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Chloride-assisted synthesis of tellurene directly
on SiO,/Si substrates: growth mechanism,
thermal properties, and device applicationsy
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Yen-Fu Lin°®" and Yu-Ze Chen {2 *°

The new single-element two-dimensional materials in the post-graphene era, such as phosphorene and
silicene, are emerging as alternative next-generation materials due to their remarkable physical
properties. However, the vulnerability of silicene and phosphorene to the air hinders their practical
applications. Recently, a new kind of single-element two-dimensional material, namely tellurene,
exhibiting outstanding electrical mobility and superior long-term stability in the air, has been successfully
synthesized. Here, we report that the addition of chloride (TeCly) to TeO, is conducive to the lateral
growth of tellurium on the SiO,/Si substrate. The resulting tellurene flakes display outstanding structure
stability over 30 days under ambient exposure. Furthermore, the applicability of SThM (scanning thermal
microscopy) to investigate the thermal properties of tellurene is presented for the first time, revealing
its abnormal thermal conductance across grain boundaries and a thickness-dependent thermal transport
behavior. Finally, tellurene-based FETs (field effect transistors) were fabricated, which displayed
temperature-dependent /45 that decreased with decreasing temperature rather than metallic transport
features, which implies thermal activation of a semiconductor and confirms that the transport follows
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Introduction

In 2005, for the first time, scientists successfully exfoliated a
single layer of graphite, known as graphene, which surprisingly
exhibited superior properties in all aspects, such as outstanding
catalytic ability,"* high transparency with high conductivity,’ and
high electrical mobility at room temperature, as well as long-term
stability in air.*> For over a decade, scientists have drawn their
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the 2D variable-range hopping (VRH) model.

attention away from graphene due to its major shortcoming
of zero bandgap, which hinders its application in logics.® Two
dimensional transition metal dichalcogenides (TMDCs) have
unfolded another vigorous research trend because of the inherent
nature of their bandgap, which yields great potential for develop-
ing next-generation electronic devices. However, the current state-
of-the-art TMDC-based transistors are barely satisfactory in terms
of electron mobility, which is still far below that of the modern
Si-based transistor. Recently, the widely and intensively investi-
gated single-element two-dimensional materials made of graphene
derivatives have exhibited intriguing photoelectric properties,”
energy-storage ability,® and ultra-high electron mobility.” Tellur-
ium, which belongs to the chalcogens, possesses a unique chiral
crystal structure, in which the atoms in a chain are bonded with
the neighboring atoms by covalent bonding, and the two adjacent
chains are attracted by van der Waals forces. Since 2004, the
anisotropy in the atomic structure of Te has led to the limitation of
its study and applications that are mainly based on the nanowire
at the early stage of development.'® Tellurene (two-dimensional
Te) has become one of the emerging two-dimensional materials
because of its intriguing optical,""** magnetic'*'* and thermal
properties.’>” Recently, scientists have made great progress
toward the synthesis of the lamellar structure of Te, called
tellurene, by the substrate-free hydrothermal approach,'®"°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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low-temperature deposition via the PVD (physical vapor
deposition) process on Si*® and epitaxial growth on a single
crystalline substrate via CVD (chemical vapor deposition).”!
Y. Wang et al. have proposed a reliable solution for achieving
the large-scale synthesis of tellurene with high crystallinity and
also fabricated tellurene-based FETs (field effect transistors),
displaying a high on/off ratio of 1 x 10° with excellent hole
mobility (~700 em®> V™' s7'). More strikingly, their most
important finding is the ultra-long structural stability (~55 days)
without any protective layer upon exposure to the air. However, the
inert chemical activity and high anisotropy in the structure of
tellurium render the process of obtaining lamellar tellurium with a
much thinner thickness considerably time-consuming (up to
50 hours)."® X. Zhang et al. conducted the reduction of TeO, by
simply using hydrogen to allow epitaxial deposition on the basal
plane of mica. Additionally, through DFT calculations, they found
that the intermediates played a critical role in the formation of
tellurene. In addition, the usage of a single-crystalline substrate for
the epitaxial growth of tellurene was inevitable.>'>* Hence, the
synthesis of tellurene directly on an amorphous substrate for wider
application still remains a challenge.

Herein, we propose a reliable method for synthesizing
tellurium on arbitrary substrates and have discovered the
influence of the ratio of TeCl,/TeO, on the dimension of the
resulting products, from one-dimensional to two-dimensional
structure. Choosing precursors with low-melting points enables
the direct synthesis of Te nanoflakes on arbitrary substrates,
such as sapphire, mica and SiO,/Si wafer. In addition, a
systematic investigation of growth parameters during the for-
mation of tellurene was conducted. As a result, the essential
factors that determine the preferential growth direction of Te
are proposed here, for the first time.

()
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Results and discussion

Fig. 1(a) depicts the experimental setup of the CVD process, in
which the precursors TeO,/TeCl, were placed in the upstream
region (750 °C), and the SiO,/Si substrate was placed in the
downstream region (750 °C) 30 cm away from the precursors for
the deposition of Te. Once the process was completed, several
single crystals were found loosely spread on the substrate
(Fig. 1(b)), and the magnified images reflected light-pink hexa-
gonal flakes (see the inset of Fig. 1(b)). Next, the thickness and
dimension of the resulting materials were confirmed by AFM
(atomic force microscope) to be around 10 nm (Fig. 1(c)). Note
that if the thickness of tellurene was greater than 50 nm, it
appeared the shiny golden, reflecting the metalloid innate.
Since the discovery of graphene, Raman spectroscopy has been
regarded as a helpful technique, especially, for the analysis of
the vibration modes of two-dimensional materials and even the
estimation of their thickness. Fig. 1(d) presents the typical
spectrum of tellurene. The two featured peaks of the A; mode
(123 em™ ") and E, mode (140 cm™ ') were detected in accor-
dance with previous reports, confirming the successful for-
mation of tellurene. Remarkably, along with the increase in
the thickness of tellurene, the signal from the substrate gradu-
ally vanished. Furthermore, it was discovered that the Raman
peaks of the A1 mode, which are associated with the vibration
of the intrachain of Te, exhibited a redshift as the thickness of
tellurene increased. This indicates that the van der Waals
forces are influenced by thickness, resulting in the frequency
change of the intra-chain vibrations.

In order to identify the atomic structure of tellurene, high-
resolution TEM (transmission electron microscopy) was exploited.
Prior to TEM observation, tellurene was capped with SiO, for
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Fig. 1 Material characterization of tellurene. (a) Experimental setup of the CVD process, in which the hybrid precursors TeO,/TeCly are placed in the
upper stream, and the SiO,/Si substrate is placed 30 cm away from the precursors. (b) The optical image of the hexagonal tellurene flakes. (c) The AFM

image confirming the thickness of tellurene to be around 10.3 nm. (d) The Raman spectrum of tellurene consists of peaks at 123 cm ™ and 140 cm™,

which correspond to the A1 mode and E2 mode, respectively.
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protection from damage by the Ar' ions during the FIB (focused
ion beam) process, as shown in Fig. 2(a). Fig. 2(b) displays
the cross-sectional TEM image, clearly revealing the layered
structure with a spacing of 3.9 A, which matches the values in
previous reports,”>** and the preferential epitaxial direction
corresponding to the (001) plane (Fig. 2(c)). Next, based on the
compositional analysis by TEM-EDX, the element mapping
showed that the signal Te was uniformly distributed, and the
interface between Te and SiO, was sharply divided, as shown in
Fig. 2(d1-d4). Considering the structural stability of tellurene
in the air, the TEM sample of tellurene prepared by FIB was
intentionally placed in the air for 30 days. After cross-sectional
cutting by FIB, the edge of tellurene was fully exposed to the air,
and the edge of the two-dimensional material confirmed that
was susceptible to the air.>® After that, TEM was applied for the
estimation of its stability in the air. Significantly, the layered
structure was still observed with no evident degradation, as
shown in Fig. 2(e1-f2). The long duration of stability up to
around 30 days evidently exceeds that of silicene which is stable
for 48 min," and that of phosphorene, which is stable for
60 min.”®

To understand the role of the gas species during the syn-
thesis of tellurene, the gas mixture of Ar/H, at varied ratios was
investigated and the ratio of precursor TeO,/TeCl, was set to
10 g/30 g. When pure Ar gas was used through the process, no
tellurene flakes were observed, and only dark particles were
spread on the surface (Fig. 3(al)). Next, the hydrogen was
introduced at a constant total flow flux of (Ar + H, = 15 sccm),
and it was found to participate in the reaction of TeO,/TeCl,.
Once the hydrogen was introduced, hexagonal flakes appeared
on the surface (Fig. 3(a2)). While increasing the amount of
hydrogen to 8 sccm or 15 scem, the color of the resulting flakes
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obviously turned from yellow to pink (Fig. 3(a3 and a4)).
Fig. 3(a5) plots the dependence of the lateral dimension and
thickness of the flakes on the Ar/H, ratio. It is worth noting that
the thickness of tellurene was inversely proportional to the
proportion of hydrogen, which is possible due to the etching
effect, as observed in previous works on graphene synthesis,
proving that hydrogen could thin down the resultant thickness.*”
The thinnest value realized in this work was around 12 nm with
pure hydrogen. Moreover, the total amount of hydrogen affected
the dimension and thickness of tellurene (Fig. S1, ESIY). The
process temperature was set to 750 °C and maintained for
30 min. When the flux of hydrogen was 5 sccm, there was no
deposition of tellurene due to the insufficient carrier gas to
deliver the Te vapor. When the flux was increased to 10 sccm,
tellurene flakes with a thickness of 20 nm were achieved, but
the dimension was irregular. When the flux was increased to
15 sccm, regular hexagonal tellurene flakes were realized. It is
worth mentioning that when the flux was over 20 sccm, thicker
tellurene flakes (~56.7 nm in thickness) were obtained, which
can be attributed to the tendency of the excess Te vapor to
nucleate on the existing Te flakes, resulting in the overlapping
of multiple flakes.”® Different from the previous works on
tellurene synthesis through the simple reduction of TeO, with
the assistance of hydrogen, in this work, low-melting-point
TeCl, (melting point: 230 °C) is also chosen as another Te
feedstock. It was found that the ratio of TeO,/TeCl, played a
decisive role in the growth mechanism during the transition
from one-dimensional nanowire to two-dimensional epitaxial
growth. Contrary to previous works,”" which solely use TeO, as
the precursor for the reduction reaction using hydrogen, it was
hard to synthesize tellurene thin films, but only less bulky Te
with an irregular shape was found on the SiO,/Si substrate

»(001)

Fig. 2 TEM characterization and the structural stability test. (a) The cross-sectional image of tellurene. (b) The magnified view of 10.5 nm tellurene,
revealing the layered structure with a lattice spacing of 3.9 A. (c) SAED pattern. (d1-d4) The TEM-EDX mapping images of Te, O and Si, respectively. (el)
The cross-sectional image of fresh tellurene and (e2) the corresponding SAED pattern. (f1) The cross-sectional image of tellurene exposed to the air for

over 30 days and (f2) the corresponding SAED pattern.
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Investigation of the gas ratio of Ar/H, and the ratio of TeO,/TeCl, precursors on the formation of tellurene. Tellurene formed in the presence of

(al) pure Ar 15 sccm, (a2) Ar/H, = 12:3 (sccm), (a3) Ar/H, = 7:8 (sccm), and (ad) pure H2 15 sccm. (a5) The dependence of the lateral dimension of
tellurene on the gas ratio of Ar/H,, (b1) Pure TeO,, (b2) TeO,/TeCly = 10:10 (mg), (b3) TeO,/TeCly = 10:30 (mg), and (b4) TeO,/TeCl, = 10:50 (mq).
(b5) The dependence of the lateral dimension of tellurene on the ratio of TeO,/TeCly.

(Fig. 3(b1)), as confirmed by SEM and Raman examination
(Fig. S2(a1 and a2), ESIf). It was speculated that since the
process temperature (750 °C) was slightly above the melting
point of TeO, (733 °C), only a limited amount of TeO, would
have melted, resulting in Te vapor deficiency. Whereas, while
solely using TeCl, as the precursor, one-dimensional nanorods
were realized, as shown in Fig. S2(b1 and b2) (ESIY), revealing
the tendency of its growth along the Z-axis because of the highly
anisotropic bonding strength, in accordance with the previous
works on synthesizing Te nanowires.>*?° It is expected that
the low-melting-point TeCl, (230 °C) will be easily evaporated
and quickly form a saturated vapor. Meanwhile, when reacted
with H,, the TeCl, vapor was reduced to Te vapor. Hence, as
the temperature gradually increased, the reduction of TeCl, by
hydrogen became more intense, resulting in an increase in
nucleation probability on the SiO,/Si substrate. Moreover, the
Te vapor preferably tended to accumulate on the existing
nucleation sites, leading to one-dimensional nanowire growth.*!
Herein, the influence of the precursor ratio of TeO,/TeCl, on the
growth mechanism was elucidated. At a ratio of TeO,/TeCl, =
10:10 mg, hexagonal flakes were synthesized on the SiO,/Si
substrate perfectly (Fig. 3(b2)), and the lateral size increased with
the amount of TeCl, (Fig. 3(b3)). With excessive TeCl, over 50 mg,
the color obviously turned shiny golden (Fig. 3(b4)). Moreover,
upon increasing the amount of TeCl, from 10 to 30 and 50 mg,
obviously the density of tellurene increased from 2 pm > to
50 pum™ %, which can be attributed to the increasing Te vapor,
which is beneficial to initial nucleation for subsequent growth
(Fig. S3, ESIt). Finally, the dependence of the ratio of TeO,/TeCl,
on the lateral size and thickness was plotted, as shown in
Fig. 3(b5), which displays that the thickness greatly increased from
12 nm to 70 nm while the lateral size did not undergo great

© 2023 The Author(s). Published by the Royal Society of Chemistry

changes (Fig. 3(b5)). The strong tendency toward an increase
in thickness with the increasing amount of TeCl, yielded a
preferential vertical growth, which is in accordance with
previous works on the synthesis of one-dimensional nano-
wires by using TeCl, as the Te source.’” Hence, by precisely
controlling the ratio of TeO,/TeCly, it is possible to mani-
pulate the growth mechanism of tellurene from one-
dimensional nanowire to two-dimensional tellurene. In addition,
the process temperature has a great influence on the thickness of
tellurene, as shown in Fig. S4 (ESIt). It was found that tellurene
could not be synthesized when the process temperature was
680 °C. However, when the temperature reached 720 °C, hexagonal
Te flakes formed on the SiO,/Si substrate successfully. When the
process temperature was elevated to 750 °C, the lateral size of
tellurene increased to 8 um. However, when the process tempera-
ture was elevated to 780 °C, the thickness increased from 12 nm to
90 nm, implying that the excessive Te vapor preferably led to
epitaxial growth along the Z-axis. Therefore, the growth window of
tellurene is considerably narrow and significantly correlates with
the ratio of TeO,/TeCly, the gas mixture of Ar/H,, and the process
temperature.

Moreover, with the aid of TeCly, tellurene was not only
successfully synthesized on the SiO,/Si substrate but also could
be demonstrated on quartz, mica and sapphire (Fig. S5, ESIT).

Apparently, the thickness of tellurene on quartz was found
to be much greater than that on other single crystalline
substrates owing to the greater roughness, which would lead
to the localization of the Te vapor, resulting in the intensive
deposition of Te. In addition, the high density of hexagonal
flakes spread on mica and sapphire is due to the high crystal-
linity and low roughness of the underlying substrates, which
are beneficial to the epitaxial growth of tellurene.

Mater. Adv,, 2023, 4,2008-2016 | 2011
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Fig. 4 (a) The temperature profile of the CVD process corresponding to
the two-step chemical reaction. Step 1: the reduction of TeCly via Hy; step
2: The chlorination of TeO, via HCL. (b) the reaction route of the formation
of tellurene depending on the selection of precursors.

Finally, the detailed growth mechanism of tellurium from
bulk down to 1D and 2D controlled by the precursors TeCl,/
TeO, is well-established. It is worth mentioning that, while
solely using TeO, as the precursor, it was discovered that not
only the products of the Te bulk but silver residues also
remained in the boat wherein TeO, was initially placed after
the process (Fig. S6(a), ESIT); material characterization by
Raman spectroscopy (Fig. S6(b), ESIt) confirmed the existence
of a-Te0,.** However, in the case of using the mixture of TeCly/
TeO, as the Te precursors, no residues were observed
(Fig. S6(c), ESIf), indicating that TeO, was completely and
effectively reduced to Te with the assistance of TeCl,. The
routes of synthesizing tellurene are illustrated in Fig. 4(a).
As the process temperature ramps up over the melting point
of TeCl, (230 °C), TeCl, is dissociated into TeCl, and Cl,,** and
reacts with H,. Eventually, the Te vapor is generated through
the reduction reaction by H, accompanied by the formation of
the massive byproduct HCL** When the temperature
approaches the melting point of TeO, (733 °C), the TeO, vapor
reacts with HCI to form TeCl,*® and H,O. These intermediate
products successively react with H, to generate the Te vapor as
a result. It is worth noting that through DFT calculations, it has
been proven that the intermediate H,O benefits the construc-
tion of the layered structure of Te.>" Such a high concentration
of Te vapor mitigates the inert chemical reactivity itself, turning
conducive to the formation of nucleation sites on the SiO,/Si
substrate at the early stage. The chemical reaction involved in
the deposition of Te can be divided into two steps.

Step 1: reduction of TeCl,; by H,

TGCI4(g) - TeClZ(g) + Clz(g) (1)
Clz(g) +H, — ZHCl(g) [2)

2012 | Mater. Adv., 2023, 4, 2008-2016

View Article Online

Paper
TeCly(g) + Hag) — Te) + 2HClgg ®)
Step 2: chlorination of TeO, by HCI
TeOj () + 4HClg) — TeClyg) + 2H,0y (4)
TeCly) + 2Hy(g) — Te(g) + 4HCl(y (5)
Te) — Te) (6)

Summarizing the above experimental results, the selection of
Te precursors plays a pivotal role in determining the resultant
dimension of Te. With only TeO, as the Te precursor, in the
reduction process, only irregular Te bulk is formed. Moreover,
with only TeCl, as the Te precursor, one-dimensional nanowire
growth is dominant.

Nevertheless, with the addition of low-melting-point TeCl,
with TeO, as Te precursors, hexagonal flakes of tellurene are
successfully synthesized on the SiO,/Si substrate due to the
f high saturated vapor pressure achieved by the addition of low-
melting chloride. Hence, it is speculated that the consistent
supply of Te feedstocks is essential to overcome the inherent
limitation in growth direction imposed by the high anisotropy
in the atomic structure, promoting the lateral growth of the
(001) plane and leading to the formation of tellurene. Fig. 4(b)
depicts the different dimensions of Te controlled by the differ-
ent Te precursors. Additionally, based on the previous reports
on synthesizing Te nanowires via the hydrothermal approach,
we found that the surfactants PVP and CPK can modulate the
growth direction of Te NWs, inhibiting lateral growth at an
optimized ratio of PVP and CPK. Therefore, it was speculated
that the usage of chloride can provide a similar function of
altering the growth direction of Te from vertical to lateral
growth, resulting in the growth of a two-dimensional film.?”

Due to high anisotropy in the bonding strength of two-
dimensional materials in which the atoms exist in a covalently
bonded plane and the cross planes are attracted by van der
Waals force, an intriguing thermal transport property is
observed, which has been explored in graphene,*® MoS,** and
WSe,.*® Recently, the anisotropic thermal conductivity of tell-
urene was revealed, exhibiting an in-plane thermal conductivity
of 25 W m™' K" and cross-plane thermal conductivity of
1.7 W m ' K", as measured by micro-Raman thermometry
and the time-domain thermal reflectance (TDTR) method."”

Scanning Thermal Microscopy (SThM) is an emerging tech-
nique, which is based on the model of scanning probe micro-
scopy (SPM), with a thermally sensitive probe allowing the
microanalysis of thermal properties over a nanoscale area
where the tip is scanned. In this study, the active SThM
employed and the working mechanism are described as fol-
lows: the thermal properties of the material are investigated by
connecting a probe to a Wheatstone bridge inside the probe
station, which consists of two known resistors denoted as R;
and R,, a variable resistor denoted as R; and a thermal probe
resistor denoted as Ryj,. Once a constant voltage (V) is applied
to heat up the probe by the Joule heating effect, the heat flow is
conducted to the sample through the tips. When the tip sweeps
the surface of the sample, the heat flow is transferred from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The schematics of SThM, including the Wheatstone bridge

circuit, consisting of two known resistors, R; and R, one variant resistor,
Rs3, and a scanning tip controlled by the piezoelectric effect. (bl) The AFM
images of tellurene flakes with a thickness of 11.2 nm. (b2) The SThM
mapping images of tellurene flakes with an applied voltage of 1.2 V.
(c) SThM response as a function of the thickness of the tellurene flakes
with increasing voltage.

tip to the sample, and the resistance of the probe (Rrj,) changes.
Meanwhile, in order to maintain the probe temperature, the
feedback loop will alter the applied current to the probe during
the scanning process, and R; will record the resistance change
of the probe output (V,y), that is the temperature change during
the scanning process.*' Fig. 5(a) depicts the SThM system. Due
to the high temporal (1 mK) and lateral spatial resolution
(100 nm) provided by SThM,** it has gradually garnered a lot
of attention in the exploration of the thermal properties of two-
dimensional materials, such as graphene on oxidized Si,"* MoS,
on the SiO,/Si substrate,** the heterostructure of MoS,/WSe,*’
and InSe, revealing the anomalous thermal property due to the
interfacial phonon transport.*® However, there are still chal-
lenges regarding precise data reading, temporal response and
spatial resolution when the size of the devices decrease.*’ Here,
SThM was exploited, for the first time, to reveal the thermal
properties of tellurene. Tellurene flakes with different thick-
nesses, including 11.2 nm, 18.6 nm and 26.7 nm, on the SiO,/
Si substrate were prepared for the examination. Fig. 5(b1) pre-
sents the AFM images of a representative tellurene flake, and
the thickness was confirmed to be 11.2 nm. Fig. 5(b2) displays
the mapping of the SThM response (applied voltage 1.2 V),
which matches well with the appearance presented by AFM.
In addition, in the SThM image, the tellurene flakes displayed a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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darker yellow with respect to the yellow background of the SiO,
region, indicating that tellurene had higher thermal resistance
than that of SiO,. Some areas in the centre presented a purple
color due to surface defects or protrusions, affecting the phonon
transport, resulting in poor thermal conductance.”” According
to the previous report regarding the thermal behavior of
graphene,”” the thermal transport is greatly affected by the
surface roughness and protrusions, and resulting in the suppres-
sion of phonon transport. Hence, the SThM technique is able to
provide more precise and local analysis, such as edges and
defects in a tiny area, which is not possible with the conventional
Raman examination.**>® Once the tip scans from the back-
ground (SiO,) to tellurene at a specific applied voltage, the
different thermal conductance of tellurene and SiO, result in a
change in the resistance or voltage of the tip, and then to
maintain the initial status of the tip, additional voltage is
exerted, which is denoted as Vou- Vsio, was set as the reference
voltage. Hence, a larger value of Vou — Vsio, stands for lower
thermal conductance. It was noted that the signal from the edge
of the flakes was varied probably due to the limited contact area
and the unidirectional heat flow."®>'

Next, to explore the influence of flake thickness on the
thermal property, tellurene flakes with different thicknesses,
including 11.2 nm, 18.6 nm and 26.7 nm, were prepared for
the examination. The results are shown in Fig. 5(c). When the
applied voltage was increased, the value of Vour — Vsio,
increased regardless of the thickness. Moreover, at the same
applied voltage, the 11.2 nm tellurene had a higher value of V,
— Vsio, than that of tellurene with higher thickness, indicating
a decrease in lateral thermal conductance due to the increase in
phonon-boundary scattering.’>>® For tellurene with thick-
nesses 18.6 and 26.7 nm, the thermal conductance increased
because the behavior was approaching the metallic property.'”

To examine the electrical transport properties of the synthe-
sized tellurene samples, field effect transistors (FET) were
fabricated on the SiO,/Si substrate, in which the Si substrate
was taken as the back gate to modulate the electrostatic
potential of the tellurene device, similar to a field-effect tran-
sistor. Through electron-beam lithography followed by thermal
evaporation, the drain-source contacts were formed with Ti/Au
(20/80 nm) electrodes. A schematic of the tellurene device with
the circuit layout is shown in Fig. 6(a). The inset shows the
typical optical image of the multi-electrode tellurene device
consisting of the Ti/Au electrodes on tellurene on the top
surface of the SiO,/Si substrate. In this work, several Te devices
were fabricated to show highly consistent results, as follows.
The output characteristics (I;s—Vqys) of the Te device, expressed
at different V},; and room temperature are displayed in Fig. 6(b).
All the Iy values increased linearly with Vg, suggesting the
formation of an Ohmic contact between tellurene and the Ti/Au
electrodes. The corresponding transfer characteristics (Igs—Vhg)
of the Te device are given in the inset. No obvious gate-voltage
modulation could be observed, thus further temperature-
dependent electrical measurements were needed to explore
charge transport in the synthesized tellurene. The transfer
characteristics of the tellurene device at different temperatures
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Fig. 6 (a) The schematic of a tellurene device used in this work, with the
circuit diagram overlaid. The heavily doped Si substrate was used as the
back gate. The pair of electrodes served as the source (S) and the drain (D).
The inset shows a typical optical image of the tellurene device. (b) The
output characteristics of the tellurene device at room temperature under
different Vy,4 values. The inset shows the corresponding transfer charac-
teristics at different Vs from 2 to 10 mV. (c) The transfer characteristics of
the tellurene device at different temperatures. (d) Normalized resistivity as
a function of temperature for the tellurene device (room-temperature
values). The solid line presents the best fit for the data. The inset shows the
lys—Vgs relationship of the Te device in the form of In(Vy) — Vg V3.
The solid line shows the high-field approaching behavior.

from 300 down to 80 K are shown in Fig. 6(c). The Iy values
were observed to decrease with decreasing temperature, rather
than metallic transport features, which implies the thermal
activation of a semiconductor or a disordered hopping system.
Fig. 6(d) further presents the normalized resistivity of the
tellurene device in a logarithmic scale, showing its linear
dependence on T~ * over the entire measured temperature
range, which indicates that the low-temperature transport is
governed by the model of 2D variable-range hopping (VRH).
The solid line in red shows the best fit to the data according
to the equation p(T) = prrexp[(To/T)"?].>* All the Te devices
studied in this work had room-temperature resistivity ranging
from 50-80 Q pm and showed the same temperature-
dependent behavior. To verify that the transport in tellurene
follows the 2D VRH model, the output curve under high electric
fields at 110 K is shown in the form of a plot® in the inset of
Fig. 6(d), which supports the presence of the 2D VRH model in
tellurene, as well as the 2D configuration for the carriers.

Conclusions

In summary, tellurene synthesized on the SiO,/Si substrate
via a CVD process is demonstrated for the first time in this
work. The Raman spectra of the hexagonal flakes of tellurene
display a thickness-dependent evolution of the A1 peaks, which
red-shifted with increasing thickness.

Moreover, the growth parameters, such as the gas mix-
ture ratio and the ratio of TeCl,/TeO,, were systematically
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investigated, confirming the role of the precursors TeCl,/TeO,
in the formation of tellurene, and finally, the growth mecha-
nism is established. The fresh tellurene flakes exposed to the
air exhibit remarkable stability over 30 days, as confirmed by
TEM observation, which is a significant step forward to realiz-
ing more practical electronic device applications. Moreover, the
thermal property of tellurene was well-investigated via an
emerging technique SThM, enabling the imaging of lateral
thermal transport and finally proving that the thermal con-
ductivity is proportional to the thickness of tellurene due to
the contribution of cross-plane phonon transport. Finally,
bottom-gated FETs based on tellurene flakes were fabricated
to evaluate the electrical properties. From the output charac-
teristics, the Iy values decreased with decreasing temperature,
which is the feature of semiconductor transport and implies
the thermal activation of a semiconductor or a disordered
hopping system. By interpreting the normalized resistivity of
the Te device in the logarithmic scale, its linear dependence on
T~ in the entire temperature range was evident, which matches
well with the model of 2D variable-range hopping (VRH) for
charge transport.

Experimental section
Synthesis of tellurene flakes by the chemical vapor deposition

The precursor powders of (10 g) TeO, and (30 g) TeCl, were
separately placed in a quartz boat upstream of the furnace, and
the SiO,/Si substrate was placed 30 cm away from the quartz
boat. Next, a large amount of pure Ar was steadily introduced
for 20 minutes to remove the impurities in the tube, and the
pressure was controlled to 700 torr. Then, 15 sccm H, was
injected into the quartz tube, and the temperature of TeO,/
TeCl, and the SiO,/Si substrate was maintained at 750 °C
respectively for 30 minutes for the deposition of tellurene. After
the process, pure Ar was introduced, and the system was slowly
cooled to room temperature.

Characterization

The crystallinity of the tellurene flakes was examined by a
Raman spectrometer (HORIBA Jobin-Yvon, iHR550) equipped
with green laser (532 nm) excitation. Prior to acquiring the
atomic image, the sample was prepared using a focused ion
beam (FIB, FEI Helios G3CX). The atomic structure of tell-
urene was examined by transmission electron microscopy
(TEM, JEOL JEM-F200) at an image resolution of 0.19 nm
using a high-resolution energy-dispersive spectrometer (EDS).
The thickness and dimension of tellurene were acquired by
atomic force microscopy (AFM, Bruker Dimension Icon). The
microstructure of tellurene was revealed by scanning electron
microscopy (SEM, HITACHI SU-5000). The thermal images
were measured by using an SThM probe (VITA-DM-GLA)
mounted on the tip cantilever of a Bruker Dimension Icon
AFM. Typically, 512 x 512-pixel scans were performed at a line
rate of 0.2 Hz.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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