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ABSTRACT: Cu-based ternary chalcogenides have received great interest as low-cost alternatives to conventional photovoltaic
materials. In this work, a large quantity of single-crystalline, orthorhombic phase CuyBisSg nanoribbons are fabricated using a facile
solvothermal method. The growth of the Cu4BisSy nanoribbons is revealed to be a layer-by-layer stacking of CuyBi4Sy thin slabs via
dodecylamine (DDA) linker, in which the number of stacking layers, and, subsequently, the width-to-thickness ratio, depends on the

DDA concentration. Optical investigations show that the as-prepared Cu,Bi;Sg nanoribbons have a narrow bandgap of E

o =114eV

and enhanced surface photovoltage response in the entire visible wavelength range. It is indicated that these CuyBisSy nanoribbons
have potential application in photodetectors, solar cells, or other optoelectronic devices.
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B INTRODUCTION

One-dimensional (1D) structures such as nanowires and
nanoribbons have been receiving increased interest, because of
their application potential in energy-harvesting devices such as
photovoltaics (PVs) and batteries."” > Nanowire-based solar cells
are regarded as a promising class of PV devices, because of several
performance and processing benefits that are enabled by their 1D
geometry.”” The large aspect ratio of nanowires maximizes the
light absorption, and their nanoscale width permits much free
movement and more-efficient collection of electrons.' The avail-
ability of 1D nanostructures with well-defined morphologies and
dimensions should enable new types of applications or enhance
the performance of currently existing photoelectric devices.

Various physical and chemical methods have been developed
for the synthesis of 1D nanostructures of controllable size and
shape, including vapor—liquid—solid (VLS)®~® and solution-
liquid—solid (SLS) processes,” solvothermal,'®"! template-assisted,"*
and thermolysis of a single-source precursor in a ligating solvent.">
Compared with the numerous publications on elemental and binary
1D materials, there are less reports on the controlled synthesis of
ternary semiconductors with 1D morphology.

Copper-based multicomponent chalcogenides (CBMC) is a
system of technological importance for PV energy conversions.
For example, the most-studied Culn,Ga, —,Se, system holds the
efficiency record (~20%) for thin-film polycrystalline solar cells.**
In addition, the earth-abundant materials Cu,ZnSnS, fulfill the
requirement for the green and low-cost manufacture of PV
devices.">'® As a key member of the CBMC family, the Cu—
Bi—S compounds consist of the earth-abundant and inexpensive
elements of Bi and S, and therefore has attracted recent efforts in
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fabrication and investigation of their properties. Haber et al."”
reported that the narrow band gap (1.3 eV) and high absorption
coefficient (up to 10° cm™ '), as well as the good electrical con-
ductivity (84 € cm) of polycrystalline Cu3BiS; film, make itself
highly useful as a light absorber layer in solar cells. In 2003, Nair
et al.'® demonstrated the outstanding photoresponse character-
istics of Cu3BiS; thin films. Several approaches have been devel-
oped to fabricate Cu—Bi—S compound films, including vacuum
annea.ling,19 physical vapor deposition. and sputter coating.20
However, to the best of our knowledge, 1D Cu—Bi—S$ nano-
structures, specifically the Cu—Bi—S$ nanoribbons, have rarely
been reported,”*> because of the great challenge in composition
and phase control during the synthesis processes.

The solvothermal method is a powerful tool for the control-
lable synthesis of 1D semiconductor nanostructures at low tem-
peratures.”® Organic—ligand molecules (e.g., alkylamines, fatty
acids, alkyl thiols) are often used as solvents and/or capping agents
to prepare nanoscale inorganic semiconductors. These organic—
ligand molecules contain both metal coordinating groups and
solvophilic groups, which can attach selectively to crystallo-
graphic faces and dynamically control the nanoscopic morphol-
ogies of the final products. In recent years, remarkable progress
has been achieved in the shape control of 1D nanomaterials by
means of solvothermal reaction. For example, Gao et al. reported
the large-scale fabrication of ultrathin lamellar mesostructured
CoSe,-DETA (DETA diethylenetriamine) hybrid nanobelts in a
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binary solution of organic amine and water under mild solvother-
mal conditions.”* Single-crystalline Ag,S nanowires were also
prepared by Li and co-workers through the solvothermal pro-
cess that uses dodecylamine as the capping reagent.

The surface photovoltage (SPV) method is a well-established,
contactless, and nondestructive technique for the characteriza-
tion of semiconductors, which relies on analyzing the illumina-
tion-induced changes in the surface voltage.%’27 The signal of
photovoltage is attributed to the changes of surface potential
barriers before and after light illumination. It can offer detailed,
quantitative information on intrinsic properties of semiconduc-
tors (e.g, bandgap, surface states, photogenerated charges sepa-
ration). SPV technology has been successfully employed for the
study of the charge transfer in photostimulated surface interac-
tion, dye sensitization process, and photocatalysis.”**’

In this article, we report our successful large-yield synthesis of
single-crystalline Cu,Bi;Sy (CBS) nanoribbons via a facile sol-
vothermal process. Data from systematic control experiments
will be shown, which suggest that the nanoribbons form via stack-
ing of individual CBS thin slabs via the dodecylamine (DDA)
linker. The concentration of the linker influences the stacking
level, thus allowing a control in the width-to-thickness ratio of the
resulting nanoribbons. To explore their potential optoelectronic
applications, the as-obtained CBS nanoribbons are characterized
using SPV, which reveals an enhanced photovoltage response to
the entire visible range of the solar spectrum.

B EXPERIMENTAL SECTION

Material Synthesis. In a typical synthesis of CBS nanoribbons,
0.5 mmol of CuCl, 0.5 mmol of BiCl;, and 0.70 g of dodecylamine
(DDA) were added into a SO-mL three-neck flask containing 30 mL of
toluene. The flask was then heated to 70 °C and maintained at this tem-
perature for 30 min under a constant stirring until a blue transparent
solution was observed. Then, 250 uL of CS, was injected into the
solution slowly, and the blue solution turned into a nut-brown colloid.
Next, the colloid was transferred into a Teflon-lined stainless-steel auto-
clave. The autoclave was sealed and maintained at 200 °C for 30 h and
then cooled naturally to room temperature. The CBS nanoribbons were
collected and washed thoroughly using absolute ethanol and dried under
vacuum at 60 °C for 4 h.

Characterization. The powder X-ray diffraction (XRD) patterns
were recorded with a Bruker Model D8 Advance X-ray powder diffracto-
meter with Cu Kot radiation. The size and morphology of as-synthesized
samples were determined using a Hitachi Model S-4800 field-emission
scanning electron microscopy (SEM) system, and JEOL Model 3010F
high-resolution transmission electron microscopy (TEM) system. Anal-
ysis using a SEM system equipped for energy-dispersive X-ray (EDX)
spectroscopy was performed to determine the composition of the pro-
ducts. X-ray photoemission spectroscopy (XPS) measurements were
performed on a PHIS000c XPS system, using C 1s as a reference. The
diffuse reflectance spectrum was characterized using a UV/vis/NIR
spectrophotometer (PE Lambda 750 UV) that was equipped with a 60-
mm integrating sphere.

Surface Photovoltage (SPV) Measurements. The sample
was sandwiched between two blank ITO electrodes. Chopped light
(~20 Hz) from a S0-W halogen-tungsten lamp connected to a grating
monochromator was used as the excitation light source and focused on
the sample surface. The SPV signal was capacitively coupled out and
measured by a lock-in amplifier (Model SR830). The surface photo-
voltage (SPV) intensity was not normalized according to the photon
energy of halogen-tungsten lamp. The correlated phase spectra were
taken synchronously with the SPV spectra.

Figure 1. (a) Low-magnification SEM image of the CBS nanoribbons
dispersed on a Si substrate. (b) EDX pattern of the CBS nanoribbons.
(¢, d) High-magnification SEM images of the nanoribbons.
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Figure 2. Powder XRD pattern of the CBS nanoribbons.

B RESULTS AND DISCUSSION

The morphology of the products was first observed via SEM.
Figure 1a shows a typical low-magnification SEM image of the as-
grown CBS nanoribbons, which illustrates the large yield of our
synthesis (additional SEM images are shown in Figure S1 in the
Supporting Information). The CBS nanoribbons have a length
up to several hundreds of micrometers and widths of 30—100 nm,
resulting in aspect ratios (length to width) up to 10 000. Their
ribbonlike structure can be seen more clearly from the high-
magnification SEM images (see Figures 1c and 1d). According to
the EDX analysis (see Figure 1b), the nanoribbons are composed
of Cu, B, and S, without any other impurity elements detected.
The crystal phase of the as-synthesized product was identified by
XRD (Figure 2). All the diffraction peaks can be indexed based
on the orthorhombic-phase Cu,Bi,So (JCPDS File Card No. 77-
1238; a=31.528 A, b = 11.622 A, c = 3.951 A; space group Pbnm).

The TEM image (see Figure 3a) further confirms the uniform
and smooth surface of the CBS nanoribbons along their total
lengths. The high single-crystalline quality of the nanoribbons is
revealed by the high-resolution TEM images (see, e.g., Figure 3b).
The measured lattice spacing of ~1.16 nm is consistent with the
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Figure 3. (a) TEM image and (b) HRTEM image of the CBS
nanoribbons. (c) Corresponding fast Fourier transform (FFT) pattern
of the image in panel b. (d) STEM image of the CBS nanoribbons, along
with the corresponding 2D-projected STEM elemental mapping for (e)
Cu, (f) Bi, and (g) S.

d-spacing of (010) planes in orthorhombic Cu,Bi,So. Also, the
corresponding fast Fourier transform (FFT) image (Figure 3c) can
also be well-indexed to the (001) and (010) planes along the [100]
zone axis of orthorhombic CuyBi;Sy. Therefore, the preferential
growth direction of the CBS nanoribbons is along the [001] direc-
tion (i.e., the c-axis).

Scanning TEM (STEM) EDX was utilized to further verify the
elemental composition, as well as the nanoscale spatial unifor-
mity of element distribution, across the nanoribbons. Figure 3d is
the STEM image of an examined nanoribbon, and Figures 3e—g
are the corresponding 2D-projected STEM elemental mapping
for elements Cu, Bi, and S, respectively. All the elements are
homogeneously distributed along the length and width of the
nanoribbon. The oxidation states of copper, bismuth, and sulfur
in the nanoribbons are identified by XPS. The XPS survey spectra
(Figure 4) show that the as-obtained sample consists of the
elements Cu, Bi, and S, with no obvious impurities. The Cu 2p5,,
peak at 932.5 eV (Figure 4b) and the Bi 4f,/, peak at 158.0 eV
(Figure 4c) are consistent with the reported binding energies for
Cu™ and Bi*; the peak of S 2p; , at 161.2 eV overlapped with Bi
4f, which creates difficulty for the detailed identification.”® No Cu
2p3/, satellite Eeak at ~942 eV that could be attributed to Cu**
was detected.”” Altogether, the above data verify that these
ternary alloy CBS nanoribbons obtained through our solvother-
mal method are of high crystalline quality.

Data of control experiments reveal that addition of an orga-
noamine (dodecylamine is used in this work) has a significant
role in determining the final morphology of the product. The
surfactant DDA mediates the crystal structure growth and even
controls the width-to-thickness ratio. The aforementioned nano-
ribbons were obtained by adding 0.7 g DDA into the mixed
solution (see the Experimental Section). However, when the
dosage of DDA was varied, even slightly, the morphology of the
products changed dramatically. When the dosage of DDA was
changed to 0.6 g while the other conditions such as temperature,
reaction time, and volume of toluene remained the same, we
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Figure 4. (a) XPS spectrum of as-prepared single-crystalline CuyBisSo
nanoribbons in the energy range of 0—1200 eV. (b) High-resolution
XPS for Cu™, and (c) high-resolution XPS spectrum of the Biys over-
lapped with the S,,.

could obtain wide nanobelts (see Figure Sa and Sc), with a width-
to-thickness ratio that was much larger than the nanoribbons.
The composition of the nanobelts was ascertained by XRD to
also be orthorhombic Cu4Bi4S, (data not shown here). However,
when the dosage was increased to 0.75 g, the morphology of the
product is wirelike with a reduced width-to-thickness ratio (see
Figures Sb and 5d). Figure S2 in the Supporting Information
shows the SEM images of the morphology variation from a series
of control experiments with different dosage of DDA, from which
one can clearly see the dominating effect of the DDA concentra-
tion in the mixed solution on the width-to-thickness aspect of the
nanoribbons.
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Figure S. (a) SEM image of the CBS nanobelts with larger width-to-
thickness ratio prepared with a lower concentration of DDA. (b) SEM
image of the ultralong CBS nanowires obtained at a higher concentra-
tion of DDA. (The amount of DDA added into the mix solution is 0.60 g
in panel aand 0.75 g in panel b, respectively.) (c,d) Corresponding TEM
images of the nanobelts and nanowires in panels a and b. Inset is the
HRTEM image of the nanobelt.

Projected along [100]

e o
» |
“eih e ®

® )

® Cuatom

@ Biatom

Figure 6. Schematic showing the unit-cell structure of Cu,Bi,S, (right)
and the atomic arrangement in the Cu,Bi,Sy supercell [2 X 2] structure
projected along the [100] axis (left).

It is well-known that the solvothermal method is successful
in the synthesis of nanowires,”> nanoribbons,>® and nano-
tubes.®" In contrast to other synthetic strategies, such as VLS
or template methods, the solvothermal method generally needs
no metal catalyst to serve as the energetically favorable site for
direct absorption of gas-phase reactant molecules, nor is a
spatial-confinement template required to guide the directional
growth of nanowires. Thus, it is reasonable to imagine that the
driving force of the anisotropic growth of the 1D Cu,BisSe
nanostructure originates from the inherent crystal structure of
CuyBi,Sy materials and the structure-directing role of the DDA
molecules. In the supercell structure of the orthorhombic
CuyBi,Sy (as shown in Figure 6), the lattice constant along

Scheme 1. Schematics of the Formation Mechanism of the
Cu,Bi Sy Nanoribbons in a DDA/Toluene Mixed Solution

\
& W

A= Cu,Bi,S, Slab dodecylamine

the [001] direction is much smaller than those of the [010] and
[100] directions.**** According to the Bravais—Friedel—
Donnay—Harker (BEDH) law,”** the preferential growth
direction of such a crystal is proportional to 1/d. Since the
value of 1/dgo; is much larger than 1/dg1o and 1/d;go, the
growth rate along the [001] direction is therefore higher than
the other two directions, accounting for the longitudinal direc-
tion along the c-axis. The side surfaces of the nanoribbon are
expected to be {100} and {010}, which is consistent with the
TEM observation (see Figure 3b). HRTEM observations show
that all the quasi-1D nanostructures (i.e., the nanobelts, nano-
ribbons, and nanowires) have the same growth direction.

We now propose the formation mechanism of the Cu,Bi;So
ribbon, as well as a belt and wire structure. At the first stage, very
thin CuyBisSe slabs form as a result of the characteristic crystal
anisotropy, linked by the DDA molecules through the interaction
between the ligands of the DDA, and the Cu and Bi of the
Cu,Bi,Sy framework. (See Figure S3 in the Supporting Infor-
mation.'”*) These slab nuclei then grow further along the c-axis
and stack together via entanglement of the hydrophobic chains of
DDAs, forming the layer-by-layer ribbonlike structure, as shown
in Scheme 1. This occurs at an optimal DDA dosage (viz., 0.7 g
into the solution). When the DDA concentration in the mixed
solution is reduced (e.g., 0.5 g), the structure-directing role of the
DDA weakens accordingly. As a result, only a limited number
of layers of CuyBisSy slabs can be linked, corresponding to
thin nanobelts (see Figure S2a in the Supporting Information).
Figure 7 shows TEM and HRTEM images at the edge of one
underdeveloped nanobelt. As seen, a clearly visible set of strips
(black/white contrast) are running parallel to the longitudinal
direction of the nanobelt. These images give support to the belief
that the 1D CuyBi;So nanostructures are indeed formed via layer-
by-layer stacking of thin Cu4Bi4S, slabs. On the other hand, when
the DDA concentration exceeds the critical value of ~0.7 g, the
CuyBi4Sy nanoslabs have a higher tendency to stack together to
form thicker pallets, because the widths and thicknesses are com-
parable. This corresponds to the wirelike structure with more
square cross sections. With further increases in the DDA dosage
to >0.80 g, the obtained product still has a quasi-1D nanostruc-
ture, but now it is in the form of nanowire bundles with overall
diameters of 200—400 nm (see Figures S2e and S2f in the Sup-
porting Information). This is possibly because the high density of
DDA molecules on the interface of the nanowires interlink with
each other, so that the nanowires are brought together into bun-
dles. Hence, in this proposed formation mechanism, the quasi-
1D structure of the nanobelts in the DDA/toluene binary solvent
is predetermined by the inherent crystal structure of Cu,BisSy
and the width-to-thickness ratios are regulated by the interaction
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Long axis

—One slab

Figure 7. TEM and HRTEM images of the nanobelts obtained when 0.5 g of DDA was used in the mixed solution, from which we can see that the wide
nanobelt is formed by layer-by-layer stacking of ultrathin nanoribbons parallel to the longitudinal direction (i.e., the c-axis).
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Figure 8. (a) UV—vis—NIR diffuse reflectance spectrum of the CBS nanoribbons film. (b) The F(R)? versus hv plot, from which the band gap energy,
E,=1.14 eV, is determined. (c) Photovoltage spectra of the CBS nanoribbons and single-crystal Si.** (d) The phase spectrum of the CBS nanoribbons.

(Inset shows the schematics of the setup for the SPV measurement.)

between DDA and the Cu,Bi,;So framework. Note that, while the
organoamine-assisted growth mechanism has been developed
earlier for the ssynthesm of some binary inorganic or hybrid
nanostructures,”*’ the novelty of this work is to extend this
method to the controllable synthesis of ultralong ternary chalco-
genide nanoribbons.

Figure 8a shows the UV—vis—NIR diffuse reflectance spec-
trum of the as-obtained CBS nanoribbons. As seen, the nano-
ribbons have an absorption in the entire UV—vis range, with a
very steep absorption edge at ~1100 nm. For a direct bandgap
semiconductor, the absorption coeflicient can be described by
the relationship™®

F(R)* o< hv

where F(R) is the Kubelka—Munk function (F(R) = (1 — R)?*/
(2R)), R is the reflectance coefficient, and hv is the photo
energy. A plot of F(R)* against the photo energy for CBS
nanoribbons is shown in Figure 8b. The exhibited parabolic
band profile near the cutoff energy suggests that the CBS nano-
ribbons are direct transition semiconductors (also see Figure SS
in the Supporting Information). The band gap (E,) of CBS
nanoribbons, estimated by extrapolating the curve in Figure 8b,
is ~1.14 eV. This value is close to the bandgap values used in
most PV materials.

Surface photovoltage of semiconductors is generated from the
spatial separation of photoinduced electron—hole pairs. What
can be deduced from the study of SPV is not only the funda-
mental light absorption but also the behavior of photoinduced
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charge carriers. SPV spectroscopy has been proved to be a
powerful tool to study the optoelectronic properties of nanoscale
semiconductor materials, as well as PV devices.>”*® To test the
potential PV applications of the CBS nanoribbons, SPV spec-
troscopy was conducted to the CBS nanoribbon film which was
structured into a capacitor-type device.*"** For comparison, the
SPV spectrum of a single-crystal silicon, the main-stream PV
material in the current industry, was also measured under the
same conditions. As shown in Figure 8¢, the SPV response band
of CBS nanoribbons spans from UV—vis to the near-infrared
region (~1200 nm), which is comparable to that of the single-
crystal silicon. Moreover, the CBS nanoribbons exhibit a higher
SPV response intensity in the visible light region (500—780 nm)
than in the near-infrared, which is just opposite to the case of
silicon. These mean that the CBS nanoribbons have a full-visible
solar spectrum SPV response, and higher photoinduced charge
(electron—hole pairs) separation efficiency in the visible-light
region than in the near-infrared. Hence, this material might
provide a much broader choice and a potential alternative to
many existing costly and/or toxic PV materials. The SPV onset of
the CBS nanoribbons at ~1100 nm is consistent with the band
edge observed in the UV —vis spectrum. Figure 8d shows the SPV
phase spectrum of the CBS nanoribbons, from which the
constant phase retardation of —70° is clearly observed for hv >
1.14 eV. This suggests that the SPV response of the CBS
nanoribbons induced by the excitation of photons with hv >
1.14 eV has the same attribute, viz, super bandgap SPV resulted
from the band-to-band transition.”

B CONCLUSIONS

A large quantity of single-crystalline, semiconducting Cuy-
Bi;So nanoribbons have been fabricated using a facile solvother-
mal method. Control of the width-to-thickness ratio is realized by
adjusting the concentration of a chemical linker, DDA. Optical
investigations reveal that the as-prepared CBS nanoribbons are
direct bandgap semiconductors, with evident light absorption
and surface photovoltage response in the entire visible wave-
length range. Also, as indicated by the SPV data, the photoindu-
ced charge separation efficiency is higher in the visible range than
that in the near-infrared. These data provide a proof-of-principle
demonstration of the potential applications of these CBS nano-
ribbons in photovoltaic devices (e.g., solar absorber or photo-
detectors).
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