a direct band gap in the
range of E, = 0.8—1.1 eV, a high absorption coefficient (~10%*—
10° cm™"), and electron and hole mobilities on the order of ~2
and ~870 cm? V™! 57, respectively, for bulk material.® While it
is often found as an impurity in CZTSe, there have been only a
few examples where phase-pure CTSe has been prepared—as
bulk single-crystals,” as thin films,**“% and most recently in
colloidal nanocrystal form.® These examples of CTSe were
reported to crystallize in a cubic sphalerite-like phase (a = 5.69
A) or in a monoclinic phase with a sphalerite superstructure (a
= 6.59, b = 12.16, and ¢ = 6.61 A; = 108.6°).”° Since crystal
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symmetry is known to influence the properties of materials,
there have been a number of recent reports describing the use
of kinetic control to determine crystal phase in nanocrystals.
For example, CulnS,, CulnSe,, and CIGS nanocrystals have
been prepared in wurtzite and sphalerite crystal structures
rather than the typical chalcopyrite structure.” Similarly, CZTS
nanocrystals were recently reported in a wurtzite phase rather
than the expected kesterite phase.'’ These investigations have
shown that reaction control (including temperature, solvent,
capping ligands, and chalcogenide source) is critical for crystal
phase determination. Herein, we present the first report of a
wurtzite phase for CTSe, in the form of colloidal nanocrystals,
and establish its potential viability as a photovoltaic material by
demonstrating clear electrochemical photocurrent upon illumi-
nation.

Diorganodichalcogenides have shown recent utility as facile
and low-temperature chalcogenide sources for semiconductor
nanocrystal syntheses.”””%'! Here, CTSe nanocrystals were
synthesized via the fast addition of di-tert-butyl diselenide
("Bu,Se,, 0.56 mmol) into a solution of CuCl (0.40 mmol) and
Snl, (0.20 mmol) in dodecylamine and 1-dodecanethiol (with
or without oleic acid) at 180 °C, followed by heating for S min.
The powder X-ray diffraction (XRD) pattern of the resulting
CTSe nanocrystals did not match the diffraction pattern for
previously reported CTSe nanocrystals or those in the JCPDS
database (JCPDS no. 03-065-7524).7° A diffraction pattern was
simulated starting from the wurtzite ZnSe crystal structure and
substituting the Zn*' lattice positions with a 2:1 occupancy
probability of Cu® and Sn*' cations (see Supporting
Information (SI)). The lattice constants calculated from the
experimental diffraction pattern (a = 3.98 and ¢ = 6.66 A) were
used in this simulation. The d-spacings of the experimentally
observed reflections match well with the simulated reflections,
suggesting that the CTSe nanocrystals adopt a wurtzite crystal
structure (see Figure 1); however, the experimentally observed
diffraction intensities match less well with the simulated
diffraction pattern, likely because of the elemental non-
stoichiometry in the CTSe nanocrystals (vide infra). Moreover,
the variable diffraction peak widths suggest some degree of
particle anisotropy. The major diffraction peaks can be indexed
to the (100), (002), (101), (102), (110), (103), (112), (201),
(202), and (203) reflections of the simulated wurtzite crystal
structure. The (100), (101), (102), (103), (202), and (203)
wurtzite reflections are distinct from cubic CTSe. There is a
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Figure 1. Experimental XRD patterns of (a) wurztite and (b) cubic
CTSe nanocrystals. The simulated XRD patterns of wurtzite (red) and
cubic (black) CTSe are shown for reference.

significant 20 shift between the second most intense reflections
of each phase, which are (110) for wurtzite CTSe (20 =~ 45.6°)
and (220) for cubic CTSe (20 =~ 44.8°). Therefore, if a
significant amount of the cubic phase were present in the
wurtzite CTSe, the shape of the diffraction maximum
corresponding to the (110) reflection should be asymmetric,
with a shoulder on the low angle side; however, such an
asymmetry was not observed (see SI, Figure S1). This implies
that if the cubic phase is present in the wurtzite CTSe, the
amount is not significant by XRD analysis. Moreover, the (400)
reflection of the cubic structure is distinct from the wurtzite
structure and is not observed in the XRD pattern of wurtzite
CTSe.

Specific reaction control is crucial to synthesize CTSe in the
wurtzite phase. Under otherwise identical conditions, the
nanocrystal synthesis without the addition of 1-dodecanethiol
results in a phase-pure cubic CTSe product (Figure 1). Similar
phenomena have recently been observed; that is, capping
ligands have been shown to influence the formation of
metastable crystal phases.'” Interestingly, addition of increasing
amounts of oleic acid (with 1-dodecanethiol and dodecyl-
amine) appears to yield mainly cubic CTSe (see SI, Figure S2).
When elemental selenium was substituted for ‘Bu,Se, under
otherwise identical conditions (i.e., equimolar based on
selenium in the presence of 1-dodecanethiol and dodecyl-
amine), a phase-impure cubic CTSe was produced (Figure S2).
When TOPSe was used in an analogous way, phase-pure
orthorhombic SnSe was formed, with no crystalline copper-
containing phases being present (Figure S2). Thus, the
chalcogenide source also seems to have a strong influence on
phase determination. Preference for the wurtzite phase over the
cubic phase appears to not be a direct result of any one
component in this system; rather, it is a combination of
variables (ie., a particular combination of capping ligands and
selenium source) that leads to phase determination.

The resulting CTSe nanocrystals have a mean diameter of
15.1 + 2.9 nm, as determined by TEM analysis (Figure 2). The
lattice parameters calculated from selected area electron
diffraction (SAED) patterns of several randomly chosen regions
of the CTSe nanocrystals agree with the lattice parameters
calculated from the XRD pattern for wurtzite CTSe. A high-
resolution TEM (HRTEM) image of an apparent single-
crystalline particle with the (002) lattice planes displayed (d =
326 A) is shown in Figure 2a. Energy dispersive X-ray
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Figure 2. (a) HRTEM image of a CTSe nanocrystal with an

interplanar spacing of 3.26 A. (b) Low-resolution TEM image of CTSe

nanocrystals with an average diameter of 15 nm. (c) SAED pattern of

nanocrystals indexed to wurtzite CTSe. (d) UV—vis—NIR absorption
spectrum of wurtzite CTSe nanocrystals.

spectroscopy (EDX) was used to analyze the elemental
composition of the wurtzite CTSe nanocrystals (see SI, Figure
$3). Analysis of several randomly selected areas gave an average
Cu:Sn:Se composition of 1.57:0.92:3.00. This stoichiometry is
slightly tin- and selenium-rich (Cu/Sn = 1.71; Se/(Cu + Sn) =
1.14) and deviates from the expected Cu,SnSe; stoichiometry;
however, no additional crystalline phases of tin or selenium
(e.g, SnSe or SnSe,) were observed by XRD. The wurtzite
CTSe nanocrystals absorb through the visible region of the
solar spectrum, resulting in the black color of the material.
UV—visible—NIR absorption spectroscopy was used to
estimate a direct optical band gap of E, = 1.7 eV for the
wurtzite CTSe nanocrystals (Figure 2d), which is higher than
the values previously reported for cubic Cu,SnSe; thin films (Eg
=0.8—1.1 V). Interestingly, a direct optical band gap of E, =
1.5 eV was estimated for the colloidal cubic CTSe (see SI,
Figure S4), suggesting that these nanocrystals are in the
quantum confined regime.

Differential pulse voltammetry can be used to electrochemi-
cally estimate the band gap for semiconductor nanocrystals.'?
Differential pulse voltammograms (DPVs) of hydrazine-treated
cubic and wurtzite CTSe nanocrystal films deposited on ITO
are compared in Figure SS (see SI). The separation between
the E’,, and E',.4 peak onsets gives electrochemical band gaps of
E, = 1.5 and 1.7 eV for the cubic and wurtzite nanocrystals,
respectively, which is in agreement with the estimated optical
band gaps. In the absence of hydrazine treatment, the as-made
nanocrystals can be difficult to electrochemically characterize
due to the insulating nature of the native capping ligands. It was
found that briefly (20—30 s) dipping films of cubic or wurtzite
CTSe in a 0.10 M hydrazine solution in acetonitrile enabled the
collection of DPVs that appear much cleaner and possess
stronger signals than those obtained without postdeposition
hydrazine treatment.
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To assess the potential applicability of the wurtzite CTSe
nanocrystals as a photovoltaic material, the transient photo-
currents of hydrazine-treated wurtzite CTSe nanocrystal films
were evaluated in an aqueous photoelectrochemical cell
containing 0.01 M Eu(NO,;); and 0.1 M KCl. Under
illumination using a light-emitting diode with peak intensity
of Apa = 472 nm, which is greater than the measured optical
and electrochemical band gap, the nanocrystals produce a
cathodic photocurrent that increases gradually with increasing
negative potential (Figure 3), indicating that the wurtzite CTSe
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Figure 3. Transient photocurrent response of a wurtzite CTSe
nanocrystal film showing clear p-type behavior. The nanocrystal film
was spun-cast onto ITO and treated with hydrazine, and photocurrent
was measured under nitrogen in aqueous 0.01 M Eu(NO;);/0.1 M
KCIl using 472 nm chopped illumination with a Ag wire
pseudoreference electrode and a Pt wire counter electrode. The
potential values are given relative to NHE.

nanocrystals exhibit p-type behavior.'"* For p-type semi-
conductors, electrons are transferred from the conduction
band to a solution-phase oxidant and from the back ohmic
contact into the semiconductor, resulting in the observation of
cathodic currents. At 0 V bias vs NHE, the measured
photocurrent is only 0.10 A cm™ (measured as the difference
between current density immediately prior to and at the end of
an illumination cycle). As the bias was decreased to —250 mV,
the photocurrent increased more than an order of magnitude to
1.8 A cm™2.

In summary, a facile synthesis of colloidal CTSe nanocrystals
was described. Through a combination of 1-dodecanethiol
capping ligands and a ‘Bu,Se, selenium source, a metastable
wurtzite phase of CTSe has been accessed for the first time. A
direct band gap of E, = 1.7 eV matches reasonably well with the
solar spectrum, making these nanocrystals potential candidates
as photovoltaic materials. Indeed, preliminary experiments
show that solution-deposited CTSe nanocrystal films exhibit a
clear photoresponse. Future work will focus on examining the
viability of this material for nanocrystal-based photovoltaic
devices.
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cubic CTSe nanocrystals. This material is available free of
charge via the Internet at http://pubs.acs.org.
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