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Deterministic Polymorphic Engineering of MoTe, for Photonic

and Optoelectronic Applications

Faisal Ahmed,* Carlos Rodriguez-Ferndndez, Henry A. Fernandez, Yi Zhang,
Abde Mayeen Shafi, Md Gius Uddin, Xiaogi Cui, Hoon Hahn Yoon, Naveed Mehmood,
Andreas C. Liapis, Lide Yao, Humeyra Caglayan, Zhipei Sun, and Harri Lipsanen*

Developing selective and coherent polymorphic crystals at the nanoscale

offers a novel strategy for designing integrated architectures for photonic and
optoelectronic applications such as metasurfaces, optical gratings, pho-
todetectors, and image sensors. Here, a direct optical writing approach is
demonstrated to deterministically create polymorphic 2D materials by locally
inducing metallic 1T-MoTe;, on the semiconducting 2H-MoTe, host layer. In the
polymorphic-engineered MoTe,, 2H- and 1T'- crystalline phases exhibit strong
optical contrast from near-infrared to telecom-band ranges (1-1.5 um), due to
the change in the band structure and increase in surface roughness. Sevenfold
enhancement of third harmonic generation intensity is realized with conver-
sion efficiency (susceptibility) of =1.7 X 1077 (1.1 X 107"° m? V-?) and =1.7 x 1078
(0.3 X107 m? V-2 for 1T’ and 2H-MoTe,, respectively at telecom-band ultrafast
pump laser. Lastly, based on polymorphic engineering on MoTe,, a Schottky

1. Introduction

Polymorphism is the coexistence of dif-
ferent crystalline structures with the same
chemical composition in a single mate-
rial, adding a new degree of freedom
in precisely controlling the material
properties.’™  Therefore, polymorphic
materials offer unique properties for inte-
grated electronics,’! optoelectronics, and
photonics.®”l In particular, the abrupt
changes in the band structures in the
material can be utilized to realize versa-
tile transistors,>®°! optical gratings, meta
structures,'”! and photodetectors.l®”! For
example, the polymorphic materials are

photodiode with a high photoresponsivity of 90 AW~" is demonstrated. This
study proposes facile polymorphic engineered structures that will greatly ben-
efit realizing integrated photonics and optoelectronic circuits.
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essential building blocks of current CMOS
technology with seamless homojunction,
facilitating wider depletion regions."!

The pursuit of polymorphic crystals at
the nanoscale is both promising as well as
challenging. Various strategies are utilized
for this purpose, such as epitaxial growth,> chemical treat-
ment,!”! block copolymer lithography coupled with etching,l'!
and selective ion or electron beam patterning.’3] Most of these
techniques suffer from non-uniform spatial control, multistep
fabrication process, low throughput, and high instrumental
cost. Compared to these, optical patterning is a spatially selec-
tive, and lithography-free process suitable for large-area sam-
ples, and requires only a conventional laser source and an
objective lens."41°]

Here, we choose MoTe, as an example thanks to its rich
polymorphic nature with the semiconducting 2H-phase and
the metastable semi-metallic 1T’ -phase.”'®7l As a result of
the small electronegativity difference (=0.3) between molyb-
denum (Mo) and tellurium (Te) atoms,!®! the phase transition
between 2H and 1T phases occurs at relatively lower energy
(<50 meV) compared to the other 2D semiconductor counter-
parts like MoS, and MoSe,.'>"! Due to the low phase transi-
tion barrier, polymorphism in MoTe, can be readily induced via
optical modification.'! In fact, laser-induced doping,?%2!l oxida-
tion, [l phase transition,'%!% and etching?®l have been reported
in MoTe,. However, the optical characteristics of the engineered
phases and their integration into the photonic and optoelec-
tronic devices remain elusive.

In this work, we demonstrate a highly selective, lithography-
free direct writing approach on multilayered MoTe, with a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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continuous-wave visible laser to realize high-performance
photonic and optoelectronic devices. To understand the
dynamics of laser-induced optothermal effect, we performed
systematic experiments and analysis with confocal Raman spec-
troscopy, micro-reflectance, atomic force microscopy, transmis-
sion electron microscopy, non-linear optics, electrical, and opto-
electrical characterizations. After the phase change from semi-
conducting to metallic, the reflection contrast decreases from
the near-infrared to telecom-band ranges (1-1.5 pum) mainly
due to the change in the band structure and increase in surface
roughness. As a result, the third harmonic generation (THG)
intensity increases by seven times in 1T-MoTe, compared to
2H-MoTe, with almost one order increase in conversion effi-
ciency and susceptibility when pumped by the telecom-band
laser. Lastly, we utilized these features to realize a polymorphic
Schottky photodiode with a partially formed metallic phase in a
semiconducting MoTe, channel.

2. Results and Discussion

Figure 1a shows the schematic of atomic structures of ther-
modynamically stable phases with the trigonal prismatic
crystal structure of 2H-MoTe, (left panel) and the monoclinic
1T’ phase of MoTe, (right panel).?*2] In the 2H-MoTe, phase,
Mo atoms are sandwiched between two Te atoms in a hexag-
onally arranged fashion, while in 1T’-phase, Mo atoms form
octahedral coordination around Te atoms in each layer, with
lattice distortion around the y-axis. We started our experiment
by cleaving multilayer (=122 nm thick) 2H-MoTe, flakes from
the bulk crystal on a standard Si substrate with 285 nm SiO,
(see materials and method section and Figure S1 of Supple-
mentary Information). The Raman scattering spectra observed
in the 100 to 300 cm™ range for the 2H-MoTe,, measured with
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20 20 20 a1
b e o B0 A
St et vt e te

Top View

Front View

www.afm-journal.de

A = 532 nm excitation and 500 pW, are shown in Figure 1b
in black. All the measured multilayer 2H-MoTe, flakes exhibit
two prominent peaks at 171 and 235 cm™, representing the
out-of-plane (A;) and in-plane (E,z) vibration modes respec-
tively.l?l Subsequently, we obtain the critical value of the
laser power required for the phase transition of the MoTe,
flakes by gradually increasing the laser irradiation power,
see Figure S2 of Supplementary Information. The optically
induced phase change process is repeated for 20 different
thickness (15-80 nm) flakes, and all the flakes exhibited tran-
sition around 8-10 mW power with 4 = 532 nm laser. After
irradiation, the dominant distorted octahedral structure of the
1T"-MoTe, phase can be identified by the appearance of new
peaks located at 121 and 140 cm™ related to the A, mode (1T
phase) and the dropping of Raman modes of 2H-phase as
depicted in Figure 1b.[%1¢]

The laser-induced thermal energy is responsible for inducing
the irreversible phase transition from 2H to 1T’ by generating
Te vacancies. With the increase of local flake temperature and
Te vacancies, the phase transition temperature is decreased
significantly, which accelerates the phase change process in
MoTe,.'0171%] Note that we realized polymorphism in MoTe,
with a continuous wave green laser (532 nm) at <10 meV irra-
diation power in an ambient environment. Our mild optical
conditions are appropriate for materials with low-phase tran-
sition energy such as MoTe,. However, for materials with
relatively large phase transition energy barrier, such as MoS,
(=400 meV),? polymorphism can be realized by choosing
appropriate laser parameters such as laser power, wavelength,
irradiation time, scanning speed, and employing transient
(femtosecond) lasers.*28 Therefore, our approach can be
extended to other polymorphic-rich 2D materialsi?! like MoS,,
MoSe,, In,Se;, TaS,, and GaTe, etc., to deterministically realize
polymorphism.

® & o

Intensity (a.u.)

A1g

200
Raman shift (cm™)

Figure 1. Polymorphic MoTe,. a) The schematic of crystal structure of 2H (left panel) and 1T (right panel) MoTe,. b) Raman spectra of 2H- and
1T"-MoTe, measured at 1 mW laser power. c) The schematic illustration of phase change with a focused 532 nm laser over MoTe, flake. d) i) Optical
microscope image of as exfoliated multilayer 2H-MoTe, flake, ii) MoTe, flake after high power (9 mW) laser scanning in a given design, iii) The dark
field optical image, and iv) Raman intensity map of 120 cm™ mode of 1T’-MoTe, collected at 1 mW laser power. Scale bar is 5 pum.
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Figure 2. Optical and surface morphology analysis of polymorphic MoTe,. a) The OM image of MoTe, after phase change with a laser probe. Inset
is the OM image of as exfoliated flake. b) The reflectance spectrum 2H and 1T"-MoTe, from 1000 to 1500 nm range c) The topographic image of (a)
collected by atomic force microscopy. Scale bar in (a) and (c) is 5 um. d) the roughness profile along the dashed lines in (c). e) Scanning electron
micrograph of polymorphic MoTe, with a white dashed demarcation line between 2H and 1T"-MoTe,. Scale bar: 500 nm. f) Cross-section transmission
electron microscope images of 2H (upper panel) and 1T’ (lower panel) MoTe,. Scale bars: 5 nm.

After point measurements, we placed MoTe, sample over
an x-y piezo-driven stage under high power (8 mW) laser, as
depicted in Figure 1c to deterministically realize the polymor-
phic MoTe,. The piezo-stage of Raman system enables the
on-demand features with a resolution as small as =0.7 um
(L2 A/N.A. with 532 nm laser and 0.9 N.A.). As an example,
we pattern the Aalto University logo (Al!) on a 2H-MoTe, flake
at 8 mW power, as shown in Figure 1d,i-iv representing optical
microscope (OM) image in bright field, dark field, and Raman
intensity map respectively. Interestingly, after phase change,
the color contrast of MoTe, is changed, i.e., the laser-modified
MoTe, portion becomes darker, see Figure 2a. To understand
this, we performed the micro-reflectance analysis over a broad
spectrum in the near-infrared to the telecom-band ranges.
The collimated normal incidence beam is focused on the
sample with an objective, and the collection of the signal was
performed in the backscattering geometry, see materials and
method section and Figure S3 of Supplementary Information.
The reflectance is extracted as:

Reflectance = Lsampe ~an (1)
I ref _Idark

Where Ig,mpye is reflected light intensity collected from MoTe,
phases, Iy, is intensity without light, and I,.¢is a 100 nm thick
silver mirror. The reflectance spectra of a multilayer 2H-MoTe,
and 1T-MoTe,, onto a Si substrate, are shown in Figure 2b.
A spectral dip on the 2H-MoTe, phase is observed =1300 nm
(0.95 eV), which is attributed to the well-known A intralayer
exciton (e~h confined in the same layer) of bulk 2H-MoTe, 3031
Interestingly, the 1T"-phase shows lower reflectance compared
to the 2H-phase and the absence of excitonic transition across
the measured spectrum. The 1T"-MoTe, is electrically metallic
in nature, discussed in the later part of the manuscript. This

Adv. Funct. Mater. 2023, 33, 2302051 2302051 (3 of 8)

is unlike traditional bulk metals, which are more reflective
in the visible range. Due to the metallic nature of 1T"-MoTe,,
we did not observe the excitonic transition. These results sug-
gest that the micro-reflectance analysis is a noninvasive and
straightforward technique to distinguish the phase transition
and change in band structure in nanoscale materials. Note that
we have provided here micro reflectance measurements in the
near-infrared region to observe the excitonic transition in mul-
tilayer 2H-MoTe,. As indicated by the OM image, we observed
a decrease in reflectance in 1T’-phase compared to 2H in the
visible region, see Supplementary information, S4.
Additionally, the optical contrast in the layered 2D materials
is thickness dependent,?? and the thickness of the MoTe, flake
is expected to decrease with the laser-induced optothermal
effects.?3] To confirm this, we obtained the topography of
polymorphic MoTe, with atomic force microscopy. The height
profile in the inset of Figure 2c suggests that the thickness of
1T"-MoTe, decreases =13 + 2 nm compared to 2H after laser
irradiation. The laser-induced thermal effect enhances the
temperature of the topmost layers to their sublimation point,
thus reducing the thickness.?3] Meanwhile, the roughness
(root mean square) of the flake increases from 1.82 to 6.55 nm
as shown by the line profile in Figure 2d. The increase in
roughness is also confirmed by high-resolution scanning
electron micrograph in Figure 2e. The cross-sectional trans-
mission electron microscope image depicts the intact lay-
ered structure of 2H-MoTe,, see the upper panel in Figure 2f,
whereas the layers are distorted in 1T’-MoTe, due to high
energy optical patterning see the lower panel in Figure 2f.
More relevant results are provided in Figure S5-S7 of supple-
mentary information. The laser-induced thinning and rough-
ness enhancement can be precisely controlled by varying the
incident power, and integration/exposure time.[?>*3l This has
been investigated elsewhere.33] The increase in roughness

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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will scatter the incident normal light in arbitrary directions,
thus the decrease in reflectance spectra for 1T"-phase is real-
ized. In brief, the observed change in reflectance spectra is the
combined effect of the laser-induced phase transition, corre-
sponding band structure modulation, and changes in thick-
ness and surface roughness.

Next, we investigate the non-linear optical effects in both
phases of polymorphic MoTe,. Although there are some studies
with a focus on the second-order optical nonlinearities in 2H-
and 1T"-MoTe, to investigate the crystal symmetry.®3+3° The
third-order nonlinear effect, such as third harmonic generation
(THG) in polymorphic MoTe, has not been fully revealed.(¢!
Unlike the strict requirement of materials’ symmetry breaking
in second harmonic generation (SHG), THG occurs in all
materials in principle and has been successfully demonstrated
in applications, such as label-free live brain imaging,*] high-
efficiency frequency up-conversion in the nanoparticles and
plasmonic antenna hybrid system,3® characterizing the fine
structural distortion of atomically thin materials,?? and ultra-
fast chiral all-optical switch. For this, we exfoliated multi-
layer 2H-MoTe, flake and optically modified the half portion
of 2H flake to 1T’, see OM image and Raman intensity of
120 cm™ in Figure 3a,b respectively. The femtosecond laser
with 4 = 1500 nm (=2 uW, corresponding to 28.84 GW cm™2)
is employed to obtain THG, see the method section for more
experimental details. Figure 3c shows that 1T"-MoTe, exhibits
seven times stronger THG intensity than 2H-MoTe,. Figure 3d
shows the peak intensity of the THG signal along the dashed
red curve shown in Figure 3a, which shows consistent results

(a)

that 1T"-MoTe, has a stronger THG signal compared to the
2H-MoTe,. The measured THG conversion efficiency of 1T’
and 2H-MoTe, are =1.7 x 107 and =1.7 X 1078, respectively. Fur-
thermore, the calculated effective third-order susceptibilities are
1.1x 107 and 0.3 x 107 m? V=2 for 1T"-and 2H-phase, respec-
tively. THG enhancement in 1T"-MoTe, might be due to its
higher absorption at the pump wavelength of 1500 nm as given
in Figure 2b. Additionally, the laser-induced tellurium vacancy
generation might have contributed to enhancing the THG
intensity of 1T"-MoTe,.*!l Our results can provide a simple route
for defect visualization by employing THG microscopy. Consid-
ering the thickness of the MoTe, used in the THG measure-
ments, it is reasonable that the measured nonlinear conversion
efficiency is higher than monolayer transition metal dichalcoge-
nides (e.g., MoS,).>*}| This can be beneficial to use the laser-
induced 1T"-MoTe, for various non-linear optical applications
such as optical harmonic generation, saturable absorbers, ultra-
fast mode lock lasers, and broadband light conversion. Note
that we did not observe second harmonic generation in either
phase of multilayer MoTe, crystals within the detection limits
of our setup. This observation agrees with the literature.[353¢]
Inspired by the improvements in the optical properties
discussed so far, we focused on electrical and optoelectrical
devices. We prepared a back-gated multilayer-MoTe,-based
field-effect-transistor before (Figure 4a,b) and after (Figure 4c,d)
the phase transition from 2H to 1T" with a high-power laser
probe. Subsequently, we measured the typical output (Isp-Vps,
where Isp and Vgp are the source-to-drain current and voltage
respectively) and transfer curves (Isp-Vcs, where Vg is the gate
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Figure 3. Nonlinear optical response of polymorphic MoTe,. a) The OM image of polymorphic MoTe, with half phase change with a laser probe.
b) The Raman intensity map of 1T” Raman mode at 120 cm™ with a spectra width of 15 cm™. Scale bar in (a) and (b) is 10 um. c) the third harmonic
generation intensity of polymorphic MoTe,. d) the line scan of THG along the red line.
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Figure 4. Electrical characteristics of polymorphic MoTe,. (a) and (b) the schematic diagram and OM image of 2H and 1T"-MoTe, respectively. (c) and
(d) the OM image of 2H and 1T’-MoTe, after laser irradiation respectively. (e) and (f) the respective output and transfer curves of 2H and 1T’-MoTe,

at given bias conditions.

voltage applied across source-to-gate electrodes) for both cases
under the same biasing conditions. The Ip-Vps plots for both
phases show quasi-linear behavior at Vg = =50 V, indicating
low resistive contacts between the contact electrode (Ti) and
the channel. However, the Igp level for the 1T” phase is higher
than that of the 2H phase, confirming a less resistive metallic
1T” phase. The double sweep Isp-Vcs plot for the 2H-phase
exhibits ambipolar behavior with the on/off ratio of =10* (10°)
for the electron (hole) branch. The slight dominant electron
branch suggests that the Fermi level is aligned slightly closer
to the conduction band edge compared to the valence band
edge.l After phase transition, the metallic phase shows an
increased current level, hence increased electrical conductivity,
and decreased on/off ratio. Interestingly, the transfer curve
of 1T” phase transistor is almost flat because of immunity to
gate modulation in a highly conductive metallic channel. It is
expected that the MoTe, channel beneath the electrode might
remain intact, nonetheless, the device operation characteristics
in a highly conductive channel are likely to be dominant by the
channel rather than contacts. These results suggest that the
MoTe, channel remains electrically active after high-power laser
irradiation.

As mentioned earlier, polymorphic materials are an indis-
pensable part of all the electronics and optoelectronics devices
such as flash memories, programmable logic gates, memories,
photodetectors, light-emitting diodes, etc. The metal-semicon-

Adv. Funct. Mater. 2023, 33, 2302051 2302051 (5 of 8)

ductor diodes are advantageous over p-njunction diodes due to
their selective doping-free fabrication, low power consumption,
and low dark current in optoelectronic device applications.
Therefore, utilizing the polymorphic properties of MoTe,,
we partially induced the metallic phase in a semiconducting
MoTe, channel to form a metal-semiconductor junction, i.e., a
Schottky diode, as shown in Figure 5a inset. We firstly evalu-
ated the polymorphic MoTe,-based Schottky diode character-
istics under dark, and for this, we collected output curves, as
shown in Figure 5a. Our device shows a forward rectifying
behavior such that the forward-bias current is much higher
than the reverse-bias current for all measured Vg values. The
rectification ratio (ratio of forward bias current to the reverse
bias current) is =20, which is comparable to the reported 2D
materials-based diodes.*] The ideality factor (n) is used to
benchmark the diode performance with respect to an ideal
diode. It is quantitatively computed by fitting the diode charac-
teristics with the diode model, as:

I=1, [exp(—glzz; - 1)] )

where [ is the diode current, Ig is the reverse bias saturation
current, q is elementary charge, Ky is Boltzmann constant,
and T is temperature. Our 2H/1T” MoTe, Schottky diode shows
n =2.8, and this value can be further improved by optimizing

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Optoelectrical characteristics of polymorphic MoTe, junction. a) The output curves of 2H- and 1T-MoTe, based Schottky diode in dark con-
ditions. Inset: Schematic diagram of the polymorphic diode. b) The device photocurrent at different laser powers. c) Optical responsivity, detectivity,
and external quantum efficiency as a function of illumination power density, and d) the photocurrent mapping plot measured near the 2H/1T” interface

with 532 nm laser at Vpg=-1V.

channel thickness.*®! Our device exhibits weak gate modula-
tion, also see Figure S8 of supplementary information, perhaps
due to the dominant contribution from the metallic 1T"-phase
in the overall conductivity of the polymorphic MoTe, channel.
We investigated the photodetection characteristics of our poly-
morphic Schottky diode by illuminating a 532 nm focused laser.
Figure Sc inset summarizes the photocurrent (I = Light laaro
where Iigy is Isp under light illumination and Ig,q is the Isp in
dark) at different incident light power values. Interestingly, with
the increase of laser power, the photocurrent minima shift toward
positive Vpg, alternatively, the increase in zero bias current is
realized. These trends suggest that our Schottky diode functions
as a photovoltaic cell with sufficient open circuit voltage and
short circuit current under given illumination conditions.[*>40l

Adv. Funct. Mater. 2023, 33, 2302051 2302051 (6 of 8)

We used these data sets to calculate the figure-of-merits of a pho-
todetector, such as photoresponsivity (R = Ip/P, where P is the

laser power), and photo-detectivity (D" = R /2 114 , where A is
q dark

the effective illumination area). The obtained R and D* values
are plotted as a function of power density in Figure 5c. Our
2H/1T” MoTe, junction device shows R =90 AW~ and D" =10°
Jones at 0.1 W cm? power density. Similarly, external quantum

efficiency (EQE= Rh—;, where h is Planck’s constant and ¢ is

speed of light) is thg measure of the optical gain of a photode-
tector. Our polymorphic MoTe, device shows a maximum EQE
of =2%. The obtained R, D", and EQE values decrease with the
increase of illumination power due to the saturation of photoex-
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cited charge carrier generation at higher power densities. These
obtained values are significantly higher than the reported values
for only MoTe,-based photodetectors.*’]

We used the scanning photocurrent microscopy technique to
investigate the spatial location of photoexcited charge carriers in
our polymorphic device. For this, we selected an active channel
area of =15 x 15 um? covering 2H and 1T’ phases and collected
the Isp while scanning the focused laser (532 nm laser, 10 uW
power) at Vg = 50 V and Vpg = —1 V. The obtained 2D spatial
map of the photoresponse of the device in Figure 5d suggests
that the photoexcited charge carriers are concentrated along the
2H/1T’ junction in the polymorphic MoTe, channel. Typically, a
Schottky barrier is formed when a metallic material comes in
contact with a semiconductor. The Schottky barrier induces the
internal electrical field that separates the photoexcited charge
carriers in an optically active device. Similarly, the effective
carrier separation of photoexcited charge carriers across the
built-in potential induced by the 2H/1T” MoTe, Schottky inter-
face leads to the enhanced photodetection performance in our
polymorphic MoTe,.*! Besides revealing the spatial location
of photocarriers, these results also explain the mechanism of
photogeneration in the polymorphic MoTe, device. In brief, our
results suggest the superiority of using polymorphic channels
compared to only semiconducting channels for optoelectronic
applications. This concept can be further extended by designing
alternative metal-semiconductor strips at micron or nanoscale
such as optical gratings to investigate interesting light-matter
interactions in the future.

3. Conclusion

In conclusion, we have directly modulated the polymorphic
characteristics of MoTe, on the micron scale by using a visible
laser probe for photonic, and optoelectronic applications. The
laser-induced metallic phase MoTe, has different optical con-
trast in near-infrared to telecom-band ranges (1-1.5 pm) com-
pared to semiconducting MoTe, due to the abrupt changes in
its band structure and increase in surface roughness. This leads
to around seven times enhancement in third harmonic genera-
tion upon telecom band excitation with enhanced effective con-
version efficiency and third-order non-linearity. Lastly, we have
realized a Schottky diode with enhanced photoresponse based
on polymorphic engineering by intentionally forming half of
the semiconducting MoTe, as metallic MoTe,. We believe the
polymorphic engineered structures will greatly benefit the
2D-materials-based integrated photonics circuits and optoelec-
tronic applications.

4. Experimental Section

Sample and Device Preparation: The multilayer MoTe, flakes were
exfoliated from the bulk MoTe, crystal (2D Semiconductors) using the
standard scotch-tape technique on a solvent cleaned p-doped silicon
substrate (0.001-0.005 € cm) with thermally grown 285 nm thick
SiO,. The candidate flakes were used for laser patterning. For field-
effect-transistor fabrication, electron beam lithography (EBL Vistec,
EPBG 5000), and metallization (5 nm Ti, and 50 nm Au) were carried
out by electron beam evaporator (MASA, IM-9912) under =107 torr
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pressure followed by lift-off to remove excessive metals. The height and
roughness of the targeted flakes were determined using an atomic force
microscope (Bruker, Dimension Icon).

Raman Measurements: Raman spectroscopy measurements were
performed with a micro-Raman system (WITec alpha300 RA+) in a
confocal backscattering geometry. A frequency-doubled Nd:YAG solid-
state laser of 532 nm wavelength was used as excitation. The linearly
polarized excitation light was focused perpendicularly (along the
z-direction) onto the samples using 100 x objective (NA = 0.95) with a
spot size of =1 um?2. The backscattered photons were collected via the
same microscope objective and subsequently analyzed in a spectrometer
equipped with a grating of 1800 mm™ gratings to obtain Raman spectra
that were detected by a Si-charge-coupled camera. All experiments were
performed at room temperature.

Reflectance Measurements: The samples were characterized using a
WITec alpha300C confocal microscope. The samples were illuminated
with a broadband light source (LDLS EQ-99X) through a Zeiss EC
“Epiplan” DIC, 20x objective (NA = 0.4, WD = 3.0 mm). The spectral
response was collected through the same objective and coupled to an
ultra-high throughput spectrometer (UHTS300) for the visible spectrum
and NIR-Quest (Ocean optics NIR Flame) detector for the IR region
using an optical fiber. Also, see Supplementary Information S3.

Nonlinear Optical Measurements: The fundamental wave with a center
wavelength of <1500 nm for THG comes from an amplified Ti:sapphire
femtosecond laser system (Spectra-Physics, Solstice Ace) with a
repetition rate of =2 kHz and pulse duration =130 fs. The beam is focused
onto the sample with an objective lens (NA = 0.75, 40x, Nikon) with a
beam spot diameter of =2 pum. The reflected THG signal was collected by
the same objective lens and directed to a spectrograph (Andor) supplied
with a photomultiplier tube (Hamamatsu), and the recorded data is
sampled by a lock-in amplifier (Stanford research system). Note that two
short pass filters (Edmund) were used to block the fundamental wave
before the reflected light from the sample enters the spectrograph.

Electrical and Optoelectrical Measurements: The fabricated device
chips were mounted on a printed circuit board with wire bonding. All
the electrical measurements were carried out with an optical microscope
(WITec Alpha 300 RA+) coupled with two source meters (Keithley 2400
and 2401) at room temperature under ambient conditions. The gate
voltage was applied to the Si substrate, while the source and drain
voltages were applied to the metal electrodes connected to the MoTe,
channel. The photocurrent measurements were conducted in the
WITec system coupled with two source meters. The light beams from
continuous-wave lasers at 532 nm (WITec focus innovations) were
focused onto the heterojunction through an objective lens (Nikon CF
Plan 100x, NA = 0.95). The optical microscopy platform system allowed
us to focus the laser beam on desired positions in the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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