
Precursor-Confined Chemical Vapor
Deposition of 2D Single-Crystalline SexTe1−x
Nanosheets for p‑Type Transistors and
Inverters
Haoxin Huang,¶ Jiajia Zha,¶ Songcen Xu, Peng Yang,* Yunpeng Xia, Huide Wang, Dechen Dong,
Long Zheng, Yao Yao, Yuxuan Zhang, Ye Chen, Johnny C. Ho, Hau Ping Chan, Chunsong Zhao,*
and Chaoliang Tan*

Cite This: ACS Nano 2024, 18, 17293−17303 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional (2D) tellurium (Te) is emerg-
ing as a promising p-type candidate for constructing comple-
mentary metal-oxide-semiconductor (CMOS) architectures.
However, its small bandgap leads to a high leakage current
and a low on/off current ratio. Although alloying Te with
selenium (Se) can tune its bandgap, thermally evaporated
SexTe1−x thin films often suffer from grain boundaries and high-
density defects. Herein, we introduce a precursor-confined
chemical vapor deposition (CVD) method for synthesizing
single-crystalline SexTe1−x alloy nanosheets. These nanosheets,
with tunable compositions, are ideal for high-performance field-
effect transistors (FETs) and 2D inverters. The preformation of
Se−Te frameworks in our developed CVD method plays a critical role in the growth of SexTe1−x nanosheets with high
crystallinity. Optimizing the Se composition resulted in a Se0.30Te0.70 nanosheet-based p-type FET with a large on/off current
ratio of 4 × 105 and a room-temperature hole mobility of 120 cm2·V−1·s−1, being eight times higher than thermally evaporated
SexTe1−x with similar composition and thickness. Moreover, we successfully fabricated an inverter based on p-type Se0.30Te0.70
and n-type MoS2 nanosheets, demonstrating a typical voltage transfer curve with a gain of 30 at an operation voltage of Vdd = 3
V.
KEYWORDS: precursor-confined, chemical vapor deposition, SexTe1−x nanosheets, 2D transistors, inverters

INTRODUCTION
Silicon (Si)-based complementary metal-oxide-semiconductor
(CMOS) architecture, featuring low power consumption, wide
working voltage range, and strong anti-interference ability,
plays an indispensable role in today’s high-performance central
processing unit (CPU) chips.1−3 However, it is a daunting
challenge to improve the density of Si transistors since its
further scaling is limited by the short channel effect.2 An
alternative strategy is to develop multilevel circuits in the back-
end-of-line (BEOL) process, and the emerging two-dimen-
sional (2D) materials are promising candidates.4,5 2D materials
exhibit an atomically thin nature with self-passivated surfaces,
making them suitable for multilayer integration. Researchers
have already demonstrated that constructing CMOS circuits
based on n- and p-type 2D semiconductors could facilitate the
realization of monolithic three-dimensional integrated circuits

(3D-ICs).2,6−8 On the other hand, compared with various n-
type semiconductors showing competitive carrier transport
behaviors with Si, such as thin film oxides (e.g., IGZO and
ZnO),9,10 2D transition-metal dichalcogenides (TMDs, e.g.,
MoS2 and WS2),11 and monochalcogenides (e.g., InSe),6 high-
performance p-type counterparts remain to be further
explored.1,12−16 Although several 2D semiconductors such as
WSe2 could be applied to construct p-type metal-oxide-

Received: April 22, 2024
Revised: May 28, 2024
Accepted: June 5, 2024
Published: June 17, 2024

A
rtic

le

www.acsnano.org

© 2024 American Chemical Society
17293

https://doi.org/10.1021/acsnano.4c05323
ACS Nano 2024, 18, 17293−17303

D
ow

nl
oa

de
d 

vi
a 

C
IT

Y
 U

N
IV

 O
F 

H
O

N
G

 K
O

N
G

 o
n 

Se
pt

em
be

r 
13

, 2
02

4 
at

 0
8:

40
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoxin+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiajia+Zha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Songcen+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunpeng+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huide+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dechen+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ye+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johnny+C.+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hau+Ping+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunsong+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoliang+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoliang+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c05323&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05323?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05323?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05323?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05323?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05323?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/26?ref=pdf
https://pubs.acs.org/toc/ancac3/18/26?ref=pdf
https://pubs.acs.org/toc/ancac3/18/26?ref=pdf
https://pubs.acs.org/toc/ancac3/18/26?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


semiconductor (p-MOS),13,14 its performance has been
severely impeded by the considerable contact resistance.

Recently, 2D p-type elemental semiconductors have
emerged as ideal candidates as they usually hold a small
effective mass of holes, mh*,13,14 one of which has been
extensively studied is black phosphorus (bP), and bP-based
field-effect transistor (FET) exhibits field-effect hole mobility
(μFE) of ∼1000 cm2·V−1·s−1.17 Unfortunately, further applica-
tion of bP nanosheets has been impeded by their fast
degradation under ambient conditions. The recently redis-
covered van der Waals (vdW) elemental tellurium (Te) could
be another alternative, which is composed of one-dimensional
(1D) helical chains hexagonally stacked with each other via
vdW force.1,18 The wide spectrum of intriguing properties,

including thickness-dependent bandgap, high room-temper-
ature hole mobilities (>1000 cm2·V−1·s−1), and superior
mechanical and thermoelectric properties guarantee its
application prospect in advanced electronics and optoelec-
tronics.1,19−21 The reported Te FETs based on hydrothermal-
synthesized Te nanoflake exhibit comparable electronic
performance with bP FET but without a noticeable perform-
ance degradation after being exposed in the air for over 2
months.18 However, hydrothermal methods usually introduce
additional surface contamination, and the nanosheet agglom-
eration phenomenon also hinders its scale production. On the
other hand, chemical vapor deposition (CVD) is widely used
for preparing high-quality 2D crystals.22 Ultrathin vertically
grown crystalline Te nanoflake has been reported by Zhang et

Figure 1. Growth and characterization of single-crystalline SexTe1−x alloy nanosheets. (a) Schematic illustration of the CVD growth of
SexTe1−x nanosheets enabled by confining precursors within the partially open tubes to create a reverse flow of vapor mixture. The bottom
panels compare the products grown using the standard CVD method and the confined CVD method. (b) Optical image of representative
SexTe1−x alloy nanosheets epitaxially grown on mica. Inset: AFM profile of a selected nanosheet with a thickness of 22.3 nm (scale bar: 3
μm). (c) Crystal structure of SexTe1−x alloy shown in different views. (d) Histogram showing the Se composition (x) varied as a function of
precursor-ratio in single-crystalline alloy nanosheets (growth temperature: 700 °C). (e) Full-range XRD patterns of SexTe1−x alloys recorded
with different Se compositions (x increases from 0 to 0.48). (f) Variation trend of the crystal plane spacing d of (100), (011), and (200)
crystal planes. (g) Raman patterns of SexTe1−x alloy nanosheets with Se composition increasing from 0 to 0.48.
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al., while the corresponding FET shows unsatisfactory on-state
current and weak electrostatic regulation.23 Yang et al. then
reported the CVD growth of Te nanobelts along its c-axis on
atomically flat hexagonal boron nitride (h-BN) for Te FET
with high room-temperature hole mobility up to 1370 cm2·
V−1·s−1.24 However, the recorded moderate on/off current
ratios (∼10 to 102) limit their applications in subsequent logic
circuits. Alloying Te with another chalcogen Se has been
demonstrated as an effective method to tune the bandgap of
SexTe1−x alloy from Te (0.3 eV) to Se (1.8 eV) for better
device performance.19,25−27 In 2020, Tan et al. reported the
thermally evaporated SexTe1−x thin films for high-performance
short-wave infrared (SWIR) photoconductors and a focal plane
array.19 After the optimization of Se composition to 0.32, the
fabricated devices present a good trade-off between on/off
current ratios and Hall mobilities. Recently, evaporated Se-
alloyed Te-TeOx film was reported by Liu et al., which showed
improved on/off current ratios with moderate mobilities (∼15
cm2·V−1·s−1).28 However, the hole mobility values are still
much less than those of p-type Si transistors.

In this work, we report high-quality single-crystalline
SexTe1−x alloy nanosheets with tunable compositions prepared
via a precursor-confined CVD method for high-performance p-
type FET and CMOS inverter. The single-crystalline nature of
SexTe1−x nanosheets is clearly identified by high-resolution
transmission electron microscopy (HRTEM) results. The
premixing of the precursor in the confining space leads to the
successful growth of 2D SexTe1−x alloy in our designed CVD
process. The Se composition of the alloy can be continuously
tuned from 0 to 0.49. We further characterized the
composition-dependent electrical properties of SexTe1−x nano-
sheets and determined the optimized Se composition. The
high-performance p-type FET based on Se0.30Te0.70 nanosheet
achieves a decent on/off current ratio of 4 × 105 and high
room-temperature hole mobility of 120 cm2·V−1·s−1, which is
competitive among the existing 2D elemental material-based
FETs (refer to Table S1). We further demonstrate its
application potential in logic circuits by constructing a
CMOS inverter by integrating it with the MoS2 channel,
which achieves a high gain of ∼30 at Vdd = 3 V.

RESULTS AND DISCUSSION
Growth and Characterization of Single-Crystalline

SexTe1−x Nanosheets. Quartz tubes (I and II) loaded in the
two-zone atmospheric-pressure CVD system (Figure 1a) were
used for the synthesis of SexTe1−x alloy nanosheets (see the
Experimental Section). Specifically, a partially open quartz tube
II placed in the quartz tube I was incorporated to
accommodate the two precursor materials (Se and tellurium
oxide (TeO2)), which will be evaporated at 300 and 600−800
°C, respectively, and then reduced by H2/Ar carrier gas to
produce vapor mixture. The growth of SexTe1−x alloys presents
a morphology transition from 1D to 2D with the increase of
the evaporation temperature of TeO2 (Figure S1), which can
be attributed to the increased lateral and longitudinal atomic
migration speed.29−31 In particular, when the temperature is
below ∼600 °C, our products tend to grow into 1D
morphology (Figure S1(a)). When the temperature reaches
800 °C, these single-crystalline SexTe1−x nanosheets would
agglomerate into large clusters (Figure S1(c)). Thus, we kept
the evaporation temperature of the precursors at 700 °C to
obtain 2D SexTe1−x alloy nanosheets. Notably, the special
placement of quartz tube II creates extra confined space that

allows the reverse flow of reactive vapors and enables thorough
mixing and prereaction during the gas feeding process.
Subsequently, these premixed Se/Te vapor mixtures will
grow into SexTe1−x alloy nanosheets onto the mica substrate
via vdW epitaxy.30 While the absence of confined premixing
typically results in the growth of bulk/thick crystals, as
depicted in Figure 1a and the optical images shown in Figure
S2(a−f). The distinct product morphology can be explained by
the weak absorption energy of Se compared to Te atoms on
mica. Our preliminary experiments (Figure S3(a,b)) have
revealed that the Se species show a high tendency to epitaxially
grow on the surface of crystalline Te nanosheets, as reported
by other literature.29,32 Subsequent observations (Figure
S3(c,d)) indicate that the sole Se precursor only leads to the
growth of irregular Se particles on mica. Therefore, we can
conclude that Te plays a critical role as the structural
framework in the growth of the SexTe1−x alloy, and insufficient
mixing of the precursors may result in excessive nucleation of
Se on the Te surface or competitive adsorption with Te on the
substrate surface, undermining the framework formation.

Thus, our simple design effectively suppresses the epitaxial
process of Se atoms and ensures the mixture of the gas
precursors for the stable growth kinetics of the SexTe1−x alloy.
The growth mechanism is depicted as follows: The confined
space guarantees the prior incorporation of Se atoms into the
Te lattice/anchor on Te chains rather than the surface epitaxy
during the reduction process (Figure S2(a−d)), thus leading to
a stable reactive vapor and, ultimately, the formation of single-
crystalline SexTe1−x alloy nanosheets (Figure S2(f)). In a
typical chemical reaction (eq 1), TeO2 undergoes partial
reduction by H2 gas, yielding volatile Te/Te−O species.23,24

Simultaneously, due to the structural similarity between Se and
Te crystals, Se seamlessly substitutes partial Te atoms in the
helical chains. The precursor material is then transported
downstream via carrier gas and deposited onto mica substrate,
ultimately diffusing and rearranging into a well-aligned alloy
layer:

2H Se TeO Se Te 2H Ox x2 2 1 2+ + + (1)

Figure 1b depicts the typical optical microscopy (OM) images
of SexTe1−x (x = ∼ 0.3) alloy nanosheets, most of which
exhibit a trapezoidal structure like Te with lateral and
longitudinal dimensions ranging from 1 to 5 μm and 5 to
over 10 μm, respectively. The embedded atomic force
microscopy (AFM) topography reveals a typical alloyed
nanosheet thickness of 22.3 nm, and the minimum thickness
can reach about 10 nm (Figure S4 for detailed information).
The schematic structure of the SexTe1−x is then shown in
Figure 1c, exhibiting a basic 1D helical chain structure.15,19,33

Since they have similar crystal structures, Se atoms can partially
substitute for Te atoms, and then, Se/Te atoms form covalent
bonds with neighboring atoms to maintain the material
stability. Specifically, the atomic chains of Se/Te twist into a
triangular shape (viewed from the z-direction) and then
interact with other chains through vdW forces, resulting in a
hexagonal array structure.19,34

The SexTe1−x alloy nanosheets with different chemical
compositions (x = 0−0.49) are realized by controlling the mass
ratio of Se powders and TeO2 powders at separated
temperature zones (Figure 1d), which was characterized by
transmission electron microscopy accompanied by energy-
dispersive spectroscopy (TEM-EDS) (Figure S5 for detailed
information). Notably, the composition of Se in the alloy does
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not exhibit a linear relationship with the weight ratio of
precursors, and the critical value (x) is approximately 0.5.
According to Figure S6, the distribution density of CVD-grown
alloy nanosheets decreases with the Se:TeO2 weight ratio.
When the weight ratio is less than 30, the products mainly
maintain the morphology of thin nanosheets (Figure S6(a,b)).
On the other hand, with further increasing the precursor
weight ratio, the products tend to grow into thick nanosheets
and thorny clusters (Figure S6(c)). This phenomenon can be
explained by the low nucleation energy of Se on the mica
surface, which is insufficient to support the epitaxy growth
under higher vapor pressure.35,36 The excess Se vapor will grow
and aggregate with Te at the nucleation points, thereby
hindering the formation of 2D nanosheets. This result confirms
the critical role of Te in framework formation during diffusion
growth. To characterize the crystal quality of our CVD-
synthesized SexTe1−x alloy nanosheets, X-ray diffraction

(XRD) characterization was further employed. As shown in
Figure 1e, the full-range XRD patterns of the synthesized
SexTe1−x nanosheets (x = 0−0.48) show distinct characteristic
peaks, where the peaks of the Te (x = 0) (a = b = 4.456 Å and
c = 5.921 Å) match well with the reference value of PDF#97−
006−5692 (P3121 space group).18,20,34 It can be observed that
the (100) crystal plane exhibits the highest strength, which
corroborates the diffusion growth of the alloy along the [001]
crystal direction rather than vertical growth.18,35,37 The
interplanar crystal spacing d of the (100), (011), and (200)
peaks at 2θ = 22.96−23.13, 27.66−28.02, and 47.08−47.25°
were plotted as a function of x (Figure 1f) to uncover the
variation tendency. The diffraction angles of selected peaks
gradually increase with Se composition, manifesting the
decrease of lattice constants.25,38 That originates from the
smaller atomic radius of the Se atom compared with that of the
Te atom (1.17 and 1.42 Å, respectively). The compositional

Figure 2. Characterization of single-crystalline Se0.3Te0.7 nanosheets. (a) TEM image of a selected Se0.3Te0.7 nanosheet and the
corresponding elemental mappings: (a1) mapping of Te element, (a2) mapping of Se element, (a3) HAADF-STEM image of Se0.3Te0.7
nanosheet, (a4) combined mapping of both Se and Te elements. (b) HRTEM image of the selected Se0.3Te0.7 nanosheet with the inset clearly
revealing the chain structure of the alloy nanosheet. (c) SAED pattern of Se0.3Te0.7 nanosheet. (d) Se 3d XPS peaks and (e) Te 3d XPS peaks
with fitted characteristic peaks. (f) Angle-resolved polarized Raman results of Se0.3Te0.7 nanosheet in typical angles and fitted polar figures of
Raman intensity corresponding to (g) E1-TO, (h) Te-like A1, and (i) Se-like E2 modes located at 106, 139, and 173 cm−1, respectively. (j)
Illustration of the rotation angle in angle-resolved polarized Raman characterization.
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uniformity and transition of the synthesized nanosheets can be
further characterized by Raman spectroscopy. As depicted in
Figure 1g, it is evident that randomly selected 20 SexTe1−x
alloy nanosheets with different compositions exhibit similar
characteristic peak positions. Characteristic peaks of Te (x = 0)
are located at 93.6, 122.8, and 142.3 cm−1, corresponding to
the E1-TO, A1 (Te-like), and E2 modes, respectively.18,19 With
the increase of Se composition, Te-like A1 and E2 modes
gradually shift to greater wavenumbers and merge into a broad
peak. Meanwhile, the Se-like E2 mode begins to emerge at a
moderate Se composition of x = ∼ 14%. As the Se composition
further increases, the peak intensity ratio between Se-like E2
mode and A1 mode also increases gradually (characteristic
peaks for pure crystalline Se: 144.06 cm−1 (E1), 232.95 cm−1

(E2), and 236.83 cm−1 (A1), Figure S7), indicating the well-
grown alloy nanosheets with high crystallinity.

Detailed Characterization of Se0.3Te0.7 Nanosheets.
As indicated by our electronic characterization of SexTe1−x
alloy nanosheets, the Se composition of ∼0.3 exhibits the best

trade-off between the on/off current ratios and hole mobilities,
which will be discussed later. In this context, we further analyze
the atomic structural morphology and quality of the prepared
Se0.3Te0.7 alloy nanosheets by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
HRTEM, and energy-dispersive X-ray spectroscopy (EDS).
The SexTe1−x nanosheet with an average Se composition of
∼0.3 was confirmed via EDS elemental analysis (Figure
S5(b)). As shown in Figure 2a1−a4, the EDS mapping results
clearly demonstrate the uniform distribution of Se and Te
elements throughout the nanosheet. It should be noted that Se
atoms exhibit a pronounced tendency to aggregate at the
longitudinal terminal, attributing to the existence of dangling
bonds at molecular chain terminals that are common in 1D
materials.19 Figure 2b depicts a typical atomic HRTEM image
of Se0.3Te0.7 with discernible helical chains, which exhibit a 3-
fold screw symmetry along [001]. The interplanar distances of
the (001) and (010) crystallographic planes are calculated to
be 2.19 and 5.6 Å, respectively. These values are smaller than

Figure 3. Electrical performance of FETs based on SexTe1−x alloy nanosheets. (a) Schematic illustration and optical image of SexTe1−x FET.
(scale bar: 10 μm). (b) Transfer curves of FETs based on SexTe1−x nanosheets with different Se composition (x = 0.14, 0.22, and 0.30). The
used SexTe1−x nanosheets have similar morphology. (c) Se composition-dependent field-effect mobilities and on/off current ratios. (d)
Transfer curves of a typical Se0.3Te0.7 FET with LCH of 5.2 μm, WCH of 1.5 μm, and TCH of 30.2 nm, respectively. (e) Output curves of a
typical Se0.3Te0.7 FET with Vg varying from −60 to 60 V in a step of 10 V. (f) Extracted back gate voltage-dependent field-effect mobilities.
(g) Transfer curves and (h) extracted field-effect mobilities of the typical device when tested as prepared and exposed in air for over one
year. Statistic performance summary of the (i) on/off current ratios and (j) field-effect mobilities obtained from 20 Se0.3Te0.7 FETs with
increased channel thickness.
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the corresponding crystal planes of elemental Te crystal (2.2
and 6.0 Å, respectively) due to the partial substitution of Se
atoms with a smaller atomic radius.18 This observation consists
well with the results obtained from XRD. Additionally, Figures
2c and S8 illustrate the alloy nanosheet’s selected area electron
diffraction (SAED) patterns obtained from different locations,
revealing distinct lattice points and rotationally symmetric
spots with the same crystallographic zone axis. The HRTEM
images and SAED patterns confirm the single-crystalline nature
of the synthesized alloy nanosheets with the primary growth
direction along the [001] crystallographic axis.

The elemental composition and chemical states of the
single-crystalline alloys were further uncovered by X-ray
photoelectron spectroscopy (XPS). Although within the
same batch of samples, the Se composition in the XPS-tested
sample (x ∼ 0.33) is slightly higher than that for TEM analysis
(x ∼ 0.30), possibly due to the absorption of amorphous Se on
the mica surface. The XPS peaks of Se 3d located at 55.4 and
54.6 eV shown in Figure 2d are fitted based on the principle of
spin−orbit splitting into Se 3d3/2 and Se 3d5/2 binding energy,
respectively. This result suggests the moderate reduction state
of Se in the alloy configuration, as Se2− is expected 3d5/2 to be
lower than 55.0 eV, which can be attributed to the greater
electronegativity of Se atoms in comparison to Te atoms.35,39

The fitted Te 3d XPS graph is shown in Figure 2e, with two
characteristic peaks located at 573.5 and 584.0 eV correspond-
ing to Te 3d5/2 and Te 3d3/2 orbits of the Te bonded to Se,40,41

respectively. It is worth pointing out that the satellite peaks
related to the oxidation state of Te4+ also appear, commonly
observed among ultrathin Te nanoflakes/films under moderate
annealing and originate from the inevitable baking process in
our experimental process. It is noted that the surface oxidation
can be well removed via pre-etching before XPS, leaving the
characteristic peaks unchanged (refer to Figure S9). We further
explored the anisotropic optical properties of our CVD-
synthesized Se0.3Te0.7 sample with moderate thicknesses by
angle-resolved polarized Raman spectroscopy. Nanosheet
samples were first transferred onto SiO2/Si substrate (see
Figure S10). As shown in Figure 2f, periodic variations in the
intensity of characteristic Raman peaks are observed through
the automatic rotation of a half-wave plate at a step of 30°. The
polarization started from the direction perpendicular (i.e., 0°)
to the c-axis of the nanosheet (i.e., [001]), as shown in Figure
2j. By refining the rotation angle to 10°, the peak intensities
corresponding to different modes present noticeable periodic
changes with the rotation angles. We then plotted these into
the polar figures, which also fit with the Sine/Lorentz function
for better visualization (Figure 2g−i). It is clear that the
intensity variation of E1-TO and Te-like A1 modes are similar
to that of elemental Te crystal, with the maximum values
obtained at the polarization direction perpendicular to the c-
axis (i.e., 0 and 180°). This result further confirms the
preference growth of SexTe1−x alloy in the [001] crystal
direction, consistent with the HRTEM figure. Meanwhile, the
Se-like E2 vibration mode is significantly affected by the alloyed
Se atoms. This manifests in the reduction of symmetry in the
polar coordinate, transitioning from double-symmetry axes to a
single-symmetry axis,24,42 while the maximum values occur at
around ∼45°.

Electrical Performance of SexTe1−x-Based FET. Pre-
vious research has demonstrated that SexTe1−x alloys hold
great promise as the potential p-type semiconductor
channel.19,43 However, the application potential of transistors

based on SexTe1−x prepared previously has not been entirely
squeezed out due to the unsatisfactory crystal quality.
Leveraging the high crystallinity of our CVD-synthesized
SexTe1−x alloy nanosheets, we constructed back-gated FETs
based on SexTe1−x via a dry transfer method.44 In addition, we
employed surface-passivated h-BN nanosheets to reduce
interface scattering and traps.24,45 The schematic diagram of
the SexTe1−x/h-BN-based FET is depicted in Figure 3a, with
Au (∼40 nm) as contact metal and a heavily doped Si as the
back gate which is covered by 300 nm SiO2 serving as the gate
dielectric. The transfer characteristics of SexTe1−x transistors
with varied Se compositions are depicted in Figure 3b,
employing a sweeping range from −40 to +40 V. Notably, as
the Se composition increases, the on/off current ratio of the
measured transistor significantly improves from 102 to 105. In
contrast, the on-state current density decreases by less than
one order of magnitude. We also statistically analyzed the
alloy-composition-dependent hole mobilities and on/off
current ratios, as shown in Figure 3c. It can be concluded
that the SexTe1−x FET has the best trade-off between the on/
off current ratios and hole mobilities at a Se composition of
∼0.3.

Based on the above analysis, we selected Se0.3Te0.7 alloy
nanosheets as the channel material for constructing high-
performance p-type FET. The thickness of the typical
nanosheet is 30.2 nm (refer to Figure S11(a−e) for the
AFM profiles of the selected device). The device’s transfer
curves are shown in Figure 3d with typical p-type transport
characteristics. The energy band diagram of Se0.3Te0.7 FET
under ON and OFF states are further depicted in Figure
S11(f,g), respectively. After applying the negative back gate
voltage, holes will accumulate in the channel and result in a
small resistance, while under the positive back gate voltage,
holes will be depleted and result in a large resistance. Under
different biases (−10, −50, −200, −500 mV), the obtained
transfer curves exhibit an on/off current ratio exceeding 105,
and the gate leakage current (Igs) recorded (refer to Figure
S12) is as low as ∼1 to 10 pA, manifesting the good stability of
gate dielectrics. It is worth mentioning that when the channel
bias is −500 mV, the Se0.3Te0.7 FET achieves an impressive
on/off current ratio of 4 × 105 as well as an on-state current
approaching 10 μA·μm−1. This encouraging electronic
performance of the Se0.3Te0.7 FET can be explained through
bandgap engineering. Te thin films are difficult to be
electronically depleted due to their extremely narrow bandgap
(approximately 0.3 eV).1,15,19 However, after alloying with Se,
the bandgap of Te can be effectively tuned. In addition, the
high crystal quality enables simultaneous strong light
absorption and low dark current, thus holding great potential
for constructing advanced electronics and optoelectronics in
the future.1,19,43,46 The contact quality in the device can be
discerned from the output characteristics. As shown in Figure
3e, the channel current linearly increases with the absolute
value of the bias voltage under different gate voltages,
indicating the realization of good contact between the Au
electrodes and the Se0.3Te0.7 channel. We further extracted the
contact resistance using the TLM (transmission line
method),47 which tells a decent contact resistance value of
Rc = 3250 Ω·μm (Figure S13). The field-effect mobility (μFE)
can be estimated via eq 2:48
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where LCH andWCH represent the channel length and width,
respectively; CSiOd2/h‑BN is the capacitance of the SiO2/h-BN
dielectric, which is estimated to be 12.0 nF·cm−2; and gm refers
to the transconductance in the transfer curves and is expressed
as d(Ids)/d(Vgs). At Vds = −0.1 V, the peak field-effect hole
mobility of the Se0.3Te0.7 FET is calculated to be 120 cm2·V−1·
s−1 (Figure 3f). Furthermore, we have also revealed the
excellent air stability of the alloy-based transistor. We retested
the electrical property of the Se0.3Te0.7-based transistor after
being exposed to air for over one year, and the results are
presented in Figure 3g,h. Moreover, without deliberate
encapsulation, the SexTe1−x FET with a channel thickness of
30.2 nm did not show significant performance degradation,
and the observed slight threshold voltage (Vth) shift could be
explained by molecular (e.g., H2O) adsorption. In addition, we
further measured 20 different SexTe1−x FETs fabricated on h-
BN/SiO2/Si and bare SiO2/Si substrates, respectively
(representative samples are shown in Figure S15), where two
key figures of merit are recorded (the on/off current ratios and
the field-effect hole mobilities). The nanosheet thickness
ranged from 20 to 75 nm. According to Figure S15, it can be
observed that even without the insertion of h-BN nanoflakes,
transistors can still exhibit excellent performance, indicating
the high quality of the CVD-synthesized SexTe1−x nanosheets.
As shown in Figure 3i,j, the field-effect hole mobilities of
Se0.3Te0.7 FETs exhibit a gradual increase with thicker channels
(from ∼50 cm2·V−1·s−1 to greater than 200 cm2·V−1·s−1), while
the on/off current ratios decreased from 105 to 103. These

thickness-dependent transport behaviors are quite common for
layered materials and are often attributed to interlayer coupling
and screening effects.17,49 Overall, compared to physical vapor
deposition (PVD)-prepared polycrystalline Se0.32Te0.68 thin
films, our CVD-synthesized single-crystalline Se0.3Te0.7 nano-
sheets show a seven to eight times increase in the hole mobility
and a two order of magnitude improvement in the on/off
current ratio (see Table S1 for more details). These
enhancements can be attributed to eliminated grain boundaries
and significantly reduced defect density, which reduces
scattering and local stress,50 ultimately enhancing hole
transport behaviors. Although SexTe1−x alloy nanosheets
show inferior hole mobilities compared to Te nanocrystals, it
is still competitive or even superior to n-type 2D semi-
conductors such as MoS2. Moreover, the good performance
trade-off between the carrier mobilities and on/off current
ratios will promote its development in fabricating high-
performance electronics and optoelectronics.19,43

CMOS Inverter Based on p-Type Se0.3Te0.7 and n-Type
MoS2. Considering that our prepared Se0.3Te0.7 alloy nano-
sheets exhibit competitive performance to their n-type
counterparts such as MoS2, we further constructed a 2D
CMOS inverter based on p-type Se0.3Te0.7 and n-type MoS2
nanosheets. Figure 4a shows the optical image and schematic
illustration of the 2D inverter in the local bottom gate
architecture residing on SiO2 (300 nm)/Si substrate, and the
thickness profiles of the components are shown in Figure S14.
The inverter fabrication starts from the exfoliation and transfer
of atomically thin h-BN and graphene (Gr) nanoflakes onto
the Si/SiO2 substrate, which function as the dielectric layer and
local bottom gate, respectively, for better gate control and
steeper subthreshold swing (SS). Then, the selected Se0.3Te0.7

Figure 4. Performance characterization of 2D inverter based on Se0.3Te0.7 and MoS2 nanosheets. (a) Optical image and schematic illustration
of the 2D inverter based on p-type Se0.3Te0.7 and n-type MoS2 FETs. Transfer curves of (b) p-FET and (c) n-FET tested at different Vds. (d)
Comparison of the output curves of p-type FET (blue line) and n-type FET (red line). (e) Voltage transfer curves (VTCs) of 2D inverter at
different Vdd of 2, 2.5, and 3 V, respectively. (f) Extracted voltage gain (G) from VTCs indicates the voltage gain (=−d(Vout)/d(Vin)) of the
inverter reaches 30 at Vdd = 3 V.
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and MoS2 nanosheets were transferred onto the h-BN/Gr
heterostructure, followed by the deposition of Au as the
electrodes in different functional areas (see the Experimental
Section for details). Figure 4b depicts the typical transfer
curves of the individual Se0.3Te0.7 FET within the inverter,
showing an on-state current >7 μA·μm−1 and an on/off current
ratio of ∼104 at Vds = −1 V. Such a performance matches well
with our previous results, indicating the high repeatability of
our synthesis method, and the relatively small on/off current
ratio can be explained by the unavoidable variation in sheet
thickness during growth. Meanwhile, Se0.3Te0.7 p-MOS also
provides a positive threshold voltage (Vth) that is closer to 0
(0.2 V for Vdd = −0.1 and 0.6 V for Vdd = −1 V), thus creating
a suitable switching interval during the operation of the
designed inverter. Compared with the MoS2 FET, the
Se0.3Te0.7 FET shows a diminished gate control capacity at
higher bias with increased Vth. This drain-induced barrier
lowering (DIBL) phenomenon can also be observed in other
2D alloy-based FETs, which can be attributed to the
strengthened alloying scattering under higher bias.51,52 The
MoS2 n-MOS (Figure 4c) shows an admiring on/off current
ratio of ∼106 and the on-state current reaches 3 μA·μm−1.
However, the extracted Vth of −2.4 V is far from the zero point,
which may originate from the sulfur vacancies introduced in
the mechanical exfoliation and is expected to be amended via
further annealing.53,54 Figure 4d compares the output curves of
Se0.3Te0.7 and MoS2 FETs under Vg ranging from 0 to −3 V
and 0 to +3 V in a step of 0.5 V, respectively. The p- and n-
type devices have nearly symmetric Ids−Vds characteristics. It is
noted that the output curves of Se0.3Te0.7 FET show an
obvious up-kick phenomenon, possibly due to the reduction of
potential barrier height for electron transport and the kink
effect originating from impact ionization at large bias.1,17,18,55

Figure 4e provides the voltage transfer curves (VTCs) of the
2D inverter with Vdd increased from 2 to 3 V when Vin
sweeping from −3 to 3 V, and the output voltage gradually
switches from high to low level. The corresponding voltage
gain (G) is then extracted via −d(Vout)/d(Vin) and plotted in
Figure 4f, showing a peak gain value of ∼30 at Vdd = 3 V. This
considerable static VTC property demonstrated in the 2D
inverter fabricated from our synthesized Se0.3Te0.7 alloy
nanosheet reveals its application potential in advanced logic
circuits in the future.

CONCLUSIONS
In summary, we have successfully synthesized high-quality
single-crystalline SexTe1−x alloy nanosheets via a precursor-
confined CVD method and conducted a comprehensive study
of their electrical properties. Our findings demonstrated that
the improved crystallinity significantly enhances the device
performance of FETs based on SexTe1−x alloy nanosheets,
which mainly includes considerable on/off current ratios and
much higher field-effect hole mobilities (e.g., μFE has been
increased by 8-fold compared to the PVD-prepared counter-
part). In addition, we successfully fabricated the 2D inverter
based on a p-type SexTe1−x FET and an n-type MoS2 FET with
a voltage gain of ∼30 at Vdd = 3 V. The SexTe1−x alloy
nanosheets may also find promising applications for the
fabrication of advanced optoelectronics.

EXPERIMENTAL SECTION
Growth Method of Single-Crystalline SexTe1−x Nanosheets.

The single-crystalline SexTe1−x nanosheets were grown on mica using

Se (99.999%, Sigma-Aldrich) and TeO2 (99.999%, Sigma-Aldrich)
powders as precursors via a modified CVD method. Two precursors
were placed at opposite ends of a quartz tube (∼20 cm), with the tube
opening facing the direction of the carrier gas. Se powder was loaded
in the low-temperature evaporation zone (∼300 °C), while TeO2
powder was loaded in the high-temperature zone (600−800 °C).
Additionally, the mica (0.5 cm × 0.5 cm) substrate was placed
approximately 15 cm from the quartz tube. Before the reaction, the
tube chamber was purged three times with a 10% hydrogen−argon
(H2/Ar) mixture. At the start of the reaction, a 100 sccm flow of 10%
H2/Ar mixture was introduced, functioning as the reaction gas and
carrier gas simultaneously, and the whole setup operates at
atmospheric pressure. Both temperature zones were raised to the
specified temperatures within 30 min. The reaction duration was 30
min, followed by rapid removal of the quartz tube from the heating
zone to achieve rapid cooling and suppress excessive epitaxial growth
of nanosheets on the mica substrate.

Materials Characterizations. The morphologies of the SexTe1−x
nanosheets were characterized by optical microscopy (Nikon,
ECLIPSE LV100ND). The surface morphologies and height profiles
of the SexTe1−x alloy nanosheets were measured by AFM (Bruker,
Dimension Icon with Scan Asyst). The Raman spectra were measured
by Renishaw with a polarized incident laser tuned via a half-wave plate
(the incident polarized light and the exiting polarized light are parallel
in orientation) at room temperature; the wavelength of the excitation
laser is 532 nm. HRTEM and SAED images were obtained by Tecnai
F20 TEM (TF20). XPS (Thermo Scientific K-α) analysis was
performed using an Al X-ray source with a diameter beam spot of 400
μm. The X-ray diffraction patterns were obtained from Rigaku
SmartLab using Cu−Kα radiation under a working voltage of 30 kV.

Device Fabrication. The SexTe1−x back-gated FETs on SiO2 (300
nm)/Si or h-BN/SiO2 (300 nm)/Si substrate were prepared via the
standard electron-beam lithography (EBL) technique (TESCAN,
VEGA3) followed by the deposition of Au (40 nm) as source/drain
electrodes. First, the h-BN nanoflakes were exfoliated onto SiO2/Si
from the bulk crystal using poly(dimethylsiloxane) (PDMS). Then,
the SexTe1−x alloy nanosheets will be transferred onto the as-prepared
h-BN nanosheets via the poly(methyl methacrylate) (PMMA)-
assisted dry transfer method. Similarly, the fabrication of a 2D
inverter started from the exfoliation of graphene (Gr) and h-BN
nanoflakes, which will be stacked into the h-BN/Gr heterostructure
by the PDMS-stamp above method. Bulk h-BN, MoS2, and graphite
single crystals were purchased from the 2D semiconductors.
Subsequently, the selected SexTe1−x and exfoliated MoS2 nanosheets
will be aligned and released to the required position using a high-
precision platform, followed by the standard EBL and deposition of
contact metal (Au with a thickness of ∼40 nm) to fabricate the
electrodes corresponding to input (Vin), output (Vout), and drain/
source (Vdd/GND) electrodes.

Electrical Measurement. All of the measurements of the device
characteristics were performed in the dark under ambient conditions
using a semiconductor parameter analyzer (HP4155C, Agilent
Technologies).
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