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ABSTRACT: Copper telluride is an emerging layered material that has been shown to undergo phase transitions with slight
modifications in its stoichiometry (Cu,_,Te) at high temperatures. Using Raman spectroscopy and X-ray diffraction, we complete
the spectrum of temperatures and detect a low-temperature phase transition of copper telluride for the first time. Moreover, liquid-
assisted chemical vapor deposition (CVD) growth is heavily explored for its potential to grow various crystals at a large scale.
However, the role that the liquid precursor plays in these growths remains largely elusive, and a theoretical study is impeded by the
bulk amorphous liquid precursor. Here, we experimentally demonstrate how the liquid precursor contributes to the morphological
orientations of CugggsTe( 336 crystals. Based on this, we propose a growth process in which tellurium supersaturation of the liquid
precursor yields nucleation sites both on the surface and internally. Etching of Cuy 4¢,Te 336 via H, flow is also achieved during CVD
to increase the density of exposed sites. Optimal parameters to control H, flow to achieve layer-by-layer thinning in geometric
crystals are also realized. Our study thereby enhances the understanding of temperature-dependent copper telluride phases and
presents liquid-assisted growth as a platform ripe with opportunities for materials engineering.

1. INTRODUCTION such work, large-scale synthesis techniques of copper telluride
have been largely overlooked.

Previously, we reported a unique liquid-assisted copper
chalcogenide synthesis technique in which chalcogen vapor
diffuses into and supersaturates the molten copper foil
sandwiched between tungsten foil and a sapphire substrate

The capability to grow at a large scale with controllable
thickness is of great merit in layered materials as it enables
adoption in nanoscale devices at the industrial level."~* Many
have explored an unconventional chemical vapor deposition

(CVD) technique of using liquid precursors in an effort to before crystallization.” The use of molten copper in this
achieve this with traditional two-dimensional (2D) materials technique is noteworthy because (1) it is an amorphous
such as transition metal dichalcogenides.””*~" However, precursor with no predetermined preferential nucleation site,
another layered material that can potentially reap the benefits (2) it is in significant excess relative to the chalcogen, and (3)
of liquid-assisted CVD growth is copper telluride (Cu,_,Te). by nature of being molten, it forms a droplet morphology on
This is an emerging layered material with promising

applications in thermoelectrics and lithium ion batteries.®™'* Received: February 13, 2023 8{%{5@'.4

For example, Cug g Teos5s (PDF no. 00-037-1027) has been  Revised:  March 20, 2023 -

investigated as photocathodes in water splitting applications13 Published: April 10, 2023
and lasing and surface-enhanced Raman spectroscopy (SERS)

applications.'* Air stability further positions copper telluride as

. . . . 15 .
an attractive candidate for continued active research. > Despite
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Figure 1. Low-temperature transition of copper telluride. P6/mmm Cu,Te structure, of which the orthorhombic Cuy gy Te 336 is @ superstructure,
viewed from (a) a-axis and (b) c-axis. (c) Low-temperature Raman spectra showing a shift in the most intense peak position between 200 and 220
K as outlined by the dashed line. (d) Low-temperature GIXRD patterns at 298, 283, 188, and 178 K with new peaks at 27.0 and 44.47° marked
with arrows. Peaks due to substrates and the setup are marked with “*”. (e) GIXRD pattern of copper telluride at 298 K indexed to Cuy g Teqs36
(PDF no. 00-037-1027) and at 178 K indexed to a combination of CuyeesTeg336 (PDF no. 00-037-1027) and Cu, o, Te (PDF no. 04-017-5789).
The most intense peaks from Cu, 4, Te are marked in blue arrows. (f) Intensities of the 27.0 and 44.47° peaks from Cu,,Te increase with
decreasing temperature first detected at 238 and 228 K, respectively, suggesting a phase transition.

the substrate. These conditions result in large amounts of
amorphous excess copper and some crystals that grow on the
curved surface of the droplet. Moreover, this synthesis yields
crystals that are several micrometers thick with lateral coverage
on the millimeter scale. Some exfoliation is achieved by
mechanically peeling the two substrates from one another after
growth, though this produces nonuniform, random exfoliation.
As calculations on the amorphous, liquid precursors are
challenging, systematic experimentation is the key to under-
stand the underlying growth process. Moreover, ways to
modulate the crystal thickness to obtain desirable copper
telluride crystals are still needed.

Efforts to expand the functionality of layered materials have
included increasing the density of chemically reactive sites by
introducing defects or etching'>™"” and achieving vertical
growth to expose reactive edge sites.”””' These have
implications for catalysis. In particular, copper plays a
prominent role in many modern catalytic reactions such as
aerobic oxidation reactions,*” hydrogenation reactions,”> and
CO, electroreduction reactions.”* The abundance of copper
sites in copper telluride inherently makes this material a
promising candidate for catalysis. For instance, Han et al.
reported the electrocatalytic property of Cu,Te nanostructures
as counter electrodes of quantum dot-sensitized solar cells.”®
Hence, the ability to induce etching or achieve a standing
morphology of copper telluride is highly desirable.

Moreover, understanding phase transitions of materials is
critical for adoption in various applications. For example,
materials that undergo temperature-induced phase trans-
formations have diverse applications in nanoelectronics and
information storage technologies.”*>* Zhang et al. have
reported multiple reversible high-temperature phase transitions
of copper telluride that begin from 150 °C.** Not only does
this directly affect phonon scattering and carrier scattering for
thermoelectric applications but also determines the limits of
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high-performance devices. While high-temperature phase
transitions have been investigated and the phase diagram of
copper telluride at high temperatures is well-known with the
CuggesTeg 336 phase stable at near 450 K,> 73! its behavior at
temperatures below room temperature has not yet been
reported.

Herein, we bring the copper telluride crystals to a
temperature as low as 100 K for the first time to reveal that
the orthorhombic Cu,Te (CuggeTegs3s PDF no. 00-037-
1027)"*'* can remain stable until near 220 K, at which point a
phase transition to hexagonal Cu, o,Te (PDF no. 04-017-5789)
occurs. Next, we pave the way for realizing the role of the
liquid precursor in deriving standing (and tilted) CuggesTe336
morphologies via liquid-assisted CVD growth. Such an
experimental understanding is critical as an amorphous liquid
precursor impedes a theoretical approach. We then systemati-
cally vary temperature and time to pinpoint how H, gas during
growth can simultaneously etch the CuggeTegs36 crystals.
Optimal parameters for etching such that chemical thinning of
the bulk crystal is achieved are also identified. This is
promising in the field of nanoelectronics as it leaves thin
crystals in a one-step method with minimal residue associated
with conventional mechanical exfoliation of layered materials.

2. EXPERIMENTAL METHODS

2.1. Synthesis. Double-side polished Cu foil (Alfa Aesar, 99.5%
purity, ~10 pm thick) cut to § X 5 mm? was sandwiched between an
Al Oy sapphire substrate and W foil (Alfa Aesar, 99.99% purity, ~100
pum thick) of similar dimensions and placed in an alumina crucible at
the center of a tube (fused quartz; inner diameter of 22 mm, outer
diameter of 25 mm) furnace (Lindberg Blue M). Twelve milligrams of
Te powder (Alfa Aesar, 99.9999% metal basis) was placed in a
separate alumina crucible and placed 10 cm upstream from the first
crucible (Figure S1). Under 140 sccm Ar and 10 sccm H,, the center
of the furnace was heated from room temperature to 1085 °C at 21.3
°C/min then held at 1085 °C for 30 min for growth. Then, H, was
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Figure 2. Electronic behavior of Cug 4T 336 (2) Cugge4T€0336 is @ semiconductor with a band gap of 0.77 eV measured by UV—Vis spectroscopy.
(b) Topography of CugessTegs36- (c) Corresponding surface potential shows a higher surface potential at the boundaries than in the interior,

implying that the bulk is not conductive in contrast to the boundary.

cut off, and the furnace underwent a natural cool down to 400 °C at
which point the furnace was opened and samples were quenched.

2.2. Characterization. Optical images of grown samples were
taken with a Nikon Ci POL microscope system.

A Horiba LabRam confocal Raman system equipped with an HJY
detector was used to collect Raman spectra in ambient conditions. A
473 nm laser with 1800 gr/mm grating and 10% ND filter was used.

Low-temperature Raman spectra were collected using a Horiba
XPIoRA confocal setup (473 nm laser with 2400 gr/mm grating and
10% ND filter, SOX long working distance objective) equipped with a
Linkam stage. The sample was pumped down with a roughing pump
and cooled using a flow of liquid N,.

A Bruker ICON AFM system was used in the tapping mode in air
at a scan rate of 1 Hz.

A Bruker photocurrent and thermal AFM system was used in the
lift mode in air at a scan rate of 0.3 Hz.

The secondary electron mode of an SEM Hitachi SU8030 system
was operated at 10 kV. The instrument was equipped with an Oxford
Aztec X-max 80 SDD EDS detector.

TEM samples were prepared by a polystyrene-assisted transfer
technique.®” The sapphire substrate with copper telluride crystals was
spin-coated with a solution of 9 g of polystyrene (280,000 g/mol) in
100 mL of toluene at 4000 rpm for 45 s. Then, the substrate was
baked at 80 °C for 1S min. Next, Cu,Te on polystyrene was
delaminated from sapphire upon contact with water, and a Ni TEM
grid was used to lift the film from the water. Finally, the TEM grid
with the film was baked at 80 °C for 1 h and 150 °C for 30 min. The
polymer was then washed away with toluene. TEM images were
obtained using a probe-corrected JEOL ARM200CF microscope
operated at 200 kV.

The low-temperature crystal structures were indexed by a Rigaku
SmartLab out-of-plane grazing incidence angle XRD instrument using
Cu Ka radiation. The instrument has the capability to measure down
to 173 K. Measurements were conducted in vacuum under a
polyether ether ketone (PEEK) dome, and crystals on the W substrate
were used for measurement.

The UV-Vis—NIR spectrum in the transmittance mode was
collected at room temperature using a Cary 5000 UV—Vis—NIR
double-beam spectrophotometer with a monochromator. An empty
sapphire substrate was used as a reference for the baseline collection.
Transmittance data were in-software using the Kubelka—Munk
equation a/S = (1 — R)2/2R, where @ and § are the absorption
and scattering coeflicients, respectively, and R is the reflectance.

3. RESULTS AND DISCUSSION

We begin with probing the low-temperature transformation of
liquid-assisted chemical vapor deposition (CVD)-grown
copper telluride. The detailed discussion on growth is provided
later in the section. Energy-dispersive X-ray spectroscopy
(EDS) on a scanning electron microscope (SEM) indicates the
~2:1 copper-to-tellurium stoichiometry of grown copper
telluride (Figure S2). The room-temperature Raman spectrum
is in agreement, with modes at 75 and 116 cm™" attributed to
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the B;, and B; modes of the orthorhombic Cu,Te, respectively
(Figure 1c)."* As expected, the peaks sharpen with decreasing
temperature, but more notably, the most intense peak shifts
significantly between 200 and 220 K to 121 cm™". Although
this alone suggests a structural transformation, we further
conduct low-temperature out-of-plane grazing incidence X-ray
diffraction (GIXRD) to better identify the structural change.

In order to perform low-temperature GIXRD on a large area
of pristine crystals, measurements are taken directly on crystals
on the substrate. On the substrate, concentrations of excess
copper precursor remain. The peaks from the substrate and
setup, many of which appear from 188 K, are marked with “*”
in Figure 1d. Indexing of the patterns at the starting and final
temperatures of 298 and 178 K is shown in Figure le. At 298
K, the diffraction pattern can be indexed to CuggsTeq 336
(PDF no. 00-037-1027). The layered orthorhombic
CuggssTeg 336 is a superstructure of the hexagonal structure
(P6/mmm ag = 4.237 A, ¢y = 7.274 A) with lattice parameters a
=3a,= 7319 A, b = 33a, = 22236 A, and ¢ = 5S¢, = 36.458
A1 A 178 K, the pattern can be additionally indexed to
the hexagonal Cu, o, Te (PDF no. 04-017-5789; a = 4.267 A, ¢
=7.317 A), suggesting that the orthorhombic superstructure is
being reduced. The (101), (110), and (103) peaks at 178 K
from Cu,g,Te are marked with blue arrows in Figure le.

In particular, the new peaks at 27.0 and 44.47°
corresponding to the (101) and (103) planes are two of the
strongest diffraction peaks in Cu,g,Te, which explains why
they are the first to appear at the initial stages of the phase
transition. The peak integral measurements shown in Figure 1f
indicate that the peak at 27.0° begins to appear near 238 K
while that at 44.47° begins to appear near 228 K. The
complete patterns and magnified views of these peaks are in
Figures S3. Therefore, the phase transition temperature is
consistent between Raman spectroscopy and GIXRD,
indicating that Cug4eTeg335 remains stable at temperatures
near 220 K before beginning to form a hexagonal phase. Cycles
of heating and cooling demonstrate that this phase transition is
in fact nonreversible, and the two characteristic peaks remain
visible at room temperature after cooling (Figure S4).
Understanding such noteworthy behavior of copper telluride
at low temperatures is crucial for determining the suitability of
certain phases of copper telluride for low-temperature
applications.

To further characterize Cuggg4Te( 335 We measure its band
gap of 0.77 eV (Figure 2a), in agreement with the room-
temperature orthorhombic Cu,Te being reported as a p-type
semiconductor.” Interestingly however, Kelvin probe force
microscopy (KPFM) indicates that crystal edges may be
minority carrier traps.”**® A higher surface potential at the
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Figure 3. Optical and SEM images of Cuy e T 336 crystals. (a) Optical image of oriented, geometric Cug g6, Teg 336 Crystals on sapphire. (b) TEM
image of a transferred crystal flake. (c) Magnified TEM image of the boxed region in (b) with (d) FFT (scale of 2 nm™") showing high crystallinity
and purity. (e) HRTEM image showing five planes in a grain with an interplanar spacing of 0.362 nm corresponding to (211) planes. (f) Optical
image of an island of variously oriented Cu,Te crystals on tungsten. (g) SEM image of variously oriented CugggTegs3s crystals showing the
presence of horizontally stacked crystals (red arrow) and vertically standing crystals (yellow arrow). (h) SEM image of a cross section showing the
presence of crystal stacking at various orientations. (i) SEM image of the Cuggq4Teg336 Surface showing in-plane etching in hexagonal trenches.
Etching of horizontally stacked crystals (red arrow) and vertically stacked crystals (yellow arrow) is outlined.

edges compared to the interior as demonstrated in Figure 2b,c
suggests a downward potential bending at the edges, which
enhances carrier separation. This not only contributes to the
conductivity of the material but is promising as it suggests that
electron—hole recombination can be suppressed.’*™*° A
similar phenomenon has been reported in the Cu,_,Te
weissite structure where the grain boundaries show a higher
surface potential than the interior.”*

Next, we experimentally investigate the liquid-assisted CVD
growth process of CuyggyTeg336 to understand key factors in
this growth process and explore parameters to engineer
CuggssTeo336. The crystals are grown as tellurium vapor
supersaturates the molten copper foil inside a hot tube furnace
(see Experimental Methods). The copper foil is sandwiched
between a piece of tungsten foil below and a piece of sapphire
above as shown in Figure S2 and described by Shehzad et al.’
and Feng et al” As the copper foil melts, several distinct
droplets form, each of which reacts with tellurium to yield a
few islands of bulk CuggssTeg336 crystals. Having substrates
above and below the molten copper not only prevents the
copper from dewetting’ but also assists with epitaxially
orienting the crystals that grow in contact with the c-plane
surface of sapphire as shown in Figure 3a.>’

A polystyrene-assisted transfer technique from the sapphire
substrate preserves the geometry of the crystals upon transfer
to a transmission electron microscope (TEM) grid, as seen in
Figure 3b. A magnified view of the boxed region is shown in
Figure 3c with the corresponding fast Fourier transform (FFT)
pattern of a single set of six-fold symmetry in Figure 3d
demonstrating high crystallinity and phase purity. An
interplanar spacing of 0.362 nm is measured on the high-
resolution TEM (HRTEM) in-plane image in Figure 3e, which
is in good agreement with the reported interplanar spacing of
0.359 nm of the (211) planes'® of CuyegTeg 56 and validates
the phase identified by GIXRD and Raman spectroscopy. The
(211) plane is a highly preferred plane forming the basal layers
in CuggsTeo 336

In contrast to the crystals that grow in contact with the
sapphire substrate, those that grow in contact with the
tungsten substrate are uniquely patch-like (Figure 3f), lacking
the geometric outlines found on the sapphire substrate. A SEM
image of such a region marked by a yellow arrow in Figure 3g
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reveals standing, vertically stacked layers of CugggsTe 336 This
is unlike the classic horizontally stacked layers of CugggsTe 336
marked by a red arrow in Figure 3g. The role of the liquid
precursor is highlighted here: variously oriented crystals grow
on the polycrystalline tungsten substrate due to the molten
liquid nature of the precursor, a bulk amorphous material with
no preferred orientation. Because the tellurium vapor does not
necessarily prefer saturating the surface over the internal bulk
of molten copper, it is possible that nucleation occurs
randomly and growth occurs in nonhorizontal orientations in
the bulk. This is further supported by panel h, a SEM image of
a cross section of Cu,Te bulk growth. As expected, stacking of
layers is not only limited to the vertical and horizontal
directions but also includes directions that range in between
(ie., tilted).

The nonspecific nucleation sites and directions of the first
monolayer growth within the amorphous copper likely
determine the stacking orientation on the tungsten substrate,
unlike that on the sapphire substrate. Next, in-plane growth
and subsequent layering continue until a stack of layers
intersects in different orientations. The use of molten liquid
bulk precursors on polycrystalline substrates for layered crystal
growth thereby offers a platform to yield crystals of various
orientations. This has implications in catalysis’”***’ for
example, where the exposed edge sites are reactive sites, and
standing or tilted stacking of layers offers an abundance of
accessible edge sites.

Reactive edge sites can be further induced on the surface of
CuyggssTeg336 crystals similarly on both substrates as shown in
Figure 3i. Continuous flow of Ar and H, gas after growth
completion renders an ongoing reaction within the isolated
system. The direction of etching aligns with the orientation of
the multilayer Cuggg4Te336 stacks. The hexagonal trenches
follow the crystal stacking orientation: they etch in-plane at all
times. The red arrow in Figure 3i points toward vertical
etching in horizontally stacked crystal layers, while the yellow
arrow points to lateral etching in vertically stacked layers.
Understanding that flowing H, gas throughout the synthesis is
inducing the etching, it is important to note that there may be
a dynamic interplay between etching and growth where a
precursor material compensates for etching during the high-
temperature growth.'” To modulate the etching behavior, we
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further systematically vary three parameters: gas, temperature,
and time.

The density of etching on Cuggs4Teq 336 is the highest on the
edges of bulk crystals, suggesting that it is due to gas presence
following growth. In addition to hydrogen,18 oxygen 641 and
water vapor'”* are chosen for inspection since they are not
only common etchants but also possibly present in trace
amounts within the synthesis tube system. If a gas is an
etchant, then exposing the as-grown Cuy¢,Te( 336 to an excess
amount of this gas should enhance etching. First, the as-grown
CuggesTeg 336 is annealed in O, for 30 min at 300, 700, and
1000 °C. At all temperatures, the crystals are significantly
degraded, and the crystal surface is covered by CuO as
confirmed by Raman spectroscopy and EDS (Figure SS). Even
upon annealing in ambient conditions, where there is more
water vapor than in the closed reaction furnace tube, CuO
covers the surface and etching that was present prior to
annealing is no longer visible (Figure SS).

Next, the effect of H, is considered. During Cuggs4Te) 336
growth, 10 sccm H, is kept flowing at 1085 °C in order to
activate the copper surface. Cutting H, flow prematurely at 0,
15, and 30 min into growth results in similar levels of etching
(Figure $6). In particular, cutting off H, before growth begins
(0 min) yields large areas of unreacted copper, underscoring
the importance of H, in activating the copper surface prior to
nucleation.

On the other hand, different durations of H, flow after the
growth is complete have significant effects on etching as
summarized in Table 1. Annealing in 10 sccm H, at 1000 °C

Table 1. Cug 4, Te 336 Crystal Product by Annealing in 140
sccm Ar and 10 sccm H, Flow at Different Temperatures
and Durations

annealing annealing
temperature time
°C) (min) crystal product

1080 10 Crystals severely damaged; morphology is
unrecognizable. (Figure S10)

1000 30 Extreme etching; only excess copper base
remains.

1000 10 Moderate etching; some excess copper base
exposed and visibly darker crystal grain
boundaries.

900 30 Moderate etching; increased amounts of
trenches and visibly darker crystal grain
boundaries.

900 10 Mild etching; crystals are thinned layer-by-layer.

for 30 min aggressively etches the crystals such that all
CuyggssTeg 336 crystals are eliminated and only excess copper at
the base of the crystals remains (Figure 4a,b). The crystals are
in green and copper is in yellow in the optical images. Upon
shortening the annealed time to 10 min, there is noticeably less
etching. The majority of the CuggeTeys36 crystals remain
recognizable (Figure 4c,d). With this shorter annealing
duration, crystal etching is most prominent in regions near
the excess copper where the CuygeTeg336 edges are likely
incomplete and thus chemically reactive.”” Similarly, grain
boundaries often host defects and edge sites that facilitate
etching and appear darker in the optical image (Figure 4d)
after annealing. > Raman spectroscopy on Cug g Teg 56 at the
etched region demonstrates that etching does not alter the
crystal structure (inset of Figure 4d).
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Figure 4. Optical images of CugggTeg335 crystals before and after
annealing in an Ar/H, environment at 1000 °C. Optical images of
CuggesTeg336 crystals prior to annealing for (a) 30 and (c) 10 min.
(b) Optical image of CugggTegs3s crystals in (a) after annealing
shows severe degradation of crystals with only excess copper base
remaining. (d) Optical image of CuggeTeq336 crystals in (c) after
annealing shows moderate etching exposing some excess copper base
and darker grain boundaries. Inset: Raman spectrum of the etched
region marked with a red circle in (d). The Raman spectrum shows
no change, indicating that etching does not alter the crystal structure.

Annealing Cuy4gTeg336 in 10 scem H, at a lower
temperature of 900 °C for 30 min also increases the density
of trenches on the crystal surface as shown in Figure Sa,b. The
SEM image of these crystals in Figure Se illustrates grooves at
grain boundaries as a result of etching pointed out by red
arrows. However, at this temperature, no regions are
completely etched to the point where only excess copper
remains.

Refined CugggsTeg336 annealing is finally achieved at a
temperature of 900 °C held for 10 min. Rather than forming
hexagonal trenches on the surface, the bulk CugggTeg 336
crystals are thinned in a layer-by-layer manner under these
conditions. Figure Sc,d shows optical images of crystals before
and after annealing at 900 °C held for 10 min. The as-grown
bulk crystals typically have a wide thickness range of hundreds
of nanometers (Figure S7) due to the random nature of
exfoliation upon peeling the two substrates after liquid-assisted
growth. After annealing, crystal thinning is observed rather
than hexagonal trenches. An annealed region is analyzed with
atomic force microscopy (AFM) in Figure Sf. All triangular
grains are oriented in the same direction as expected on the
sapphire substrate. Most crystals are thinned by an order of
magnitude and range tens of nanometers thick as shown by the
line profile insets. A crystal of thickness of ~1.44 nm can also
be achieved with refined annealing as shown in Figure S7. The
line profile insets in Figure S5f illustrate the layered steps
revealed from the thinned crystal. There is a small range of
annealed crystal thickness due to the variation in the starting
thickness; however, the H, etching technique is evidently
robust to any as-grown crystal thicknesses and can be
modulated to produce both trench-type etching and layer-by-
layer etching.

This liquid-assisted CVD growth is a unique technique that
is advantageous for producing large areas of bulk Cug g4, Te 336
crystals. However, achieving few-layer crystals with this growth
had been Ereviously left to chance upon peeling the two
substrates.”” Furthermore, mechanical exfoliation had been
previously limited to random smaller crystals and suffered from
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Figure 5. Images of Cuy g, T€ 336 crystals before and after annealing in an Ar/H, environment at 900 °C. Optical images of Cuy 4¢,T€ 334 crystals
before annealing for (a) 30 and (c) 10 min. (b) Optical image of crystals in (a) after annealing shows more etched trenches and darker outlines of
geometric grains. The SEM image in (e) shows that the dark geometric outlines are likely due to preferential etching along the reactive grain
boundaries as highlighted by red arrows. (d) Optical image of crystals in (c) after annealing shows mild etching in the form of crystal thinning. (f)
AFM image of a sample annealed at 900 °C for 10 min illustrating that etching occurs layer-by-layer to reveal multiple triangular grain surfaces.
Insets show height profiles of corresponding red and blue line profiles.

a) SapplIire

\ Te vapor

Tungsten foil  Molten
copper foil

Figure 6. Proposed growth process of CuggesTeg336- (2) Schematic showing the start of the reaction. Te vapor diffuses through and supersaturates
the molten copper between the sapphire and tungsten foil substrates, and nucleation occurs. SEM image of growth from nucleation (b) on the
surface of copper in contact with sapphire leading to epitaxial, horizontal layering and (c) within the bulk copper leading to nonhorizontal layering.
(d) Optical image of Cuy g4 Teg 336 crystals grown on the curved surface of a molten copper droplet, another region prone to nonhorizontal layering.
(e) Cross-sectional SEM image after complete growth capturing various bulk layering orientations that intersect down the depth of the
Cup g Teg336 crystal. (f) SEM image showing the in-plane CugggTeg336 crystals with hexagonally etched trenches from H, gas flow.

residue contamination. H, gas annealing postgrowth offers a minimize residue deposition during transfer in order to obtain
controllable and one-step method to chemically engineer the clean layer-by-layer thinning on transferred crystals.

surface morphology and the thickness. We propose that at To further comprehend the liquid-assisted growth, we begin
milder temperatures and shorter durations, the top layer is with an analysis of the substrate of choice. Upon performing
etched away beginning from the grain boundaries, the largest the synthesis with two tungsten foil substrates, we confirm the

absence of both preferential orientation of crystals and large-
area geometric crystals (Figure S9). In contrast, using two
sapphire substrates yields oriented, large-area triangular crystals
(Figure S9) confirming the epitaxial behavior offered on
sapphire.””* Variations in the growth length from 10 to 45
min result in very sparse crystal growth with large areas of
unreacted copper and large coverage with no visible excess
copper, respectively, confirming more crystal growth with
longer duration (Figure S9).

Combining these experimental trends, a potential holistic
growth process of liquid-assisted CVD can be proposed with

and most accessible reactive site. Then, the underlying layer is
etched away from the exposed grain boundaries, and thinning
proceeds layer-by-layer in this manner. At high temperatures or
longer durations, new point defects can be induced in-plane,
and existing defects can become mobile and aggregate. These
become attractive high-energy reactive sites that are predis-
posed toward trench formation.

Annealing in H, also thins bulk CuggTeys35 crystals
transferred onto silicon wafers (300 nm native oxide layer),
substrates that are industrially adopted. Transferred crystals

have an average thickness near 60 nm, and annealing in H, for high confidence. First, as the tellurium vapor diffuses through
S min reduces the average thickness to near 8 nm, suggesting a the edge of the molten copper between the two substrates as
thinning rate of 1.7 A/s as shown in Figure S7. However, the depicted in Figure 6a, nucleation can occur both on the
mechanical transfer technique deposits a residue as shown by interface of molten copper and sapphire (Figure 6b), where
small spherical bumps on the crystal surface, and the residue epitaxial growth occurs, and within the bulk molten copper
hinders thinning (Figure S8). Thus, more work is required to (Figure 6¢). The region with the red arrow in Figure 6¢, unlike
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the surrounding region of quenched molten copper, shows
much more progressed growth as nucleation likely occurred
within the bulk molten copper. Many layers of Cug4s4T€)336
crystals are visible into the depth, and these crystals are
oriented in various directions. Then, these crystals continue
both in- and out-of-plane growth until obstructed by crystals of
different orientations as seen in Figure 6e. Crystals of
nonhorizontal stacking may also form if nucleation and growth
occur on the curved edge surface of molten copper droplets.
One such region is illustrated in Figure 6d. Green corresponds
to CuggesTeg 336 crystals, while the golden lining in between is
the underlying excess copper base. The varying focus of this
optical image is due to the curvature on the edge. In this case,
it is evident that the crystals will layer in a nonhorizontal
direction, tangential to the surface curvature. After multilayer
growth, bulk crystals intersect at various orientations as shown
in Figure 6e. Finally, with H, flow during cooling after growth,
etching and thinning on the crystal surface become evident as
shown in Figure 6f.

4. SUMMARY AND CONCLUSIONS

We report the structure of copper telluride at low temperatures
for the first time, demonstrating that the orthorhombic
CugeesTeg336 superstructure remains stable from room
temperature down to near 220 K before undergoing a
transition to hexagonal Cu,g,Te. This complements the
known high-temperature phase transitions and provides a
complete view of the dynamic phase transitions of copper
telluride. Furthermore, we propose a likely growth process of
CuggesTeps36 via the unique liquid-assisted CVD. Once
tellurium diffuses through and supersaturates the molten
copper precursor, nucleation favorably occurs both on the
sapphire surface as well as in the bulk copper. While growth on
the surface yields conventional in-plane crystals, those in the
bulk can grow at a multitude of orientations. Hence, liquid-
assisted growth is favorable toward growing crystals at various
orientations with exposed edge sites. We demonstrate that H,
flow at high annealing temperatures can be further modulated
to etch CugggqTeg336 in-plane in hexagonal lattice trenches,
exposing a high density of edge sites, and to thin the crystals
layer-by-layer and realize few-layer Cugge4Teg335. Our work
thereby deepens the understanding of the role of the liquid
precursor in CugggaTeg 336 growth. We also present the first
steps to tunable etching as a path to improve the functionality
of Cug g4 Teg 336 in fields such as catalysis and nanoelectronics.
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