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Abstract Face-centered cubic Cu,S nanowires with
length of up to 50 pm and diameters in the range of
100-500 nm are synthesized on Si substrates through
the chemical vapor deposition method using a mixed
gas of Ar and H, as the carrier gas under a chamber
pressure of about 700 Torr. It was found that the growth
of quasi 1D nanostructure followed a typical vapor-
liquid-solid (VLS) mechanism in which the element Cu
was reduced by H, as the catalyst. The as-synthesized
Cu,S nanowires exhibited typical p-type semiconducting
characteristics with a conductivity of about 600 S cm™'
and a hole mobility (y4,) of about 72 em? V ''s™!. Further
study reveals that p-Cu,S nanowires/n-Si heterojunction
exhibits distinct rectifying characteristics with a turn-on
voltage of ~0.6 V and a rectification ratio of ~300 at +1 V
in the dark and a pronounced photovoltaic behavior with
an open circuit voltage (V,.) of 0.09 V and a short circuit
current (/i) of 65 nA when illuminated by the NIR light
(790 nm, 0.35 mW cm ), giving rise to a responsivity
(R) about 0.8 mA W ! and specific detectivity (D*)
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6.7 x 10" cm Hz"> W' at zero bias, which suggests
the potential of as-synthesized Cu,S nanowires applied in
the field of self-driven NIR photodetector.
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Introduction

Copper sulfide (Cu,S) is an earth-abundant and environ-
mentally benign transition metal chalcogenide which can
exist in five stable phases at room temperature according
to the phase diagram of the Cu-S system: covellite CusS,
djurleite Cu, 95S, digenite Cu,gS, anilite Cu;75S, and
chalcocite Cu,S (Adelifard et al. 2012). They have been
widely used in fields such as photovoltaic devices
(Garmnett et al. 2009), photoelectric devices (Su et al.
2013), photocatalysis (An et al. 2015), photothermal
therapy agents (Tian et al. 2011), gas sensors (Bo et al.
2010), and cathode materials in lithium batteries (Lai
et al. 2010a, b). Meanwhile, unique properties may also
arise from their rich structures and components. For
example, Cu,S is known to be a good candidate for solar
cell applications due to its p-type conductivity with shal-
low Cu vacancy acceptors and ideal bulk band gap
(1.2 eV at room temperature) (Fahrenbruch and Bube
1983). Cu,.,S, a fast superionic conductor with structural
disorder, is a potential material in the field of thermoelec-
tric and photoelectric transformers and high-temperature
thermistors (Zhao et al. 2009). CuS displays metallic
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conductivity and transforms at 1.6 K into a superconduc-
tor (Zhang et al. 2003).

To date, a number of methods, including solution-
based approaches such as solvothermal (Liu et al. 2005)
and electrochemical methods (Ghahremaninezhad et al.
2011), have been used in the synthesis of copper sulfide
nanostructures, such as nanoparticles (Xiong et al.
1998), microspheres (Thongtem et al. 2010), nanoflakes
(Mu et al. 2010), nanodisks (Lim et al. 2006), nanowires
(Wu et al. 2008), and dendrites (Wu et al. 2006a, b).
However, due to the enrichment of chemical composi-
tions and phases, facial synthesis of single-phase copper
sulfide with controllable transport property still remains
to be a challenge (Wang et al. 2007). Crystalline Cu,S
nanowire arrays were firstly grown on copper surface
through a solid-gas reaction in O,/H,S under ambient
conditions (Wang and Yang 2001). To avoid the usage
of the toxic gas H,S, Chen et al. used sulfur as the
starting materials and ethylenediamine (EDA) and hy-
drazine in alkali solution as the reduction scheme (Lai
et al. 2010a, b). However, the unintentional interfacial
defect commonly present on the surface of nanostruc-
tures fabricated by a low-temperature solution-based
approach (Wang et al. 2009) will definitely degrade their
electrical performance such as conductivity and thus
will hinder their application in the field of nanodevices.

Chemical vapor deposition (CVD) has achieved great
success in the synthesis of semiconductor nanostructures
including many transitional metal sulfides (Zhai et al.
2011; Bierman et al. 2008), but only few research on
the synthesis of Cu,S nanostructures have been reported,
which may also be attributed to their abundant chemical
compositions and phases. Yuan et al. have reported the
controllable growth of CuS nanowalls with a thin layer of
Cu,_S nanoparticles on the bottom (Feng et al. 2007).
Zero-dimensional (0D) octahedral Cu, 6S single crystal,
one-dimensional (1D) Cuj ¢S nanorod, and two-
dimensional (2D) hexagonal CuS nanoflakes have been
controllable synthesized in a home-built horizontal CVD
reactor through the temperature-dependent crystal growth

Fig. 1 Schematic illustration for
the synthesis of Cu,S nanowires
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mechanism (Xu et al. 2012). To the best of our knowl-
edge, a facial approach to the synthesis of Cu,S single
crystal nanostructures still needs to be researched. Herein,
we report the controllable synthesis of pure single crystal
Cu,S nanowires through a CVD method, using CuCl and
S as the copper source and sulfur source, respectively.
Electrical characterization reveals the as-synthesized
nanowires to be p-type semiconductor with a hole mo-
bility 72 em® V' s ™!, Further device analysis shows that
the p-Cu,S/n-Si heterojunction exhibits remarkable pho-
tovoltaic properties and can function as a high-
performance self-driven NIR photodetector with good
reproducibility.

Experiment

Synthesis and structural characterization of Cu,S
nanowires

All the reagents (analytical-grade purity) were purchased
from Shanghai Chemical Reagents Co. and were used
without any further purification. The synthesis of the
Cu,S nanowires was conducted in a horizontal tube fur-
nace via a simple thermal co-evaporation method. In a
typical synthesis of Cu,S nanowires, 0.3 g S powder and
0.1 g CuClI powder were loaded into two separated alumi-
na boats and transferred to the upstream region and center
region (the heating zone) of the furnace, respectively. The
distance between the two boats was about 9 cm. n-type Si
wafers (30 mm x 10 mm) with a resistivity of 47 Q) cm !
were then placed at the downstream position about 5 cm
away from CuCl source, as illustrated in Fig. 1. The
reaction chamber was flushed and filled with a mixture
gas of Ar and H, (with the flow rate of 10 and 50 sccm,
respectively, sccm denotes standard cubic centimeter per
minute) after evacuated to a base pressure of 6 x 10> Pa.
The pressure in the chamber was adjusted to 700 Torr
before heating. Thereafter, the furnace was heated up to
700 °C with a heating rate of 20 °C min' and maintained
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at that temperature for about 50 min. After the system was
cooled down to room temperature, the Si substrates with a
layer of black product were taken out of the furnace.

The morphologies and structures of the as-synthesized
Cu,S nanowires were characterized by X-ray diffraction
(XRD, Rigaku D/MAX-yB, Cu K« radiation,
A\ =1.54178 A), field emission scanning electron micros-
copy (FESEM, SIRION 200FEG), and high-resolution
transmission electron microscopy (HRTEM, JEOL-2010,
at 200 kV). The chemical composition of the products was
detected by the energy-dispersive X-ray spectroscopy
(EDS, Oxford INCA, attached to SEM). The UV-vis
spectrum was performed on a UV-vis spectrometer
(CARY 5000). The Raman analysis was performed on a
Raman spectrometer (HORIBA JOBIN YVON, LabRam
HR Evolution) using an excitation wavelength 532 nm
from an Ar ion laser. X-ray photoelectron (XPS) spectra
were recorded on a Thermo ESCALAB250 X-ray photo-
electron spectrometer using monochromatized Al Ko X-
ray as the excitation source.

Device fabrication and analysis

To assess the electrical properties of the Cu,S nanowires,
bottom-gate field-effect transistors (FETs) based on an

Q
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individual Cu,S nanowire were constructed. Briefly, the
as-synthesized Cu,S nanowires were dispersed on a SiO,
(300 nm)/n*-Si substrate. Then photolithography, electron
beam deposition, and a subsequent lift-off process were
utilized to define the Au (50 nm) electrodes on the Cu,S
nanowires. During device analysis, the heavily doped Si
substrate acted as the global bottom gate in the nanoFETs.
For the electrical characterization of the p-Cu,S/n-Si
heterojunction, the Au (50 nm) electrodes were deposited
onto the as-grown Cu,S layer on the n-Si substrate with a
shadow mask. All the electrical measurements were carried
out at room temperature with a semiconductor characteri-
zation system (Keithley 4200-SCS).

Results and discussion

Figure 2a shows a typical XRD pattern of the as-
synthesized products. All the diffraction peaks can be well
indexed to face-centered cubic Cu,S phase (JCPDS card
no. 84-1770). No evident impurity peaks from Cu and
Cu,O are observed, indicating that the products are of
single phase and high purity. The typical SEM image of
the as-synthesized Cu,S nanowires is presented in Fig. 2b,
showing a general morphology of nanowires with length
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Fig. 2 Typical characterizations of the products synthesized at
700 °C with the chamber pressure 700 Torr, using a mixture gas of
Ar (10 scem) and H; (50 scem) as the carrier gas. a XRD pattern. b
SEM image. ¢, d EDS spectra from the corresponding zone

920 930 940 950 960 970 300 400 500 600 700,800 900
Binding Energy (eV)

Raman shift (cm'1)

marked in b. e HRTEM image, inset shows the corresponding
FET pattern. f Cu 2p XPS spectrum and the Cu LMM Auger
spectrum (inset). g¢ Raman spectrum
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up to 50 pum (mostly 5-20 pm) and diameter in the range
of 100500 nm, some of which have remarkable particles
at their ends. EDS spectra taken from the end and the
middle of nanowires are shown in Fig. 2c, d, respectively.
The atomic ratio of Cu:S from the middle of the nanowires
is revealed to be about 1.94:1, which is similar to the
stoichiometry of Cu,S, while the end of the nanowires is
remarkably rich in Cu (atomic ratio of Cu:S to be about
2.51:1), which may imply a metal-catalyzed growth of the
Cu,S nanowires. HRTEM image and the corresponding
fast Fourier transformation (FFT) pattern taken from the
edge of a single Cu,S nanowire (Fig. 2¢) disclose a well-
defined 2D lattice fringe with the interplanar spacing
0.28 nm, which is consistent with the lattice plane (200)
of face-centered Cu,S. Therefore, we can deduce that as-
synthesized nanowires grow along the direction (100).

Figure 2f shows the Cu 2p core level XPS spectrum and
the Cu LMM Auger spectrum. The modified Auger pa-
rameter (), defined as the sum of the kinetic energy of the
Auger signal and the binding energy of the photoelectron
line, can be calculated to be 1849.6 eV, suggesting the
monovalence state of copper, i.e., Cu(l) (Yu et al. 2013).
Meanwhile, the Raman spectrum (Fig. 2g) shows a char-
acteristic Raman peak at 472 cm ™, which is also consistent
with the results reported for Cu,S nanostructures (Lai et al.
2010a, b). Since Cu,S will be the product whenever a
cuprous salt is reacted with H,S or Na,S (Roberts and
Buchanan 1971), H; is added to the carrier gas so as to
convert S into H,S. Cu,S will be synthesized according to
the following equation (Bierman et al. 2007):

H, + S—H)S

2CuCl + H,S—Cu,S + 2HCI

Cu,S formed in the vapor phase will be transferred
by the carrier gas to downstream position of the tube

J
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furnace with gradually decreased temperature and de-
posited there.

However, due to the small Gibbs free energy 2GO%fthe
reaction (Cu,S + S — 2CuS), Cu,S will spontaneously
transform into CuS when there is excess S. Therefore, the
content of H, will be crucial to the synthesis of single
phase Cu,S. For comparing, the reaction has been carried
out with different carrier gas. When pure Ar was used as
the carrier gas, no products were formed on the Si sub-
strate. When the mixture gas of Ar and H, (5%) was used,
the products are mostly quasi hexagonal nanoflakes (see in
Fig. 3), which reminds us the typical morphology of
covellite CuS, easily existing in hexagonal flakes due to
the intrinsic structural features of stacked CuS;~CuS;—
CuS; layers that are held together by covalent S-S bonds
(Wu et al. 2006a, b). XRD pattern and EDS spectrum
further reveal them to be hexagonal CuS (JCPDS card
no. 6-464), which is well expected.

The chamber pressure during deposition is proved to be
the other important factor for the successful synthesis of
Cu,S nanowires. Figure 4 shows the typical SEM images
of the products obtained at different chamber pressure.
Typical octahedron and truncated octahedron with size
25-50 um were formed at a low pressure (Fig. 4a, b).
With the increase of the pressure, the size of products
decreased remarkably, and quasi 1D nanostructures will
be the main products when the pressure is over 500 Torr
(Fig. 4e, f). We suggest that the pressure-dependent crystal
growth can be ascribed to the differential of the precursor
concentration (Li et al. 2011). Due to the high vapor
pressure of CuCl and S, Cu,S was easily formed in the
vapor phase. When the reaction was carried out at a lower
chamber pressure, the supersaturation of Cu,S in the vapor
phase was relatively higher which will surpass the surface
energy barrier and favor the isotropic growth, giving rise to
0D polyhedrons. While at higher pressure, the anisotropic
growth will be gradually dominant.

Fig. 3 a XRD pattern and b—¢ SEM images of the products synthesized using the mixture gas of Ar and H, (5%) as the carrier gas
(temperature 700 °C, chamber pressure 700 Torr). Inset in b shows the corresponding EDS spectrum
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Fig. 4 SEM images of the
products synthesized under
different chamber pressure

(700 °C, carrier gas: the mixture
gas of 10 sccm Ar and 50 sccm
H»). a, b 100 Torr. ¢, d 300 Torr.
e, £ 500 Torr

Vapor-liquid-solid (VLS) mechanism is well known
to account for the growth of quasi 1D semiconductor
nanostructures via CVD method which uses metal par-
ticles such as Au as the catalyst (Luo et al. 2014a, b). No
catalyst particles were precoated to the Si substrate
during our experiments. Therefore, we deduce that trace
element Cu reduced by H, may serve as the catalyst (Xu
et al. 2012), which has also been proved by the Cu-rich
particles existing at the end of the Cu,S nanowires.

FETs based on a single Cu,S nanowire were then
fabricated for the electrical characterization. As illustrat-
ed in Fig. Sa, metal Au was selected as the electrode
material. The linear current versus voltage (/~V) curve
of a Cu,S nanowire (Fig. 5b) in dark reveals a good
Ohmic contact, and the conductivity of the Cu,S nano-
wires is deduced to be about 600 S cm ™!, which is
comparable with that of CuS nanotubes (Wu et al.
2013). Figure 5c shows the transport properties of the
Cu,S nanowires. The source-drain current (I4s) versus
source-drain voltage (V) curves were measured under
varied gate voltage V,, from —40 to +40 V with a step of
40 V. The decrease of conductance with the increasing
V, confirms the p-type characteristic of the Cu,S nano-
wires. However, the weak gate effect may be attributed

to the high conductivity of the Cu,S nanowires (Wu
et al. 2013).

The field-effect hole mobility (uy,) and the hole con-
centration (n,) of the Cu,S nanowires can be further
estimated according to the following equations:

In(4h/d)L
Mh = gm
2megesio, Vs s

where transconductance (g, = dly/dV,) is extracted
from the linear region of the I4—V, curve. L is the
channel length, d is the nanowire diameter, £sio, is the
diclectric constant of the SiO, dielectric (~3.9), and / is
the thickness of the SiO, dielectric. The hole mobility
() 1s calculated to be about 72 em? Vsl which is
well consistent with the reported value of Cu,S thick
film (Sorokin and Paradenko 1966). Furthermore, the
hole concentration (n3,) is deduced to be about
5% 10" ¢cm™ through the equation 1, = /g1y, where
o is the conductivity of the nanowires and ¢ is the
elementary charge. Figure 5d shows the UV—vis—NIR
absorption spectrum of the as-synthesized Cu,S nano-
wires on Si substrate, which presents a near-band-edge
(NBE) absorption peak at 424 nm and a stronger near-
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Fig.5 a Schematic illustration of the bottom-gate FET based on a
single Cu,S nanowire. b The typical /~V curve of a single Cu,S
nanowire in dark. /nset shows the SEM image of a typical
nanodevice. ¢ Iy—Vqs curves measured with V, increasing from

infrared (NIR) absorption peak at 815 nm. From the
corresponding (ahv)’—hv plot (inset of Fig. 5d), the
optical band gap of the as-synthesized Cu,S nanowires
is deduced to be about 1.37 eV. The strong absorption in
NIR range corresponds to the localized surface plasmon
resonances (LSPR) due to the relatively high carrier
(holes) concentration in the as-synthesized products,
which is well reported for the copper chalcogenides
(Luther et al. 2011). Meanwhile, the strong absorption
in NIR range reminds us the application of Cu,S/Si
heterojunction in the field of NIR photodetector.

To fabricate an NIR photodetector, the above Cu,S
nanowire network was then deposited on the n-type Si
substrate to form a relatively dense layer, which can
form the p-Cu,S nanowires/n-Si heterojunction.
Afterwards, Au (50 nm) electrode was deposited onto
the as-grown Cu,S layer as a top Ohmic contact elec-
trode with a shadow mask. A bottom Ohmic contact was
formed by coating eutectic In:Ga onto the reverse of the

@ Springer
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—40to 40 V with a step of 40 V. The inset shows the corresponding
IV curve at Vg =—0.1 V. d UV-vis-NIR absorption spectrum
of the as-synthesized Cu,S nanowires on Si substrate. /nset shows
the corresponding (ahv)’—hv plot

n-Si substrate. Figure 6b shows the typical I~V curve of
the heterojunction (S = 0.25 cm?) measured in dark,
displaying distinct rectifying characteristics with a
turn-on voltage of ~0.6 V and a rectification ratio of
~300. When the heterojunction was illuminated by the
NIR light (790 nm, 0.35 mW cm_l), a pronounced
photovoltaic behavior with the open circuit voltage
(Vo) 0.09 V and the short circuit current (/) 65 nA
can be observed (Fig. 6¢), revealing the potential of the
as-synthesized Cu,S nanowires in the field of self-
driven NIR photodetector (Luo et al. 2014a, b). As
shown in Fig. 6d, the heterojunction shows high sensi-
tivity to the incident light with an /,,//,¢ ratio >600 and
a fast response speed <0.5 s (limited by the speed of
manually turning on and off the light) at zero external
bias, implying that the electron-hole pairs could be
effectively generated and separated in the Cu,S/Si
heterojunction. Moreover, the device exhibits excellent
reproducibility and stability under pulsed light
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Fig. 6 Electrical characterization of the p-Cu,S nanowires/n-Si
heterojunction. a Schematic illustration. b Typical -V curve in
dark. Inset shows the corresponding semilogarithmic plot. ¢ -V

illumination, indicating that the device can function as a

high-performance photovoltaic-type photodetector.
Responsivity (R) and specific detectivity (D*) are

normally used to delineate the photodetectors

Table1 Summary of key metrics of Si-based heterojunctions NIR
photodetectors

Photodetector R 1)1y D¥* Ref
(mMAW (cm Hz'"* W

p-Cu,S/n-Si 0.8 600 6.7 x 10" This work
wafer

p-CuOm-Si 64 560 7.6 % 10° Hong et al.
arrays 2014

n-CdS/p-Si 110 21 1.86x 10" Manna et al.
arrays 2012

MLG/n-Si 29 10* 3.9 x 10" Lvetal. 2013
wafer
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curves in the dark and under NIR light illumination (790 nm,
0.35 mW cm ). d Time response to pulsed light at zero bias

performance, which can be described according to the
following equations (Wu et al. 2012)
Iyl

SPop

R(AWT)

SIR
(2q1 d)%

where ,, is the photocurrent, /; is the dark current, P, is
the incident light power, S is the area of the effective
junction area, and ¢ is the charge of an electron. Based
on the above values, R and D* are estimated to be about
0.8mAW "and 6.7 x 10'° cm Hz"? W, respectively.
As we can see from Table 1, the as-fabricated Cu,S/Si
heterojunction has a comparable specific D* to other Si-
based heterojunctions self-driven photodetectors.

D*(cm Hz!/2 W‘l) -

b
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Fig. 7 Energy band diagram of
the p-Cu,S/n-Si heterojunction
upon light illumination
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However, the lower R may be attributed to the limited
absorption of Si wafer compared to Si nanowire arrays
used in the other devices.

The mechanism of the NIR photodetector can be well
elucidated by the energy band diagram of the p-Cu,S
nanowires/n-Si heterojunction presented in Fig. 7. A
space-charge region is formed between p-Cu,S and n-Si,
with the built-in electric field directing from Si to Cu,S.
When the heterojunction is illuminated by an incident NIR
light, a massive amount of electron-hole pairs will be
excited due to the efficient absorption by both Cu,S and
Si. The photogenerated electron-hole pairs are then sepa-
rated by the built-in electric field in opposite directions,
leading to a photocurrent in the circuit.

Conclusion

In summary, face-centered cubic Cu,S nanowires with
length up to 50 pm (mostly 5-20 pm) and diameters in
the range of 100-500 nm were successfully synthesized
through a chemical vapor deposition method. H, in the
carrier gas and the higher chamber pressure are proved
to be crucial to the controllable synthesis of Cu,S nano-
wires, and the growth mechanism is deduced to be the
VLS mechanism, using element Cu reduced by H, as
the catalyst. The as-synthesized Cu,S nanowires are
characterized to be p-type semiconductor with the con-
ductivity about 600 S cm ! and the hole mobility (u,)
about 72 cm?> V! s, Meanwhile, the p-Cu,S
nanowires/n-Si heterojunction shows a pronounced
photovoltaic behavior when illuminated by the NIR
light (790 nm), revealing the as-synthesized Cu,S

@ Springer

nanowires using to be potential materials for self-
driven NIR photodetector.
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