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ABSTRACT: Most of the recently discovered layered materials such as
MoS, or MoSe, are n-type, while few materials, such as phosphorene,
which suffers from rapid oxidation, are p-type. To form devices such as
p—n junctions and heterojunctions, new p-type mono-/few-layers are
needed. Here, we report a one-step synthesis of layered, crystalline, p-
type copper sulfide by thermal annealing of a standard copper foil in an
inert environment using chemical vapor deposition (CVD). Optical
spectroscopies (photoluminescence and absorption) show definite
correlating features around 2.5 eV. Surface photovoltage spectroscopy
shows a photovoltage reduction around the same energy range, which

would be expected from a bandgap of a p-type material, and p-type
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conductivity was also observed using a thermoelectric probe. TEM, XRD, and AFM showed that the synthesized material is
layered and has a unique stoichiometry of Cu,ySs. Using sonication and dropcasting, we succeeded to isolate few-layers and
monolayers. We observed good bulk electrical conductivity and characterized the electrical conductivity of few-layer copper
sulfide flakes using peak force tunneling atomic force microscopy (PF-TUNA). We observed an increase in conductivity for
increasing number of layers. Given its conductivity and layered morphology, we tested the synthesized CuyS; as an electrode for a
Li-ion battery. The proposed bottom-up synthesis, which is simple and scalable, allows synthesizing bulk quantities of the p-type
layered Cu,Ss which can then be exfoliated (top-down) to deposit monolayer flakes on substrates. Combined with the progress
achieved in the preparation of n-type layered materials, this p-type CuySs opens the door to the fabrication of 2D p—n

heterojunctions.

B INTRODUCTION

Over a decade ago, it was demonstrated that graphene can be
easily exfoliated from a graphite crystal.' > This method gave
rise to a surge of basic and applied research on graphene, which
exhibits exotic properties that greatly differ from its 3D version,
graphite.* In spite of the progress made in the study of
graphene, its use in electronics and photonics is still limited and
is facing several barriers, the most important being the absence
of an energy bandgap.” Attempts have been made to open a
bandgap wide enough in graphene to make it useful, but they
resulted in a loss of its exotic properties.®

As a result, the attention has shifted to other layered
crystalline materials, which have been investigated over
decades.””” These materials are composed of planes of
covalently bonded atomic layers, ranging from one to several
atoms thick, which are weakly bonded to each other by van der
Waals forces. For all layered materials, research in recent years
has shown that, in addition to composition and atomic
structure, dimension plays a pivotal role in defining material
properties, especially the bandgap.'*~"*

-4 ACS Publications  © 2018 American Chemical Society

2379

A popular class of the known lamellar materials are transition
metal dichalcogenides (TMDs), compounds of a group VI
element with a transition metal.'”>"> Recently, these materials
have received much attention for having a variety of unique
physical properties and for covering a wide range of
bandgaps.”'*"> While graphene is a semimetal, TMDs often
exhibit high mobility'”"” and span a wider selection of
conduction properties: insulators, semiconductors, and semi-
metals.'"® In most cases, their bandgap is direct for
monolayers'”™>" and indirect for two or more layers. This
makes TMDs suitable for many applications, including thin,
flexible devices;** optoelectronic devices;*>™>° transis-
tors;'****” lithium-ion batteries;*® lubrication;>’ and catalysis.30
Monolayers of MoS,, WS,, and VS, can be fabricated using
bottom-up synthesis such as chemical vapor deposition
(CVD),”’** or top-down using different methods such as
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mechanical exfoliation,*>>¢ liquid exfoliation,””*® or lithium

intercalation/deintercalation®” from their bulk materials.
Among them, CVD appears to be the most promising method,
especially for device applications, due to its industrial scalability
and the good quality obtained to date in synthesizing many
TMDs, including direct growth of monolayers on sub-
strates. !

Focusing on device applications, the vast majority of layered
semiconducting materials (including TMDs) are n-type
because the most frequent defect in compound semiconductors
is an anion vacancy.42 However, to form p—n junctions or
heterojunctions, one also needs p-type materials. The recently
synthesized phosphorene is the most popular and versatile
layered p-type material, but suffers extensively from oxidation.*’
Besides phosphorene, there have been several suggestions to
obtain p-type conductivity in n-type TMDs by doping of MoS,,
e.g, using contact-induced conductivity’* or phosphorus
implantation.*®

Copper sulfides (with a formula of Cu,_,S, with x < 1) have
been extensively researched.*”*’ They are intrinsic hole-
conducting (p-type) semiconductors,** and usually they exhibit
a direct bandgap ranging from 1.2 to 2.5 eV, depending on
the specific phase and stoichiometry.” It was shown that the
bandgap can be tuned by varying the concentration of Cu
vacancies.”® Cu,_,S is a low-cost, environmentally benign,
nontoxic material."”” Due to its excellent thermoelectric
properties,”””" it is considered a promising candidate for
various applications such as cathodes of lithium-ion bat-
teries,”>>* solar cell absorbers,”>>® sensors,”” >’ and various
optoelectronic devices.””"!

Over the past decade, numerous approaches have been
developed to synthesize copper sulfides in various morpholo-
gies, spatial orientations, and shapes, which were found to affect
their prog)erties.éz’é‘?’ Nanowires,* nanotubes,“’65 nano-
whiskers,”® nanobelts,"” nanowalls,”® nanorods,®”® hollow
spheres,”” and flowerlike structures’"’* of copper sulfide were
synthesized using various wet chemical methods.*® Usually, the
so-called hydrothermal technique is the most popular synthesis
method for copper sulfide synthesis, owing to its simple
operation and its use of inexpensive equipment.73 However,
synthesizing a single phase of copper sulfide with controlled
morphology has remained a challenge. Many attempts have
been made to control phase formation in copper sulfide
nanocrystals by controlling the precursor concentration
ratios,”” using various precursor materials,”” varying the
reaction temperatures,”® and employing different mixtures of
stabilizing surfactants.”” Du et al.”® presented a simple and
efficient solution-phase approach for synthesizing a hexagonal
phase of Cu,S layered nanocrystals. Recently, Senthilkumar et
al.** synthesized one-phase hexagonal digenite CuyS nanodisks
using toxic solvents.

Additionally, there are few reports of copper sulfide
synthesized by other techniques. Liao et al. produced copper
sulfide nanorods by microwave-heating, obtaining large
quantities of copper sulfide.”” Reijnen et al.””** deposited
thin films of copper sulfide using atomic layer deposition
(ALD) and CVD based on Cu(thd), (copper bis-tetramethyl-
heptanedionate) using the toxic compound H,S as a precursor.
They showed that hydrogen was necessary for copper sulfide
growth using CVD while it was not required using ALD.
Schneider et al.*" deposited copper sulfide thin films using ALD
of various precursors. They obtained multiphase compound
thin films (digenite Cu,S;, chalcocite Cu,S, djurleite Cus;Syq,
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and covellite CuS) or single-phase digenite thicker films
depending on the number of ALD cycles. Xu et al.*” reported
the use of a catalyst-free and template-free CVD technique for
synthesizing 0D and 1D Cu, ¢S, and layered CuS nanostruc-
tures. They showed that the growth temperature is essential for
morphology and structure control of different copper sulfides.
However, this method included the mixing of hydrogen with
sulfur, which resulted in the formation of the toxic H,S gas as a
byproduct. Recently, Bryks et al.*’ synthesized approximately
4.5 nm thick digenite nanosheets with 2.25 ym width using
solventless thermolysis of layered copper alkanethiolate
precursors that were synthesized by precipitating Cu(OAc)
with HSC,,H,,COOH in solution.

Here, we report a facile bottom-up method to synthesize
high yields of layered bulk copper sulfide from copper foil and
sulfur powder by thermal annealing under an inert gas (Ar).
Through extensive characterizations, we show that the material
obtained exhibits a unique stoichiometry (digenite, CuoSs), is p-
type (as expected), exhibits high electrical conductivity, and has
a bandgap of 2.5 eV. We also show that we can deposit few-
layers and monolayers on a substrate using sonication and
dropcasting (top-down). We investigated the electrical
conductivity of copper sulfide flakes using peak force tunneling
atomic force microscopy (PF-TUNA) and demonstrated that
there is a correlation between conductivity and the number of
layers. Using a half cell against Li foil, we tested the
electrochemical behavior of the bulk CuyS;. We found that
the capacity obtained in the half cell exceeded the theoretical
capacity of sulfur (1645 mA h/g.)-

The proposed synthesis provides a new p-type layered
material, which is a critical building-block for the fabrication of
devices such p—n junctions, heterojunctions, and complemen-
tary metal-oxide-semiconductor (CMOS) field effect transis-
tors.

B EXPERIMENTAL SECTION

Synthesis. We synthesized copper sulfide using a three-zone
atmospheric-pressure furnace. The furnace was equipped with a fused-
silica (quartz) tube with an internal diameter of 22 mm. Furnace
temperatures were monitored using built-in furnace thermocouples.
During the growth, the temperatures were set at 450 °C for zones 1
(Gy) and 2 (G,) and 650 °C for zone 3 (G;). The flow of argon
(99.9999%, from Gas Technologies) was maintained using electronic
mass flow controllers (MKS model P4B) with digital mass flow control
unit (MKS model 247D).

The synthesis was carried out in three steps. First, we placed a
ceramic boat with 1.1 g of sulfur powder (Alfa Aesar, 99.5%, 325
mesh) outside of the furnace, upstream of the gas flow. We also
positioned a second boat with a 0.5 cm X 1.5 cm piece of copper foil
(Alfa Aesar, 99.9%) downstream, outside the heated zone of the
furnace. We purged the quartz tube with argon, while the two boats
were kept at room temperature until the furnace reached equilibrium
at the desired temperatures in all the three zones, and the reactor was
filled with argon. Next, for copper sulfide growth, we pushed the
quartz tube inside the furnace to position copper foil in the middle of
the growth zone G; (650 °C). We then introduced the sulfur boat at
the edge of the first zone G, inside the furnace (450 °C) using an
external magnet. We kept the two boats inside the furnace for 15 min
in order to complete the reaction. To end the process, we first pulled
out the sulfur boat from G, and then shifted the quartz tube out of the
furnace, allowing a fast cool down of the sample to room temperature,
under a flow of argon before removing it from the furnace and
exposing it to air. We used here the “fast heat” technique which was
described in our previous papers.”* Using this technique, we heated
the sample to the desired temperature without exposing it to
temperature ramp up or down.
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Copper Sulfide Characterization. TEM analysis was carried out
in LaB6- Jeol-1400 and FEI G12 transmission electron microscopes
with an acceleration voltage of 120 kV. Convergent beam electron
diffraction (CBED) results were obtained using a 4 nm probe size.
Samples were prepared by dispersing a section of the copper sulfide in
hexane followed by a gentle sonication for 1 h, and then by placing a
single drop of the solution on a 300-mesh Cu lacey carbon grid (from
SPI). The Cu,S; rhombohedral phase and cubic phase were
characterized by PDF files 47-1748 and 56-1256, respectively. These
files are in agreement with the XRD analysis that indicates the same
PDF files.

AFM measurements were carried out using a Bio FastScan scanning
probe microscope (Bruker AXS). All images were obtained using
tapping mode with a FastScan-A (Bruker) silicon probe (spring
constant of 18 N/m). The resonance frequency of the cantilever was
approximately 1400 kHz (in air). The measurements were performed
under environmental conditions. The images were captured in the
retrace direction with a scan rate of 2.0 Hz. The resolution of the
images was 512 samples/line. For image processing Nanoscope
Analysis software was used. Before analysis of the images, the “flatting”
and “planefit” functions were applied to each image. Samples were
prepared in two different ways: first, a solid sample of copper sulfide
was attached to a stainless steel (StStl) stab by carbon tape, and part of
it was removed using scotch tape. The part of copper sulfide that was
left on the stab was examined by AFM. Additionally, we measured
copper sulfide flakes on Si/SiO, wafer, prepared by a single drop from
a copper sulfide dispersion in hexane, after a sonication bath for 1 h.

The theoretical crystal structure was visualized by the VESTA
program, using atomic locations from CIF file number 9000079.cif
(Crystallography Open Database) and adapting unit cell parameters as
recorded in PDF 47-1748.

X-ray powder diffraction measurements were carried out using a
Rigaku Smartlab X-ray diffractometer. We crashed the copper sulfide
crystals before measuring. Data was collected in the 26 range from 25°
to 90°, with a step size of 0.004° and scanning rate of 0.4°/min. The
X-ray generator was operated at 40 kV and 30 mA with Cu Ka
radiation (4 = 1.542 A). The two digenite CuoS; polymorphs,
rhombohedral and cubic phases, were identified by PDF 47-1748 and
PDF 56-1256, respectively.

Photoluminescence (PL) was excited using a 1 mW He—Cd laser
and was acquired using an optical microscope and a Newport Corp.
MS257 spectrometer with long-pass filters to filter out high-order
diffractions and a Si CCD detector.

Surface photovoltage spectroscopy (SPV) was measured by
monitoring changes in the surface work function. These changes
were monitored using the Kelvin probe technique. The latter measures
the contact potential difference (CPD), i.e., the difference in work
function, between the semiconductor free surface and a vibrating
reference probe. A commercial Kelvin probe (Besocke Delta Phi), with
a sensitivity of ~1 mV, was used in all measurements. The physics of
the technique is discussed further in the context of its data. We refer
the reader to a thorough review of the method that may be found in
ref 85. CPD was recorded as a function of the photon energy, using a
xenon light source monochromatized, filtered, and scanned from low
to high photon energies while keeping a constant photon flux
throughout the measurement.

Thermoelectric probe measurements were carried out using two
soldered indium S mm spaced contacts, one of which was heated up
during the measurement using a soldering iron, %%

Four-Point Probe Measurements. A CuySs sample was polished
to facilitate an easy calculation of the geometry correction factors. The
sample was placed on an insulating substrate (a bare printed circuit
board insulator). A 4-point probe was brought into contact with the
surface. Current was applied between the two outer contacts, and
voltage was measured between the two inner contacts. To calculate the
resistivity, we used the following equation, p = 27sFV/I, where s is the
spacing between neighboring probes, F is a correction factor for
sample geometry, I is the applied current, and V is the measured
voltage. A full description of the correction factor F may be found in
ref 87.
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Hall Effect Measurements. The Hall effect was measured using
the four-point contact method. Due to the brittleness of the samples,
soft indium contacts were used. The measurements were carried out at
room temperature using homemade permanent magnets.

PF-TUNA Measurements. Bulk copper sulfide was mechanically
crushed and placed on a conductive substrate of highly oriented
pyrolytic graphite (HOPG), attached to a steel stub holder. Local
electrical conductivity was measured using a Bruker ICON AFM
system equipped with a highly sensitive current detector (PF-TUNA
module). A bias voltage of S00 mV was applied to the sample, and the
electric current was passed through the AFM tip. The PF-TUNA tip is
coated with Pt—Ir conductive coating (SCM-PIT probe, Bruker, spring
constant 2.8 N/m, resonant frequency 75 kHz). All PF-TUNA
measurements were performed under an optimal loading force of ~1
nN. In addition to Cu,S;, HOPG (lot 492000305, grade ZYH,
purchased from Digital Instruments) and MoS, (single-crystal large lot
1170529, purchased from SPI SUPPLIES) were exfoliated using an
adhesive tape, and placed on a conductive carbon tape attached to a
steel stub holder. Local electrical conductivity was measured as before.
To compare the different layered materials in terms of resistance/
thickness, we used the average current and thickness values of a flake
per scan line.

Electrochemical Characterization. To evaluate the electro-
chemical behavior of the CuyS5 samples, we prepared CuyS; composite
electrodes. The Cu,S; was first ball-milled at 600 rpm for 2 min (4
intervals) and then mixed in the following ratios: 80% Cu,Ss as the
active material, 10% PVdF as a binder, and 10% carbon black Super-P
(TIMCAL). For the slurry preparation, 1-N-methyl-2-pyrrolidone
(NMP) was added and mixed together in the Thinky mixer (ARV-
310/ARV-310LED) in order to obtain smooth slurries. The electrodes
were prepared by coating the slurry onto copper foils using the doctor-
blade technique, dried overnight at room temperature, and then
heated overnight at 120 °C in a vacuum. Cell assembly was carried out
using coin-type cells 2325 (NRC) in an argon-filled dry glovebox
(MBraun Inc.). The Li metal foil was used as the counter and
reference electrodes in half cell. A porous polyethylene-based
membrane (Tonen) was used as the separator. The electrolyte
solutions used were 1 M LiPF in fluoroethylene carbonate (FEC) and
dimethyl carbonate (DMC) 1:4 mixtures by weight (Merck), as well as
dimethoxyethane (DME) and 1,3 dioxolane (DOL) 1:1 1 M LiTFSI
with 1.5% LiNO;. The cells were stored for 10 h at room temperature
after assembling, at an open circuit voltage (OCV), to ensure the
complete wetting of the electrodes and the separators with the
electrolyte solution. The cells were measured by galvanostatic charge—
discharge cycling. Two-electrode Li/CuySs cells were discharged using
a BT2000 battery cycler (Arbin Instruments) at S0 yA from OCV to
1.6 and 2 V. The electrochemical measurements were performed at 30
°C.

Bl RESULTS AND DISCUSSION

We synthesized bulk copper sulfide by thermal annealing using
CVD in a three-zone atmospheric-pressure furnace using sulfur
powder and copper foil as precursors. The sulfur powder was
positioned upstream at the edge of the first zone G, (set at 450
°C) while a copper foil was positioned downstream at the
center of the third zone G (set at 650 °C), as depicted in
Figure 1b. After 15 min of annealing under inert atmosphere
(argon), the copper foil transformed into a rough, brittle, and
dark blue shiny substance (Figure la,c).

SEM images showed a layered morphology (Figure 2). The
sample is composed of large sub-millimeter crystals with
micron-size texture (Figure 2a). Higher magnifications show a
surface texture of oriented triangles demonstrating the single-
crystalline nature of each sub-millimeter crystallite (Figure
2b,c).

AFM image (Figure 3) confirmed the layered structure of the
CuyS;. While each terrace is tens of nm thick, the terraces
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Figure 1. (a) Pristine copper foil before treatment. (b) Scheme of the
CVD system and positions of the sulfur powder (left, G,) and copper
foil (right, G;) inside the furnace. (c) Copper foil after sulfurization,
transformed into a shiny dark blue copper sulfide.

Figure 2. SEM images of layered Cu,Ss: (a) Low magnification
presents sub-millimeter sized crystallites. (b) Further magnification
resolves layered texture of thin triangles. (c) All triangles are in perfect
stoichiometric relations suggesting that the millimeter-sized grains are
single crystals.

11.6 nm

-13.0 nm

Figure 3. AFM image of layered CuoS; confirmed the layered structure
observed with SEM.

observed in the as-grown material were still too thick to
represent monolayers.

After sonication of a dispersion of the crushed material in
hexane and dropcasting a drop of the solution on a Si/SiO,
wafer, we observed flakes of different thicknesses: monolayers,
bilayers, and few-layers. The thickness of the deposited
monolayer flakes was measured using AFM and is shown in
Figure 4a. It suggests a monolayer thickness of about 1.2 + 0.3
nm, which is in agreement with a rhombohedral structure based
on a theoretical model® of the CuyS; (the model is shown in
Figure 4b). Figure 4c, a lower-magnification AFM image (20 X
20 pum?), shows a vast coverage of bilayers and monolayers.
According to an adhesion map (Figure S1, Supporting
Information), there was only a single material on the SiO,
substrate, without any significant contamination. SEM images
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1.28 nm

0.0 Height 20 pm

Figure 4. (a) AFM measurements of a dispersed CuyS; demonstrated
minimal thickness of 1.2 + 0.3 nm; the measurements were carried out
on more than 10 flakes. (b) Theoretical structure model. (c) Wide-
scale AFM image (20 X 20 um?®) of a Cu,Ss dispersion. (d) SEM
image of an isolated Cu,S; flake.

of the dropcast CuyS; show few-layered large flakes with sizes
exceeding 40 X 5 um?* (Figure 4d).

We performed phase analysis of the crushed copper sulfide
crystals using XRD. The XRD spectrum (Figure Sa) contains a
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Figure S. (a) XRD pattern of crushed copper sulfide crystals. Peak
positions and intensities from the literature are indicated in the figure
for two digenite CuoSs polymorphs: a rhombohedral phase (red) and a
cubic phase (blue). The inset shows the split of the peak located at 26
= 32.1 into the two polymorphs. (b) TEM image and CBED analysis
confirm the layered copper sulfide as being a rhombohedral CuySs
phase.

consistent split of many peaks and indicates the presence of two
polymorphs of digenite, Cu,S: the first, a rhombohedral phase,
space group R3m, with a = 3.93 A and ¢ = 48.14 A; and the
second, a cubic phase, space group Fm3m, with a = 5.571 A. We
hypothesize that, by using the “fast heat” method (that we
extensively applied to carbon nanotube synthesis using
CVD),*" which minimizes the thermal dose through rapid
temperature transitions, specific kinetic processes were favored,
leading to a unique stoichiometry and limiting the formation of
mixed phases in the obtained products.

From correlation between TEM images and converged
microbeam electron diffraction (CBED) analysis, it is apparent
that each phase holds a different layout (Figure Sb). The CuySs
rhombohedral phase is clearly layered and stacking 2D layers,
one on top of the other to form pyramids (or bipyramids) that
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are eventually arranged in the observed triangles. On the other
hand, the cubic phase appears polycrystalline and less defined in
shape (see Figure S2 in Supporting Information).

To gain insight into the semiconductor properties of this
material, we carried out photoluminescence (PL) spectroscopy
measurements on the as-grown CuyS; sample. Figure 6a

-
o

PL Intensity
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o

Absorption
(Arb. Units)

-2.74}¢

CPD (V)

-2.76

-2.78

1j5 2j0 2:5 3j0 3..5
Photon Energy (eV)
Figure 6. (a) Photoluminescence spectrum of the synthesized bulk
Cu,S;. (b) Absorption spectrum of a Cu,Ss dispersion showing the
absorption edge ~2.5 eV. (c) Surface photovoltage spectrum obtained

from the same CuyS; sample as the PL showing a rise over the same
energy range indicating a p-type conductivity.

presents two peaks: the main peak is about 1 eV wide and
centered at about 2.6 eV, and a second peak, of relatively small
intensity, is seen to ride the shoulder of the main peak and is
centered at about 3.25 eV. We also performed absorption
spectroscopy using a quartz cuvette containing the dispersion
that was previously used for the TEM analysis and observed a
rise in absorption around 2.5 eV (Figure 6b). If this rise
represents the absorption edge of the material, then it correlates
with the main PL peak, suggesting that this is the bandgap of
the material. Surface photovoltage spectroscopy carried out
over the same spectral range as the two other spectroscopy
measurements shows a rise in the contact potential difference
(CPD) over the same energy range as the PL spectrum (Figure
6¢). The surface photovoltage is defined as the difference
between the CPD in the dark and the CPD under illumination.
Under illumination, p-type semiconductor energy bands are
bent downward toward the surface, whereas those in n-type
semiconductors are bent upward. Illumination with photons of
energy greater than the bandgap typically tends to decrease the
surface band-bending. Due to the different signs of the
equilibrium surface potential, a CPD rise at the bandgap
energy of the material means that the material is of p-type
conductivity.*> Thus, photoluminescence, absorption spectros-
copy, and surface photovoltage spectroscopy are all consistent
with a bandgap of about 2.5 eV.

Since cation vacancies are known to plague most of the
Cu(I) compounds, we expect copper sulfides to show p-type
conductivity.**® To further verify the conductivity type, we
used the thermoelectric probe method. We characterized the
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Seebeck current between the contacts using the electrical circuit
shown in the inset of Figure 7. At first, the grounded contact

cool
down

_heat up
200 °C

>

heat up
300 °C

g
-

0.0

Seebeck Current (mA)

10.00
Time (s)

A
0 500

Figure 7. Thermoelectric probe carried out on the synthesized bulk
CuyS; showing the Seebeck current behavior in time at two
consecutive experiments wherein one contact was heated up and let
to cool down. The polarity of the current change indicates conduction
by holes, i.e., p-type conductivity.

was heated up to about 200 °C. As a result, the current was
observed to grow negative. Then, the heat source was turned
off, and the sample was let to cool down, at which stage the
current became less negative. The process was then repeated a
second time at a higher temperature of 300 °C, and the same
current behavior was observed only to a greater extent. The
meaning of the negative current is that the current flows from
the hot contact to the cold contact suggesting that the
conductivity is indeed carried out by holes.

As is commonly the case with copper-containing materials,
our CuyS; appears to be a good conductor. Copper-containing
compounds have always been a subject for superconductivity
testing. Specifically, there have been reports of superconductive
behavior in very close compounds, e.g, CuSSe.” Hall effect
measurements performed on the bulk CuyS; showed mobilities
of ~1 ecm?/(V s).

The conductivity measured using a 4-point probe on bulk
samples was very high, above 45 (€ cm) ™. This corresponds to
high hole concentrations on the order of 10*° cm™. While
these numbers are preliminary and require more statistics, they
do not seem to be in line with the surface photovoltage results
which appear to suggest a more moderately doped semi-
conductor. However, this measured high conductivity is
consistent with a recent theoretical study that suggests an
inherently high hole concentration in this p-type material.”’
This very high level of doping is also in line with the low
mobility observed, which may be due to impurity scattering,”*
possibly compounded by 2grain boundary scattering that is also
known to limit mobility.”

2D materials are known to have nonisotropic conductivity,
i.e., show better conductivity within a layer than between the
layers.”> To map the conductivity of different areas in the
sample related to the topography of the sample, we used PF-
TUNA, which can detect the electrical conductivity only along
the z-axis of the flake. We investigated the electrical properties
of our copper sulfide (mechanically exfoliated) on a highly
oriented pyrolytic graphite (HOPG) substrate by simultaneous
measure of the thickness of the flakes and of the current passed
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through it. Figure 8 shows an AFM topography image
combined with a TUNA current image of the flakes. Since

46.6 nm 27.1 pA
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Figure 8. (a) PF-TUNA topography and current combined image of
Cu,S; flakes and their cross sections for a DC sample bias of 500 mV.
(b) A current profile along the yellow line shows a staircase structure
on its right shoulder, ie., an increase of the current with the sample
thickness. The dashed blue lines present the position of the white
crosses on the image.

we used crushed bulk CuyS; for PE-TUNA measurements
(thick flakes), both the rhombohedral and the cubic phase may
have been present, thus making it difficult to correlate between
the conductivity and the crystal structure of the material.
However, given that TEM imaging (Figure Sb) showed that
only the rhombohedral phase was layered, we can speculate that
the thick flakes we measured with PF-TUNA were made of the
rhombohedral phase.

The observed results indicated that CuoSg is electrically
conductive. When applying a dc sample bias of 500 mV, a
current was detected on the defects and the edges of the flake.
Previous work”"”> on the conductivity of MoS, flakes suggested
that flakes with defects (vacancies resulted from losing sulfur
atoms) on the surface edges exhibit greater conductivity along
the flake edges compared to the center of the flake. The
interaction of the sample surface with the AFM tip may be
different at the center of the flake compared to its edges. When
the tip scans the center of the flake, only its sharp end interacts
with the surface; thus, the contact between the tip and the flake
is limited to a very small area. The consequence is that only
very small currents can be detected.”® However, when the tip
scans the edges of the flake, the interaction occurs over a much
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larger surface. This increase in contact area enables measuring
higher currents. We assume that a combination of these factors
may lead to the observed higher currents at the edges of the
flake and on larger defects. In addition, Figure 8 shows an
increase in conductivity as the number of layers increases,
similar to the findings reported by Song et al.”® on the
conductivity of MoS, flakes.

We also used PF-TUNA to compare the resistance of our
mechanically exfoliated CuoSs to highly oriented pyrolytic
graphite (HOPG), and to MoS, (both with many-layers).
Although this is a 2-point electrical measurement that does not
allow separation of the contact resistance from the total
resistance measured, the ratio of the resistances over their
measured thicknesses provides a good comparison between
these materials. We then calculated the “resistivity ratio” among
the materials in relation to HOPG resistivity using eq 1:

Prat_ _ Inorc X thore
Prorg Imat X tat (1)
where I, and t,, are current and thickness of the specific

material, and Iyopg and fyopg are current and thickness of
HOPG measured by PF-TUNA, respectively. We assume that
the area of the contact and voltage are the same in all
measurements.

We observed that the resistivity ratio (compared to HOPG)
of Cu,S; (2.5 eV bandgap for bulk) was 187, while that of MoS,
(1.2 eV bandgap for bulk'') was 8463; this makes CuySs 45
times more conductive than MoS,. Please note that we refer
here to bulk measurements since the average measured
thickness was over 16 nm. The obtained resistivity ratio
between MoS, and HOPG is similar to recent reports.”””®
These results are also consistent with our 4-point probe
measurements, and in line with a theoretical study indicating
that high p-doping levels are to be expected in CuySs.”

Sulfur-containing materials are considered as potential next-
generation electrodes for lithium-ion batteries.”® This property,
together with the discovery of the layered feature of our Cu,S;,
led us to investigate its electrochemical behavior. A Cu,S;
composite electrode was set in a half cell against Li foil and
reduced galvanostatically to a cutoff voltage of 1.5 V versus Li.
The material exhibited a very high capacity of ~500 mA h/
Zdigenite ad nearly 2000 mA h/gq, g, The high value of capacity
per sulfur strongly suggests an enhancement in the electro-
chemical activity, since the material exceeds the theoretical
capacity of sulfur (1645 mA h/gy,). A mechanistic approach
to the enhanced electrochemical activity is currently under
investigation and is beyond the scope of the current
manuscript. In general, two electrochemically induced phase
changes were observed upon lithiation at 2.1 and 1.7 V. The
Cu,S; electrode and consequent phase change products were
characterized by XRD (Figure S3). In the first plateau, we
found that the electrode phase changed from digenite (Cu,Ss)
to chalcocite (Cu,S). In the second plateau, the obtained Cu,S
reduced completely to Cu while Li,S compound was formed.
Surprisingly, we were able to demonstrate a galvanostatic
charge/discharge profile, not only in DOL:DME-based electro-
lyte solution, but also in an alkyl carbonate electrolyte, which is
generally known to produce an irreversible electrochemical
reaction for sulfur redox. The charge/discharge profiles are
presented in Figure 9.
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Figure 9. Voltage profiles obtained from CugyS; electrodes in half cell
configuration at the Ist cycle normalized to sulfur mass (down) and
electrode mass (up) with DME:DOL 1:1 1 M LiTFSI 1.5% wt %
LiNO; (red) and FEC:DMC 1:4 1 M LiPF, (blue) as electrolyte
solution.

H CONCLUSION

We report a simple CVD method to grow high yields of bulk
layered copper sulfide. The material exhibits a single
stoichiometry (CuySs) and two crystal structures: a cubic
phase and a rhombohedral phase. The rhombohedral phase was
found to possess a layered structure, with layers tens of nm
thick, which are themselves composed of monolayers that we
were able to separate and to deposit on a substrate after liquid
exfoliation and dropcasting. Using multiple characterizations,
we demonstrated that the material is p-type with a bandgap of
about 2.5 eV. We showed that CuoSs is electrically very
conductive (above 45 (Q cm)™) and that the electrical
conductivity increased with the number of layers. Initial
electrochemical measurements demonstrated that CuySs
exhibited a high capacity of ~500 mA h/ggenie and nearly
2000 mA h/gg g, exceeding the theoretical capacity of sulfur
(1645 mA h/gug,.). We are currently investigating this
enhancement in the electrochemical activity. This method
introduces a new p-type layered material that has the potential
to be used for Li-ion batteries and supercapacitors. Additionally,
after exfoliation and dropcasting, it has the potential to be
combined with the many available n-type monolayer materials
(e.g, TMDs) to fabricate original p—n junctions and CMOS
transistors.
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