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ABSTRACT: We demonstrate a versatile top-down ion
exchange process, done at ambient temperature, to form
epitaxial chalcogenide ﬁlms and devices, with nanometer scale
thickness control. To demonstrate the versatility of our
process we have synthesized (1) epitaxial chalcogenide metallic
and semiconducting ﬁlms and (2) free-standing chalcogenide
ﬁlms and (3) completed in situ formation of atomically sharp
heterojunctions by selective ion exchange. Epitaxial NiCo2S4
thin ﬁlms prepared by our process show 115 times higher
mobility than NiCo2S4 pellets (23 vs 0.2 cm2 V−1 s−1) prepared
by previous reports. By controlling the ion exchange process
time, we made free-standing epitaxial ﬁlms of NiCo2S4 and
transferred them onto diﬀerent substrates. We also demonstrate in situ formation of atomically sharp, lateral Schottky diodes
based on NiCo2O4/NiCo2S4 heterojunction, using a single ion exchange step. Additionally, we show that our approach can be
easily extended to other chalcogenide semiconductors. Speciﬁcally, we used our process to prepare Cu1.8S thin ﬁlms with mobility
that matches single crystal Cu1.8S (25 cm2 V−1 s−1), which is ca. 28 times higher than the previously reported Cu1.8S thin ﬁlm
mobility (0.58 cm2 V−1 s−1), thus demonstrating the universal nature of our process. This is the ﬁrst report in which chalcogenide
thin ﬁlms retain the epitaxial nature of the precursor oxide ﬁlms, an approach that will be useful in many applications.
Schottky diodes and Cu1.8S ﬁlms with single-crystal-like
performance. Our analysis reveals that this top-down route
oﬀers the capability to achieve an atomically sharp transition at
the junction’s interface. The procedures for forming NiCo2S4
epitaxial thin ﬁlm comprises two steps, where epitaxial
NiCo2O4 is ﬁrst grown on single crystal substrate (e.g.,
MgO) as template, followed by the top-down solution anionexchange reaction to induce epitaxy of NiCo2S4 which was
schematically illustrated in Scheme 1. The epitaxial NiCo2O4
ﬁlms also mitigate the lattice mismatch between NiCo2S4 and
MgO substrate, in case of direct chalcogenide ﬁlm growth on
MgO. The extent of the ion exchange process can be changed
to control the thickness of the NiCo2O4 that is converted to
NiCo2S4. If the ion exchange reaction is carried out long
enough, the entire layer of NiCo2O4 is converted to NiCo2S4,
and the newly formed NiCo2S4 thin ﬁlm can be peeled oﬀ from
the MgO substrate easily to form a freestanding quasi-singlecrystal thin ﬁlm. These freestanding chalcogenide ﬁlms can be
transferred onto other substrates to make nanodevices coupled
with other atomic crystals. In fact, this is the ﬁrst report in
which the chalcogenide thin ﬁlms can retain the epitaxial nature
of their precursor oxide ﬁlms. This is analogous to ionic

1. INTRODUCTION
Thin transition metal chalcogenide ﬁlms are of particular
interest for the fabrication of optoelectronics,1,2 photovoltaic
cells,3,4 thermoelectrics,5,6 sensors,7,8 etc. While several bottomup solution approaches 9−13 have been used to grow
chalcogenide ﬁlms, they often result in rough surface
morphology and high defect density, with ﬁlm thickness of
tens of microns.14 The poor properties associated with defectrich thick ﬁlms have recently shifted the research eﬀort to
atomic crystals and ultrathin epitaxial ﬁlms.15,16 Direct
heteroepitaxy of chalcogenides thin ﬁlms on cheap, commercially available oxide substrates is very diﬃcult, considering the
large lattice parameter mismatch and/or thermal-expansion
coeﬃcient between the ﬁlm and substrate. Meanwhile,
traditional bottom-up solution routes also cannot be controlled
with nanoscale precision. Therefore, even with the abundance
of chemical synthetic routes for transition metal chalcogenide
thin ﬁlm synthesis, obtaining high-quality epitaxial chalcogenide
ultrathin ﬁlms over large substrates is still a considerable
challenge and has not been realized to date.
Here, we develop a thickness controllable, area selective topdown solution approach to realize epitaxial chalcogenide ﬁlms
and devices. Speciﬁcally, we have developed a process for
NiCo2S4 thin ﬁlms and freestanding quasi-single-crystal
NiCo2S4 thin ﬁlms under ambient conditions. Moreover, we
fabricated in situ oxide-chalcogenide lateral NiCo2O4/NiCo2S4
© 2016 American Chemical Society
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2. EXPERIMENTAL SECTION

Scheme 1. Schematic of the Top-down Process We
Developed for the Formation of Epitaxial of NiCo2S4
(AB2S4) Thin Films from the NiCo2O4 (AB2O4) Templatea

a

2.1. Epitaxial NiCo2O4 Thin Film Synthesis. The epitaxial
NiCo2O4 ﬁlms were grown by pulsed laser deposition. The NiCo2O4
ﬁlms were fabricated on single crystal substrate (001) MgO at 350 °C
under 50 mTorr of O2. The NiCo2O4 target was synthesized by the
hydrothermal method (ref 25) and was ablated by KrF excimer laser
(λ = 248 nm) at 10 Hz with a ﬂuence of 2.8 J cm−2. The thickness of
epitaxial NiCo2O4 ﬁlms ranged from 15 to 20 nm. The very small
lattice mismatch (NiCo2O4: 8.11 Å, MgO: 4.2 Å) helps to achieve
epitaxy of NiCo2O4 (001) on MgO (001).
2.2. Epitaxial Cu2O Thin Film Synthesis. The epitaxial Cu2O
ﬁlms were grown by reactive sputtering. The (011) oriented epitaxial
Cu2O ﬁlms were prepared on MgO (001) at 700 °C under 1 mTorr of
O2 and 6 mTorr of Ar. A rotation of 45° for the Cu2O (001) plane
with respect to MgO (001) is expected because the distance between
the nearest neighboring Cu atoms is √2/2 × 4.217 Å (lattice constant
of Cu2O: 4.217 Å). The thickness of Cu2O was maintained at 300 nm.
2.3. Epitaxial and Freestanding NiCo2S4 Thin Film Synthesis.
The as-prepared epitaxial thin NiCo2O4 ﬁlms (∼15 nm) in 0.1 M
NaHS aqueous solution (10 mL) were placed in a reaction vessel at
room-temperature for 12 h to prepare ca. 7 nm NiCo2S4 thin ﬁlm. In
order to obtain ∼2 nm thin NiCo2S4 ﬁlm, the reaction time was
decreased to 2 h. To obtain pristine “fully converted” thin NiCo2S4
ﬁlm, the reaction time was increased to 7 days. All the roomtemperature processed ﬁlms were annealed at 300 °C in Ar for 1 h. To
prepare freestanding thin NiCo2S4 ﬁlm, 40 mL of 0.05 M Na2S

Single crystal MgO substrate was used in this study.

nanocrystals, but not thin ﬁlms, which were recently shown to
preserve both the anion and cation sublattice of the precursor
nanocrystals during solution ion-exchange process.17−21 We
believe that this strategy can be extended to fabricate various
kinds of high-quality transition metal chalcogenide thin ﬁlms
and corresponding heterojunctions, for example, ZnS, Ag2S,
Cu1.8S, CdS, CoS, MnS, CdSe, Cu2Se, etc.

Figure 1. Characterization of epitaxial NiCo2O4 thin ﬁlms on MgO substrate. (A, B) HAADF-STEM images of NiCo2O4/MgO sample and (C)
corresponding SAED pattern. (D) Resistivity of NiCo2O4 as a function of temperature.
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Figure 2. Characterization of epitaxial NiCo2S4 thin ﬁlms synthesized by top-down ion exchange. (A) Raman spectra of annealed NiCo2S4 measured
in argon atmosphere. (B) The bright-ﬁeld TEM of annealed NiCo2S4/NiCo2O4 interface and (C) corresponding FFT images. (D) HAADF-STEM
image of annealed bilayer NiCo2S4/NiCo2O4 thin ﬁlm on MgO substrate. The inset image shows the FFT around the interface region. (E) Highresolution TEM images of NiCo2S4/NiCo2O4/MgO sample, showing atomically sharp transition across the interface region. E1 and E2 are brightﬁeld TEM and HAADF-STEM images of NiCo2S4/NiCo2O4/MgO, respectively.
on the high quality samples (ﬂat, large) using standard e-beam
lithography (EBL) and e-beam evaporation. To prepare lateral
NiCo2O4/NiCo2S4 heterojunctions, the NiCo2O4/MgO samples
were ﬁrst patterned using photoresist for area selective exposure.
Then, the patterned samples were immersed into aqueous sulﬁdes
solution for 6 h. After anion-exchange, the resist was then stripped by
soaking the samples in acetone. Next, the samples were annealed in Ar
atmosphere for 1 h.
2.7. Measurement of Physical Properties. The electrical
transport properties were measured using a physical property
measurement system (Dynacool, Quantum Design). The transport
properties of as-made Schottky diode (NiCo2O4/NiCo2S4) were
analyzed by Keithley 4200 semiconductor characterization system.

aqueous solution was transferred into a Teﬂon-lined autoclave with a
piece of as-prepared epitaxial thin NiCo2O4 ﬁlm immersed into the
solution and kept at 120 °C for 4 h. After cooling down to room
temperature, the as-obtained free-standing ﬁlms were transferred onto
Si/SiO2 substrate for electrical transport studies.
2.4. Quasi-Single-Crystal Cu1.8S Thin Film Synthesis. Approximately 500 μL of 0.1 M Na2S aqueous solution was added into 10 mL
of methanol. Next, this solution was cooled in an ice-bath for 10 min.
Afterward, one piece of as-synthesized epitaxial Cu2O ﬁlm was
immersed into this solution and kept in an ice-bath for 1 h. The asobtained copper sulﬁde ﬁlms were annealed at 300 °C in Ar for 1 h.
2.5. Characterization. X-ray diﬀraction (XRD) spectra were
collected by a Bruker diﬀractometer (D8 Advance) with Cu Kα
radiation, λ = 1.5406 Å. The XRD φ scan was conducted on Bruker
D8 discover. The bright-ﬁeld TEM images were collected from Titan
80−300 kV (ST) TEM, FEI. Further, the spherical-aberrationcorrected TEM images were collected from FEI Probe Corrected
Titan3 80−300 S/TEM. Energy-dispersive spectroscopy (EDS)
elemental mapping analysis was performed on the same instrument
in scanning TEM (STEM) mode. Pristine “fully converted” NiCo2S4
thin ﬁlms were studied by confocal Raman spectroscopy for Raman
studies to exclude the signals from NiCo2O4. Raman experiments were
carried out on a Hariba LAB RAM HR spectrometer.
2.6. Device Fabrication. The freestanding NiCo2S4 thin ﬁlms
were transferred onto Si/SiO2 (280 nm) wafers ﬁrst. Afterward, the Ti
(10 nm)/Au (100 nm) electrodes for transport tests were fabricated

3. RESULTS AND DISCUSSION
3.1. Epitaxial Growth of Spinel NiCo2O4 on MgO (100).
The ﬁrst step in this process is to develop a route to deposit
epitaxial oxide ﬁlms. Here, we have deposited spinel NiCo2O4
epitaxial thin ﬁlms on MgO substrates using pulsed laser
deposition, but other methods can be used (see details in
Experimental Section). The spinel NiCo2O4 crystal is
composed of a face-centered cubic O2− sublattice, where Ni
cations occupy the octahedral sites, while Co cations are evenly
distributed between octahedral and tetrahedral sites.22 Figure
S1 shows the θ−2θ X-ray diﬀraction (XRD) pattern of a
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Figure 3. Characterization of vertical NiCo2S4/NiCo2O4/MgO heterojunction. STEM-EDS elemental mapping of Mg, O, and S from Ar annealed
NiCo2S4/NiCo2O4/MgO sample.

°C. By controlling the ion exchange process time and/or
temperature, we could partially or completely convert NiCo2O4
to NiCo2S4. In fact, our ion exchange process was used to make
chalcogenide ﬁlms as thin as 2 nm or as thick as the entire
NiCo2O4 ﬁlm we started with. To illustrate this concept, we
show the results where only the top 7 nm of the starting
NiCo2O4 ﬁlm was converted to NiCo2S4, thus creating a
vertical NiCo2S4/NiCo2O4 heterojunction. Figure S2a displays
the cross-section TEM images of heterojunction formed by
partial ion exchange. The close-up TEM images (Figure S2b) of
the NiCo2O4 ﬁlm demonstrate that the topmost layer with a
thickness of ca. 7 nm has been converted to a new phase after
ion exchange at room temperature. In this new layer, the Co
and Ni sublattices retain their position and epitaxial relationship
with the MgO substrate, but the O2−/S2− sublattice is
disordered, as illustrated in the schematic shown in the Scheme
S1. The energy-dispersive spectroscopy (EDS) analysis (Figure
S2d) shows the composition of the topmost layer was nickel,
cobalt, and sulfur, suggesting the formation of the desired
NiCo2S4 thin ﬁlm. The unconverted NiCo2O4 layer retains its
crystallinity (Figure S2c), indicating that our top-down ion
exchange process can control thickness at the nanoscale,
without degrading the unconverted region. The crystal
structure, composition, and growth mechanism of the
converted NiCo2S4 layer were studied immediately after the
ion exchange process and after annealing at 300 °C in Ar for 1
h. Confocal Raman spectroscopy tests were performed on
freshly converted NiCo2S4 thin ﬁlms in Ar atmosphere to
exclude any laser-induced oxidation of NiCo2S4 in air (see
preparation details in Experimental Section).26 The Raman data
in Figure 2a strongly support the formation of crystallized
NiCo2S4, as evidenced by the sharp peaks at 149, 237, 303, 346,
and 376 cm−1 which are in good agreement, respectively, with
previous experimental and theoretical Raman features of the
T2g,3, Eg, T2g,2, T2g,1, and A1g of NiCo2S4.26 Further, the crosssection TEM and HAADF-STEM images of crystallized
NiCo2S4 are shown in Figure 2. The bright-ﬁeld TEM image
(Figure 2b) of the NiCo2S4/NiCo2S4 interface region clearly
demonstrates a typical spinel-on-spinel epitaxial feature, as well
as an atomically sharp transition across the junction. The

NiCo2O4/MgO ﬁlms. Only NiCo2O4 (400) diﬀraction peaks
can be observed from the ﬁlm, which indicates that the asprepared thin ﬁlm is preferentially oriented along the [100]
direction. To gain more insight into the structure of the asprepared thin ﬁlms, we conducted spherical-aberration
corrected high-angle annular dark-ﬁeld (HAADF) scanning
transmission electron microscopy (STEM) studies. The
HAADF STEM is sensitive to the atomic number and can
clearly diﬀerentiate composition changes at a sharp interface.23
Figure 1a reveals the successful growth of NiCo2O4 thin ﬁlm on
MgO (100), with a thickness of around 15 nm and relativity
smooth surface. The high-resolution HAADF-STEM image
(Figure 1b) is focused on NiCo2O4/MgO interface region,
which shows perfect epitaxy of NiCo2O4 on the MgO substrate
and a distinguishable interface. The corresponding selected-area
electron diﬀraction (SAED) analysis around the interface
region conﬁrms the existence of a high-quality epitaxial thin
ﬁlm, as shown in Figure 1c. A magniﬁed view of the diﬀraction
pattern reveals that each diﬀraction spot consists of a pair of
diﬀraction peaks (see inset in Figure 1c), conﬁrming the perfect
growth of NiCo2O4 thin ﬁlm on the substrate, with a small
contraction of the NiCo2O4 lattice (0.811 nm) compared to
MgO (0.420 nm).15 It should be noted that this epitaxial
relationship is observed over the entire 1 cm × 1 cm MgO
substrate. In fact, we performed the TEM analysis on various
parts of the crystal and conﬁrmed that the observed epitaxy
covers the entire substrate. Figure 1d displays the resistivity−
temperature (RT) curve of as-made NiCo2O4 thin ﬁlm from 2
to 300 K. It is clear that the epitaxial NiCo2O4 ﬁlm shows
semiconducting behavior, which is consistent with previous
reports.24,25 Based on the above discussion, we believe that
good quality epitaxial NiCo2 O 4 thin ﬁlms have been
successfully deposited.
3.2. Top-down Anion-Exchange Process To Form
Epitaxial NiCo2S4 Thin Films. Our objective was to
determine if we can preserve the epitaxial relation while
converting the epitaxial ﬁlms NiCo2O4, by ion exchange, to
NiCo2S4. To carry out the ion exchange process, our NiCo2O4
thin ﬁlms were ﬁrst immersed into a sulﬁde aqueous solution at
room temperature, followed by Ar atmosphere annealing at 300
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Figure 4. Characterization of electrical transport properties of freestanding NiCo2S4 thin ﬁlm. (A) High-resolution TEM and HAADF STEM images
of freestanding NiCo2S4 thin ﬁlm with (B) corresponding SAED pattern. (C) Optical microscope image of a sample nanodevice based on NiCo2S4
thin ﬁlm. (D) Resistivity of NiCo2S4 as a function of temperature. (E) Magnetic ﬁeld dependent Hall resistivity of NiCo2S4 at diﬀerent temperatures.
The inset gives the Hall measurement conﬁguration. (F) Calculated carrier density (black circles) and mobility (red squares) as a function of
temperature.

between the NiCo2O4 [040] direction and the NiCo2S4 [220]
direction. Interestingly, our detailed analysis shows that the
angle between the NiCo2O4 [040] direction and the NiCo2S4
[220] direction in the 7 nm converted layer is actually 39°,
meaning that the [100] direction of the NiCo2S4 thin ﬁlm is 6°
angled to the MgO and NiCo2O4 [100] direction. This is the
reason why we could not observe the apparent NiCo2S4 lattice
pattern when the electron beam was parallel to the MgO {100}
zone axis (Figure 2d). We believe that this shift of the NiCo2S4
{100} zone axis results from the large lattice parameter
mismatch between NiCo2S4 and NiCo2O4. The lattice constant
of NiCo2S4 is 0.938 nm, whereas that of NiCo2O4 is 0.811 nm.
This is 15.6% mismatch of lattice constant, which can lead to a

corresponding fast Fourier transformed (FFT) images (Figure
2c) also conﬁrm the epitaxy of the NiCo2S4 thin ﬁlms obtained
from NiCo2O4. We further examined the interface of the
NiCo2S4/NiCo2O4 junction using spherical-aberration corrected HAADF-STEM. As shown in Figure 2d, the bilayer
heterojunction on the MgO substrate was observed with
distinct MgO/NiCo2O4 and NiCo2O4/NiCo2S4 transition
regions. Figure 2d shows resolved-lattice fringes with spacing
of ca. 0.332 nm in the topmost layer, corresponding to the
thiospinel NiCo2S4 (220) crystal plane. In principle, the [220]
direction of solution-processed epitaxial NiCo2S4 thin ﬁlm
should be parallel with NiCo2O4 [220] if the NiCo2S4 ﬁlm has
perfect epitaxy with NiCo2O4, implying a 45° angle exists
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Figure 5. Characterization of lateral NiCo2S4/NiCo2O4 Schottky diode. (A) 3D schematic of the structure and process used to make the lateral
Schottky diodes. (B) Optical microscope image of a representative diode. I−V curves collected from (C) zone 1, (D) zone 2, and (E) zone 3 in
Figure 4b, respectively.

samples. The RT data (Figure S3) clearly shows NiCo2S4 is a
metallic conductor, while NiCo2O4 is a well-known semiconductor. To sum up, a unique top-down strategy has been
successfully developed to prepare high-quality epitaxial thin ﬁlm
chalcogenides/oxide junctions with nanometer scale thickness
control.
3.3. Top-Down Anion Exchange Process To Form
Freestanding NiCo2S4 Quasi-Single-Crystal Thin Films.
The versatility of our process can be demonstrated by showing
that the ion exchange process can be used to make
chalcogenide ﬁlms as thin as 2 nm or as thick as the entire
starting NiCo2O4 ﬁlm. For example, ca. 2 nm NiCo2S4 epitaxial
thin ﬁlms were prepared by controlling the anion-exchange
time, as shown in Figure S4. In contrast, we have also carried
out the anion exchange process to completely consume the
NiCo2O4 ﬁlm. In the latter case, the complete conversion
allows us to easily peel oﬀ the NiCo2S4 ﬁlm from the MgO
substrate due to the huge lattice mismatch, as illustrated in the
Scheme S2. These unique freestanding chalcogenide ﬁlms can

strong strain in the room-temperature prepared NiCo2S4 thin
ﬁlm. During the annealing process, the undesirable strain in the
ﬁlms is gradually released, resulting in a distortion of the
topmost NiCo2S4 layer. This process is illustrated in Scheme
S1. Furthermore, the FFT image at the junction region (inset of
Figure 2d) also supports the formation of the epitaxial NiCo2S4
ﬁlm, but there is a 6° angle between NiCo2S4 (440) and
NiCo2O4 (440) facet. In addition, the high-resolution brightﬁeld and dark-ﬁeld TEM images (Figure 2e) verify again the
atomically sharp transition across the junction in annealed
NiCo2S4/NiCo2O4/MgO samples. Then, we employed STEMEDS mapping to study the elemental distribution across the
NiCo2S4/NiCo2O4/MgO structure. Even distributions of
oxygen, sulfur, and magnesium were observed (Figure 3),
along with a smooth and distinguishable sulfur/oxygen
interface. This EDS analysis illustrates the ability of this topdown strategy to control thickness at the nanometer scale. The
successful transformation from NiCo2O4 to NiCo2S4 thin ﬁlm
can also be identiﬁed by planar RT measurement on annealed
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Figure 6. Characterization of epitaxial Cu2O thin ﬁlms and single-crystal thin Cu1.8S ﬁlm. The θ−2θ XRD pattern of (A) as-prepared Cu2O and (B)
annealed Cu1.8S. (JCDPS no. 05-0667 and 24-0061 for Cu2O and Cu1.8S, respectively). The inset of part a shows the phi scan of epitaxial Cu2O ﬁlms
around their (111) reﬂections. (C) High-resolution bright-ﬁled TEM image of annealed Cu1.8S thin ﬁlm. (D) The SAED pattern of annealed singlecrystal Cu1.8S thin ﬁlm collected from the inset of part d.

resistivity of the NiCo2S4 freestanding thin ﬁlm is presented in
Figure 4e. The negative slope of the Hall resistivity vs magnetic
ﬁeld indicates that the electrical transport in NiCo2S4 is
dominated by electrons instead of holes. The calculated carrier
density at 2 K is 4.3 × 1022 cm−3, and the calculated Hall
mobility is 23 cm2 V−1 s−1. This electron mobility of our
freestanding NiCo2S4 thin ﬁlm is 115 times higher than that
obtained from the bulk pellets of the same material,26 which
indicates the high-quality of chalcogenide thin ﬁlms prepared
by our top-down ion exchange process.
3.4. Top-Down Anion Exchange Process To Form the
Lateral NiCo2S4/NiCo2O4 Schottky Diode. Schottky diodes
are an important circuit component in many systems. To
demonstrate the versatility of our top-down ion exchange
process, lateral schottky diodes were fabricated through
photolithography and selective anion-exchange process performed on NiCo2O4 epitaxial thin ﬁlm, as shown in the
schematic in Figure 5a (see details in the Experimental
Section). Figure 5b shows an optical microscope image of the
interface between the NiCo2O4 ﬁlm and the region which was
selectively converted to NiCo2S4. The image shows that we
have formed a NiCo2S4/NiCo2O4 heterojunction with welldeﬁned interface. The current−voltage (I−V) characteristics of
the NiCo2S4/NiCo2O4 heterojunction were measured and are
shown in Figure 4b. The I−V curves in Figure 4c clearly show

be transferred onto other substrates for fabrication of functional
nanodevices. From the literature survey, we found out that
there was a debate in the community about the electrical
transport behavior of NiCo2S4. Is it really a semiconductor with
band gap from 1.2−1.7 eV or a metal?26−28 To help answer this
question, an ca. 15 nm-thick freestanding quasi-single-crystal
NiCo2S4 thin ﬁlm was prepared and transferred onto the Si/
SiO2 substrate to study its transport behavior. As shown in
Figure 4a, a highly (220) oriented stand-alone thin NiCo2S4
ﬁlm is observed, implying a high quality. The inset of Figure 4a
shows the HAADF TEM image of a small piece of free-standing
NiCo2S4 thin ﬁlm. The corresponding SAED of the thin ﬁlm in
Figure 4a is shown in Figure 4b. The quasi-single-crystal nature
of the free-standing NiCo2S4 thin ﬁlm is revealed by the
diﬀraction dot pattern instead of diﬀraction circles in Figure 4b.
The matched lattice spacing of (400) and (220) facets further
supports the formation of thiospinel NiCo2S4. Details of the
device fabrication by e-beam lithography are outlined in the
experimental section, and an optical microscope image is shown
in Figure 4c. The RT plot of the quasi-single-crystal NiCo2S4
thin ﬁlm is shown in Figure 4d. It can be seen that the
resistivity of NiCo2S4 increases linearly with temperature
between 2 and 300 K. This positive slope of the RT curve,
i.e., dR/dT > 0, conﬁrms the metallic behavior and shows that
electron−phonon scattering dominates in NiCo2S4. The Hall
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4. CONCLUSIONS
In general, we have successfully demonstrated a simple topdown ion-exchange process to fabricate high quality chalcogenide thin ﬁlms with nanometer scale thickness control. The
process was used to produce epitaxial metallic (NiCo2S4) and
semiconducting (Cu1.8S) chalcogenide ﬁlms on single crystal
substrates. Unlike bottom-up approaches, this process was
successfully used to produce epitaxial free-standing chalcogenide ﬁlms and to form in situ atomically ﬂat junctions, including
functional Schottky diodes. The advantage of our top-down
approach is reﬂected in the excellent properties of the
chalcogenide thin ﬁlms we have prepared. For example, we
measured mobility of 23 cm2 V−1 s−1 for NiCo2S4 and 16.02
cm2 V−1 s−1 for Cu1.8S thin ﬁlms, which are substantially higher
than other solution-prepared samples (0.2 cm2 V−1 s−1 for
NiCo2S4; 0.58 cm2 V−1 s−1 for Cu1.8S), conﬁrming the potential
of our technique for synthesis of high-quality chalcogenide thin
ﬁlms. This approach has far-reaching implications for a wide
range of applications in energy and electronics.

that the NiCo2S4/NiCo2O4 heterojunction exhibits reversible,
rectifying behavior, where current is ampliﬁed signiﬁcantly
when metallic NiCo2S4 is positively biased. From the I−V plot,
we estimate the turn-on voltage to be about 0.5 V under
forward bias. The I−V curves were repeatedly measured in both
directions (forward scan and reverse scan), and we ﬁnd that the
I−V curves nearly coincide, irrespective of the voltage scan
direction. To conﬁrm that the I−V characteristics in Figure 5c
are in fact due to the NiCo2S4/NiCo2O4 junction itself, the I−V
characteristics between Al-NiCo2S4 and Al-NiCo2O4 were
carefully checked. The linear I−V curve in Figure 5d
demonstrates that Ohmic contact exists between metal Al
and metallic NiCo2S4. Similarly, the nearly symmetric and weak
nonlinear I−V curve in Figure 5e demonstrate no barriers
between metal Al and semiconducting NiCo2O4. These results
conﬁrm that we have successfully formed a lateral Schottky
diode between NiCo2O4 and NiCo2S4 by our selective anionexchange process.
3.5. Top-Down Anion Exchange Process To Form
Cu1.8S Quasi-Single-Crystal Thin Films. To further assess
the generality of this top-down approach, we tested the ionexchange process in making semiconductor chalcogenide thin
ﬁlms. Speciﬁcally, we synthesized high-quality Cu1.8S thin ﬁlms
using a similar strategy. We ﬁrst prepared epitaxial Cu2O thin
ﬁlm on MgO (001) substrate as template using reactive
sputtering (see the Experimental Section for details). As shown
in Figure 6a, the θ−2θ XRD pattern of the Cu2O thin ﬁlm
clearly shows the strong peaks of (110) and (220) reﬂections,
suggesting the high crystalline quality of the ﬁlm with [110]
orientation. Further, we conducted the XRD φ scan around
Cu2O (111) reﬂections on the as-obtained thin ﬁlms. The 2fold symmetry (inset of Figure 6a) from Cu2O (111) conﬁrms
the (110) oriented epitaxial growth of Cu2O on the MgO
substrate. Next, the epitaxial Cu2O thin ﬁlms were used as
precursor to form high-quality copper sulﬁde thin ﬁlms. After
anion-exchange and postannealing treatment, the orange Cu2O
thin ﬁlms turned brown, indicating the formation of copper
sulﬁde. The XRD θ−2θ scan of the sulﬁde ﬁlms shows only one
distinguishable peak at 27.4°, which matches the Cu1.8S (111)
reﬂection, suggesting the formation of highly oriented thin
ﬁlms. To further demonstrate the high-quality of the Cu1.8S
thin ﬁlms, TEM studies were employed, as shown in the highresolution TEM analysis in Figure 6. The resolved lattice
fringes in Figure 6c give an interplanar spacing of ca. 0.198 nm,
which corresponds to the Cu1.8S (220) planes. We further
conducted SAED studies on the Cu1.8S thin ﬁlms (inset of
Figure 6d). The single-crystal nature of the Cu1.8S thin ﬁlms is
indeed conﬁrmed by the electron diﬀraction pattern (Figure
6d). Interestingly, our electrical transport data show that the asprepared Cu1.8S thin ﬁlms exhibit p-type semiconducting
behavior (Figure S5). The room-temperature carrier density
and mobility of these ﬁlms are 2.7 × 1020 cm−3 and 16.02 cm2
V−1 s−1, respectively. In addition, the room-temperature
mobility of the Cu1.8S thin ﬁlms made by our ion exchange
process is very close to that of the p-type single-crystal copper
sulﬁde sample (25 cm2 V−1 s−1),29 which is much higher than
previously reported for the Cu1.8S thin ﬁlm (0.58 cm2 V−1
s−1).30 Thus, the electrical transport measurements conﬁrm the
high quality of epitaxial Cu1.8S thin ﬁlms made by our top down
ion exchange process.
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