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ABSTRACT: Because of atomic thickness and non-zero band gap,
two-dimensional (2D) transition-metal dichalcogenides (TMDCs) ARl
have become promising candidates for post-silicon nanoelectronic ¥
materials. In the process of realizing 2D electronic devices for
scaling down modern integrated circuitry, contact engineering
suitable for large-scale manufacturing is crucial, but it remains
elusive. Here, we demonstrated the large-scale chemical assembly
of van der Waals heterostructures, with metallic 1T’-MoTe, on top
of semiconducting 2H-MoTe,, via a spatial-controlled phase-
engineered growth method. Based on the heterophase structure, a
large-scale field-effect transistor (FET) array was fabricated, in
which 1T'-MoTe, was used as the contact electrode and 2H-MoTe, was used as the semiconducting channel. The vertical
nanosheet-based heterophase FET exhibits ohmic contact behavior with distinctively low contact resistance. A total of 120 FETSs
were measured, and the measured average field-effect mobility was as high as 15 cm® V™' s™" (comparable to that of exfoliated single-
crystalline 2H-MoTe,). The superior electrical properties are attributed to the atomic clean interface that leads to an ideal contact
between top 1T’- and bottom 2H-MoTe, This spatially controlled large-scale chemical assembly of vertical 2D metal—
semiconductor heterostructures with low contact resistance provides a new route toward the practical application of high-
performance electronic and optoelectronic devices based on the atomically thin TMDCs.

KEYWORDS: MoTe,, large-scale, chemical assembly, 1T'/2H heterophase, contact resistance

B INTRODUCTION uration provides new opportunities for electronic and
optoelectronic devices, for example, vertical field-effect
transistor (FET).”" Vertical 1T'/2H MoS, heterostructures
have been demonstrated via the phase-controlled synthesis.'”
2H-MoS, FETs with 1T’-MoS, contacts showed higher
averaged mobility and lower contact resistance compared
with metal-contacted 2H-MoS, channels. Similar results have
also been observed in the heteroepitaxial vdWs contacts
between single-layer metallic 1T’-WTe, and semiconducting
2H-WSe,.”” However, only a discrete and randomly dis-
tributed 2D metal—semiconductor heterophase structure can
be obtained by these methods, which limits their application in
the integrated ultrathin electronic circuitry. The wet transfer
method was also used to construct large-scale NbSe,/WSe,
vertical heterostructures.”” This inefficient wet transfer method
cannot provide good spatial control and effectively locate the
position of the semiconductor channels. Therefore, large-scale

Because of the short-channel effect, scaling down the
transistors for silicon-based integrated circuitry has encoun-
tered bottlenecks. For post-silicon nanoelectronics, two-
dimensional (2D) semiconductors have become promising
candidates because of their atomic thicknesses and non-zero
band gaps.'™” In 2D short-channel electronics for scaling
integrated circuits, the contact resistance is specifically
important. However, the planar metal contacts to van der
Waals (vdWs) semiconductors often suffer from unpredictable
large contact resistance due to Fermi level pinning (FLP)
between the metal and the 2D semiconductor.'”"" In addition,
direct deposition of metal electrodes on the surface of 2D
semiconductors would cause considerable defects, strain,
disorders, and metal diffusion, which are detrimental for the
contact.'?

Recently, great progress has been made in reducing the
contact resistance of 2D semiconductors in contact with 2D
metallic materials, which have two device configurations. One Received: August 25, 2020
is the in-plane heterostructures (in-plane configuration) of 2D Accepted:  September 11, 2020
semiconductors and 2D metallic materials through coplanar Published: September 11, 2020
contacts."*™'® The other is the vertical contact of 2D
semiconductors by 2D metallic materials through vdWs
interface (vertical conﬁguration).w_20 The vertical config-
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Figure 1. Schematic illustrations of the fabrication processes of the vertical 1T’/2H MoTe, heterophase array and corresponding optical images.
(a) Fabrication processes of the vertical 1T’/2H MoTe, heterophase array. A continuous 2H-MoTe, film with a large domain size was first
synthesized. After photolithography, RIE, and lift-off processes, the patterned 2H-MoTe, channel array was fabricated. Mo squares were prepared
on both sides of the 2H-MoTe, channels and finally tellurized into 1T’-MoTe, after a low-temperature CVD growth. (b) Optical image of the 2H-
MoTe, continuous film. (c) Optical image of the patterned 2H-MoTe, rectangle array. (d) Vertical 1T'/2H MoTe, heterophase array after the
second CVD growth. The zoomed-out image of the vertical 1T'/2H MoTe, heterophase array with different channel lengths on a larger scale is
shown in Figure S2.
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Figure 2. Raman and AFM characterizations of the vertical 1T'/2H MoTe, heterophase. (a) Optical image of a representative vertical 1T’/2H
MoTe, heterophase structure. (b) Raman spectra of 1T'-, 2H-, and 1T’/2H MoTe, heterophase collected from the corresponding regions labeled
in (a). (c,d) Raman mappings of the E}, peak of 2H-MoTe, and the A, peak of 1T'-MoTe, at the corresponding regions labeled in (a). (¢) AFM
height image at the 1T’/2H MoTe, heterophase boundary labeled in 1(25. (f) Height line profile along the white dashed line shown in (e) indicates
that a 1T'-MoTe, layer was grown on top of 2H-MoTe, with a thickness of about 8.5 nm.

transfer-free chemical assembly of spatial-controlled vertical mobility were extracted to be ~36.4 kQ pm (at a back-gate

2D metal—semiconductor heterostructures for 2D circuitry is
still lacking.

The chemical assembly method is preferable because it
keeps the promise for large-scale applications. Here, we
demonstrated the large-scale chemical assembly of vertical
vdWs 1T’/2H MoTe, (metal/semiconductor) heterostruc-
tures via a spatially controlled phase-engineering method,
enabled by the small energy difference between 2H- and 1T"-
MoTe, (~40 meV per MoTe, formula unit).”>~>" The vertical
1T'/2H MoTe, nanosheet-based FETs exhibit ohmic contact
behavior. The contact resistance and the average carrier

voltage of =90 V) and ~15 cm® V™' 57/, respectively, based on
120 measured FETSs. Cross-sectional scanning transmission
electron microscopy (STEM) was also performed to explore
the atomic clean vdWs interface between top 1T'- and bottom
2H-MoTe,. The close-to-perfect interface results in a low
contact resistance contact for the high-performance devices,
which is especially important in 2D electronic devices.'”'? The
large-scale chemical assembly method with interface contact
engineering provides a new route for the realization of high-
performance large-scale electronic and optoelectronic devices
based on atomically thin MoTe,.

https://dx.doi.org/10.1021/acsanm.0c02302
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Figure 3. TEM characterizations of vertical 1T’/2H MoTe, heterophase. (a) Low-magnification BF-TEM image of the vertical 1T'/2H MoTe,
heterophase structure. (b) HR-TEM image of the 2H-MoTe, region, indicating a hexagonal structure. (c) SAED pattern of the 2H-MoTe, region
with an aperture size of 800 nm, showing a single set of six-fold symmetric diffraction spots. (d) HR-TEM image of the 1T’-MoTe, region. The
white dashed line indicates the grain boundary between two different 1T'-MoTe, domains. (e) SAED pattern of the 1T’-MoTe, region shows
several diffraction rings, indicative of the polycrystalline nature. (f) HR-TEM image of the vertical 1T'/2H MoTe, heterophase region. (gh)
Zoomed-in HR-TEM images from different heterophase regions, showing different periodic Moiré patterns. (i) SAED pattern of the heterophase
region contains a set of six-fold symmetric diffraction from 2H-MoTe, and several diffraction rings from the 1T’-MoTe,. (j) Atomic-resolution
cross-sectional HAADF-STEM image of the vertical 1T'/2H MoTe, with the corresponding atomic model for 2H-MoTe,.

B RESULTS AND DISCUSSION

Figure la illustrates the fabrication process of the vertical 1T'/
2H MoTe, heterophase array. First, the large-area continuous
2H-MoTe, film with a large domain size (hundreds of
micrometers in diameter) was synthesized using a chemical
vapor deposition (CVD) method.”®*” In short, first,
molybdenum (Mo) thin films with 2 nm thickness were
prepared by magnetron sputtering on a Si/SiO, substrate.
Then, the 2H-MoTe, film was acquired by tellurization of the
Mo film at 640 °C for 2 h. In the tellurization process,
polycrystalline 1T'-MoTe, film with Te vacancies was first
obtained. Then, randomly distributed 2H-MoTe, domains
nucleated and grew via the phase transition process until they
finally merged together, forming a high-quality continuous 2H-
MoTe, film.”® The synthesized MoTe, film showed a
homogeneous optical contrast (Figure 1b), which indicated a
uniform sample thickness. Topographic atomic force micros-
copy (AFM) image recorded in the 2H-MoTe, film reveals a

uniformity in its surface morphology (Figure Sla). The height
line profile of 2H-MoTe, showed a thickness of ~5 nm,
corresponding to seven-layer MoTe, (Figure S1b).”” The 2H-
MoTe, film on the Si/SiO, substrate was then patterned into
rectangular shapes by conventional photolithography, followed
by Ar and SF; plasma reactive ion etching (RIE) and lift-off
processes (Figure 1c). To assemble the spatially controlled
metallic 1T’-MoTe, contact electrodes, a Mo film (4 nm thick)
was deposited on both sides of 2H-MoTe, with different
channel lengths by conventional photolithography. The sample
was then sent back to the furnace where the Mo film was
tellurized into 1T'-MoTe, at a temperature of 530 °C for 30
min. Under this low-temperature growth, no 2H-MoTe,
nucleation was formed, and the original 2H-MoTe, channels
remain unaffected, giving rise to the large-scale vertical 1T’/2H
MoTe, heterophase array (Figure 1d).

Raman spectroscopy was employed to characterize the 2H-
MoTe,, vertical 1T’/2H MoTe,, and 1T'-MoTe, regions

https://dx.doi.org/10.1021/acsanm.0c02302
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Figure 4. Electrical characterizations of the 1T’/2H MoTe, heterophase-contacted FETs at room temperature. (a) Optical image of the large-scale
1T’'/2H MoTe, heterophase-based FET array. (b) Typical I4 vs V4, curves measured at different back-gate voltages from —120 to 0 V, which all
show linear characteristics indicating an ohmic contact. (c) Room-temperature field-effect transfer curve at a bias voltage of 0.5 V. The 2H-MoTe,
channel shows p-type characteristics with an on—off ratio of ~10°. (d) Histogram statistics of the field-effect mobility extracted from 120 FETs,
showing an average mobility of ~15 cm® V™' s7". (e) Measured field-effect mobility with channel length from 10 to 60 ym, showing that the
mobility is independent of the channel length. The error bars in (e,f) are calculated from the sample to sample variations. (f) Contact resistance of
1T'/2H MoTe, as a function of the back-gate voltage extracted from the TLM. The inset shows the total contact resistance vs channel length under

different back-gate voltages.

(labeled in Figure 2a). The channel is confirmed to be 2H-
MoTe, by the appearance of the well-resolved out-of-plane A;,
(171 em™), Bég (291 em™) and in-plane Eig (234 ecm™)
Raman signatures of 2H-MoTe, (Figure 2b). The region that
does not overlap with 2H-MoTe, is identified to be 1T’-
MoTe, by the presence of the typical A, Raman modes (107,
127, 161, and 256 cm™) of 1T'-MoTe,.” " In the overlapped
region, we can observe both the 1T'-MoTe, A, Raman mode
(161 em™) and the 2H-MoTe, E;, (234 cm™') Raman mode.
Raman mapping of the 2H-MoTe, Eig (234 cm™) peak
(Figure 2c) shows uniform signals in the 2H and heterophase
regions, respectively, while Raman mapping of the 1T'-MoTe,
Ay (161 cm™") peak (Figure 2d) shows uniform signals in the
1T’ and heterophase regions, respectively, with clear and
distinct interfaces. It is noticeable that the Raman intensities of
both 1T’- and 2H-MoTe, are weak in the vertical heterophase
region, which might result from the low collection efficiency of
the Raman scattering signal with the appearance of the
adhesion layer.” AFM height image across the interface
between the 2H-MoTe, channel and the heterophase contact
region (labeled in Figure 2a) exhibited a homogeneous
contrast (Figure 2e) with a ~8.5 nm step (Figure 2f),
indicating the formation of a uniform 1T’-MoTe, layer on top
of 2H-MoTe,.

The vertical 1T'/2H MoTe, heterophase array was
transferred onto a copper microgrid to further evaluate the
crystallinity (see details in the Supporting Information Figure
$3). From the low-magnification bright-field (BF) transmission
electron microscopy (TEM) image (Figure 3a), we can
identify three typical regions as 2H-MoTe,, 1T’-MoTe,, and
1T'/2H MoTe, heterophase. Some folds appeared at the
corners of 1T'-MoTe, (indicated by arrows in Figure 3a),
which might occur during the wet transfer process. From the
high-resolution TEM (HR-TEM) image (Figure 3b), it can be

10414

seen that 2H-MoTe, shows a hexagonal structure with a
spacing distance of 0.35 nm (Figure 3b).** The corresponding
selected area electron diffraction (SAED) pattern recorded in
the 2H region with an aperture of 800 nm in diameter shows a
single set of six-fold symmetric diffraction spots (Figure 3c),
indicating the single-crystal nature. In contrast, the HR-TEM
image of the 1T’-MoTe, region (Figure 3d) shows a
monoclinic structure with a domain size of about tens of
nanometers, indicating the polycrystalline nature (low-
magnification BF-TEM image in the Supporting Information
Figure S4). The SAED pattern from the 1T’ phase region
shows several diffraction rings, again indicating the polycrystal-
line nature of the 1T'-MoTe, film (Figure 3e). The
polycrystalline 1T'-MoTe, film is textured in the [001]
direction (Figure 3e).>

At the 1T'/2H heterophase region, the Moiré patterns occur
when the monoclinic 1T'-MoTe, was grown on top of the
hexagonal 2H-MoTe, with rotation angles respect to each
other (Figure 3f). Since 1T’-MoTe, is polycrystalline with
domain sizes of tens of nanometers, different Moiré patterns
can be observed in different heterophase regions (Figure 3gh;
see more different Moiré patterns in Figure SS). The SAED
pattern of the vertical 1T'/2H MoTe, region contains a set of
six-fold symmetric diffraction spots from 2H-MoTe, and
several diffraction rings from 1T’-MoTe,, confirming the
heterophase structure (Figure 3i).

To further identify the vdWs contact at the 1T'/2H MoTe,
heterophase region, we performed cross-sectional STEM.
From the high-angle annular dark-field STEM (HAADF-
STEM) of the contact region (Figure 3j), we can see that the
few-layer 1T’-MoTe, stacks on the few-layer 2H-MoTe,
without any atomic intermixing or damages. A clean vdWs
gap is observed between the top 1T’-MoTe, and bottom 2H-
MoTe, with a distance of ~0.65 nm. Because of the random
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crystalline orientation of 1T’-MoTe, respect to that of 2H-
MoTe,, the atomic structure of 1T’-MoTe, is not well resolved
in the HAADF-STEM image. Coupled with the well-resolved
Moiré patterns in the top view of the heterostructure, we
conclude that an atomically clean vdWs interface is formed
between the contact of 1T’-MoTe, and 2H-MoTe,.

To explore the electrical characteristics of the vertical 1T’/
2H MoTe, heterophase array, Pd/Au (10/50 nm) electrodes
were deposited on the 1T’-MoTe, contact for the external
connections (Figure 4a). The heavily doped Si substrate was
used as the back-gate electrode. The 2H-MoTe, FET directly
contacted with Pd/Au electrodes was also fabricated for
comparison (Figure S6a). With the same channel length, the
FET with the heterophase contact (Figure 4c) exhibits a higher
on-current than the FET that directly contacted by the Pd/Au
metal electrodes (Figure S6b). The typical source-drain
current—voltage (I3—Vy,) curves of the FET with a channel
length of 10 ym measured at multiple gate voltages from —120
to 0 V all show linear behaviors, indicating the ohmic contact
of the vertical 1T’/2H MoTe, heterophase (Figure 4b). The
measured Iy versus gate voltages (Vg) of the heterophase FET
shows p-type channel characteristics with an on—off ratio of
~1 x 10° (Figure 4c). The field-effect mobility, 4 = (dI,/dV,)
(L/W) (1/V4C,), where L, W, and C, are the channel length,
channel width, and the gate capacitance per unit area,
respectively, was measured to be ~18 cm* V™! 57! at room
temperature. In contrast, the field-effect mobility measured
from the direct metal contacted 2H-MoTe, FET is only ~2
cm?® V7' 7! (Figure S6b).

We measured 120 FETs with different channel lengths
(from 10 to 60 ym) in total and found that the mobility of the
1T'/2H MoTe, heterophase-contacted FETs showed a
Gaussian distribution with an average mobility of 15 cm?
V™' 57! (Figure 4d), which is comparable to the previously
reported values from the exfoliated single-crystal 2H-MoTe,
channels.** In addition, the field-effect mobilities of different
channel lengths have similar values of 10-20 cm® V™' s7!
(Figure 4e, see detailed mobility distributions vs different
channel lengths in Supporting Information Figure S7),
probably attributed to the large 2H-MoTe, single-crystalline
domain size.”® Compared with some recently reported works
based on MoTe, (including both in-plane and vertical
configurations), considering field-effect mobility, integration
level, on—off ratio, and so forth (details are shown in
Supporting Information Table S1), our 1T'/2H MoTe,
heterophase-contacted FETs show superior device properties
in general.

To further extract the contact resistance R. of the
heterophase structure, transfer length method (TLM) was
used to obtain the length-dependent resistance in both 1T’/
2H MoTe, FET and 1T'-MoTe, samples.'”*® The total R_ of
the metal/1T’/2H MoTe, structure contains R. between the
metal and 1T’-MoTe, and R_ between 1T’- and 2H-MoTe,.
Because of the semiconducting property of 2H-MoTe,, the
total R, (metal/1T'/2H MoTe,) strongly depends on the
back-gate voltage. The minimum total R, was measured to be
~36.4 kQ pm at a high doping level (inset of Figure 4f). The
R, between the Pd/Au electrode and the 1T’-MoTe, film was
measured to be 0.8 kQ pm (Figure S8b), independent of the
gate voltage due to the metallic property of 1T’-MoTe,, which
is confirmed by the low-temperature transport measurements
(Figure S8c). Therefore, the R, between 1T’- and 2H-MoTe,
is ~35.6 kQ pm at the high doping level. The contact

resistance is reduced by more than 1 order of magnitude
compared with that of metal-contacted 2H-MoTe, (reported
value of 409 kQ um).'® The contact of this vertical 1T’/2H
MoTe, heterostructure does not show superior characteristics
to that of our previously reported in-plane 1T'/2H MoTe,
heterostructures,”® which may be attributed to the tunnel
barrier originating from the small vdWs gap at the interface
(Figure $9)."

Confirmed by the cross-sectional HAADF-STEM image
(Figure 3j), this clean vdWs interface of 1T’/2H MoTe,
heterostructures could eliminate the FLP effect and lead to a
contact approaching the ideal physical model.'* The Kelvin
probe force microscopy results show that our 1T'-MoTe, has a
higher work function than 2H-MoTe,,”* which is suitable for
the ohmic contact between the p-type 2H-MoTe, and metallic
1T’-MoTe,, leading to low contact resistance and improved
field-effect mobility. Moreover, the chemical assembly method
also keeps the promise for large-scale applications.

B CONCLUSIONS

In summary, we demonstrated a large-scale chemical assembly
of vdWs integration of vertical metallic and semiconducting
MoTe, heterophase with spatial-controlled capability. The
nanosheet-based heterophase contacts exhibited lower contact
resistance and efficient carrier injection because of the perfect
interface, thus showing superior FET characteristics compared
to those of the conventional metal contacted transistors. This
spatial-controlled vertical contact engineering with 1T'-MoTe,
and 2H-MoTe, on a large scale provides new route toward the
practical application of MoTe, nanosheet-based devices with
low contact resistance in electronics and optoelectronics.

B METHODS

Synthesis of 1T’- and 2H-MoTe,. The synthesis of the MoTe,
films was conducted via a CVD method by tellurizing the Mo films at
different temperatures. The detailed information of the synthesis
processes can be found in our previously published work.*®

Fabrication of 1T'/2H MoTe, Heterostructure-Based FET
Array. First, the 2H-MoTe, film was acquired by tellurizing the Mo
film at 640 °C for 2 h. Then, the continuous 2H-MoTe, film was
patterned into rectangular shapes by conventional photolithography,
followed by Ar and SF4 plasma RIE and lift-off processes. Then,
another photolithography process was used to define the contact
regions on both sides of each 2H channel, followed by the deposition
of 5 nm Mo film and the lift-off process. The substrates were then
returned into the furnace, and the contact regions were tellurized to
1T'-MoTe, film at 530 °C for 30 min. At this low temperature, no
2H-MoTe, nucleation was formed and the original 2H-MoTe,
channels remain unaffected, resulting in the large-scale 1T'/2H
MoTe, heterophase FET array. For the electrical characterizations,
Pd/Au (10/70 nm) electrodes were defined on the 1T’ MoTe,
regions for external wire bonding. The 1T’/2H MoTe, heterophase
arrays were transferred onto the copper grids for further TEM
characterization.

Transfer of 1T'/2H/1T’ MoTe, Heterophase Array. Wet
transfer method was used to prepare the 1T'/2H/IT’ MoTe,
heterophase array sample for TEM characterizations, and the detailed
transfer processes are provided in Supporting Information Figure S3.

Raman Spectroscopy of 1T’-, 2H-, and 1T'/2H MoTe,
Heterophase. Raman spectra of 1T’-, 2H-, and 1T'/2H MoTe,
heterophase regions were collected using the WITec alpha300
confocal innovation system. The XYZ piezo-scan stage is equipped
to automatically scan the sample. A 532 nm laser was used as the
excitation laser source and was focused by a 50X (0.55 NA, Zeiss)
objective. Raman signals were collected by the same objective and
were detected using a spectrograph with 1800 g/mm grating coupled
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with a charged coupled device. Raman mapping was performed on the
1T'-, 2H-, and 1T’/2H MoTe, heterophase regions. The integrated
Raman intensities of the 2H-MoTe, E71_g peak and the 1T’-MoTe, A,

peak were used to generate the Raman intensity maps, respectively.
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