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SUMMARY

Recently, as an elementary material, tellurium (Te) has received widespread
attention for its high carrier mobility, intriguing topological properties, and
excellent environmental stability. However, it is difficult to obtain two-dimen-
sional (2D) Te with high crystalline quality owing to its intrinsic helical chain struc-
ture. Herein, a facile strategy for controllable synthesis of high-quality 2D Te
nanoflakes through chemical vapor transport in one step is reported. With care-
fully tuning the growth kinetics determined mainly by temperature, tellurium
nanoflakes in lateral size of up to ~40 pm with high crystallinity can be achieved.
We also investigated the second harmonic generation of Te nanoflakes, which
demonstrates that it can be used as frequency doubling crystals and has potential
applications in nonlinear optical devices. In addition, field effect transistor
devices based on the 2D Te nanoflakes were fabricated and exhibited excellent
electrical properties with high mobility of 379 cm* V' s,

INTRODUCTION

Tellurium (Te), as one of the chalcogenide elements (group VI materials), is a p-type semiconductor with a
band gap of 0.34 eV, which has attracted a lot of attention for its excellent physical properties in recent
years (Liu et al., 2018; Shi et al., 2020; Wang et al., 2018, 2019b; Qiu et al., 2020; Tong et al., 2020). For
example, its excellent photoconductivity, high piezoelectricity, and improved thermoelectric especially
excellent environmental stability provide great development potential for Te in the fields of high-perfor-
mance photodetectors, field effect transistors (FETs), and thermoelectric devices (Qiu et al., 2020; Du
et al.,, 2017; Zhang et al.,, 2019; Zhou et al., 2016). Tellurium atoms form helical chains along the c-axis
through covalent bonds, and the helical chains are arranged in parallel by van der Waals forces in a hexag-
onal lattice. Thus, Te can be considered as a quasi-one-dimensional material (Li et al., 2021; Liu et al., 2018).
In the past few decades, there have been more comprehensive researches on the one-dimensional (1D)
structure of Te, such as nanowires, nanorods, and nanotubes (Safdar et al., 2013; Kang et al., 2019; Yin
et al.,, 2005; Gan et al., 2020; Lee et al., 2013). However, with the continuous progress of two-dimensional
(2D) material synthesis technology, more materials that are intrinsically 1D or three-dimensional structures
can also be obtained in a stable 2D format. For example, Sb,Ses, a star photovoltaic material with the chain-
like crystal structure, has successfully prepared 2D ultra-thin flakes by introducing a sodium-mediated
chemical vapor deposition (CVD) growth method (Zhao et al., 2020; Mavlonov et al., 2020). Similarly, as a
neotype 2D material, 2D Te has been the concern of researchers in recent years. To date, the growth of
2D Te is mainly through the solution method, but it will inevitably introduce organic matters, impurities,
or defects. Some research groups have demonstrated that Te nanoflakes can also be synthesized by phys-
ical vapor deposition, van der Waals epitaxy growth, hydrogen-assisted CVD and other vapor-phase
methods (Huang et al., 2017; Hussain et al., 2019; Wang et al., 2021; Zhang et al., 2019).

Furthermore, in order to achieve the controllable growth of high-quality 2D Te, we focus on the chemical
vapor transport (CVT) method, an ancient technique for growing high-quality single crystals with low defect
density (Legma et al., 1993; Binnewies et al., 2013). Generally, the CVT method synthesizes a bulk single
crystal material first, and then the corresponding 2D material is exfoliated from the bulk counterparts
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groups tried to use the CVT method to grow 2D materials directly (Zhao et al., 2011). In 2017, Jiao and co-
workers tried to grow 1T-TiSe; flakes by the CVT method and successfully obtained sub-10 nm TiSe; flakes
with a high crystallinity (Wang et al., 2016). To further extend this method of preparing bulk material to the
growth of 2D materials, they also used the same method to grow a series of large-area and high-quality 2D
transition metal dichalcogenides, such as ReS,, WS;, MoS;, and Mo,W,.,S; alloys (Hu et al., 2017). In addi-
tion, anisotropic 2D ReSe; was synthesized via the chemical vapor transport method in 2019, and its elec-
tron mobility is superior to CVD-grown ReSe; flakes (Xing et al., 2019). Hence, it is feasible to synthesize 2D
materials directly by the CVT method instead of a crystal growth-exfoliation process, and that can be used
to control and grow high-quality 2D materials. It is worth noting that most of 2D materials prepared by the
CVT method in one step are layered materials at present, and there are few reports on non-layered
semiconductor materials (Hu et al., 2017; Wang et al., 201%9a). Owing to the limitation of tellurium quasi
1D structure, it is difficult to obtain 2D Te by mechanical exfoliation. Therefore, we attempt to directly
grow high-quality and large-size 2D Te nanoflakes through the CVT method, in order to meet its applica-
tion and development in different fields. This also further extends the one-step CVT method to grow non-
layered 2D materials instead of a crystal growth-exfoliation process.

Herein, we successfully synthesized 2D Te nanoflakes by the CVT method in one step. By controlling the
growth kinetics with temperature, we can obtain highly crystalline Te nanoflakes in lateral size of ~40 um
and thickness ~70 nm. Then, we systematically investigated the second harmonic generation (SHG) prop-
erties of the as-grown 2D Te single crystals, which indicated that Te nanoflakes can be used as frequency
doubling crystals and have potential applications in nonlinear optical devices. In addition, FET devices
based on 2D Te nanoflakes were also fabricated and exhibited excellent electrical properties with mobility
as high as 379 cm? V™" s~ '. The direct growth of 2D Te nanoflakes via the CVT method could be a reference
for exploring the growth of other 2D materials.

RESULTS AND DISCUSSION

Preparation and material characterizations of 2D Te nanoflakes

As a traditional technique for preparing non-volatile solid crystals, chemical vapor transport has been
widely used to synthesize various high-quality single-crystal bulk materials. And CVT is a process in which
the source material is sealed in a vacuumed quartz ampoule and then transported and deposited through a
temperature gradient formed at the source and the deposition ends. In addition, a transport agent, such as
iodine, is generally added to reduce the evaporation temperature of the source materials and transport at
both ends during the growth process. The transport agent can form a gaseous intermediate that is easy to
combine and decompose with the source material, so the source material can be transported from one end
to the other at a lower temperature (Zhao et al., 2011; Chen et al., 2021; Binnewies et al., 2013; Wang et al.,
2019a). Since the CVT is transported and reacted in a closed quartz tube, oxygen and other interference
factors can be better avoided, and the reaction pressure can be conveniently adjusted by temperature
and the amount of the source material added. In other words, it is easier to control the reaction to be in
an equilibrium state.

Taking advantages of the CVT method, the tellurium powder and mica substrate are sealed on both sides
of a quartz ampoule with a neck to prepare 2D Te nanoflakes. The neck on the quartz ampoule can separate
the source material from the substrate. It is worth mentioning that no transport agent was added during the
growth because tellurium has a low melting point and is easy to evaporate and transport. The schematic
diagram of the growth device can be seen in Figure 1A, and more information about the growth can be
referred to in the method details section. Figures 1B and 1C are atomic structural models of Te. Atoms
are connected by covalent bonds along the c-axis to form a spiral chain, whereas the chains are arranged
in a hexagonal structure via van der Waals forces (Huang et al., 2017; Amani et al., 2018). Viewed from the x-
axis direction, the zigzag layers are stacked to form a three-dimensional structure (Figure 1C). Therefore, Te
is also regarded as a quasi-one-dimensional material, which is more inclined to obtain nanowires and nano-
rods during the growth process.

Figure 1D is an optical microscope image of 2D Te nanoflakes with a length of up to 80 um and a width of
~20 pum, and the thickness is ~70 nm characterized by atomic force microscopy (AFM) in Figure 1E. It should
be mentioned that, owing to the insufficient technology of firing the quartz ampoule, the necking diameter
of the quartz ampoule we used for growth is fixed, which only plays the role of separating the substrate from
the source, and cannot effectively control the transport rate. Therefore, this also hinders the further
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Figure 1. Synthesis of Te nanoflakes by CVT method and characterization of material
(A) Schematic diagram of CVT growth device.

(B and C) Atomic structural model of Te.

(D and E) Optical microscope and AFM images of Te nanoflakes.

(F) XRD spectra of Te nanoflakes.

(G-I) Raman, XPS, and PL spectra of CVT-grown Te nanoflakes.

adjustment of growth through dynamics and the inability to obtain thinner Te nanoflakes. By further
improving the structure of the quartz ampoule or seeking other methods to control the gas transport
rate, thinner 2D Te are expected. The X-ray diffraction (XRD) pattern was performed on the synthesized
products, which is compatible with the standard file card (JCPDS#36-1452), as shown in Figure 1F. There
are three Raman peaks of Te nanoflakes at 92, 120, and 140 em™, corresponding to Eq, A4, and E; active
Raman phonon modes, respectively, which are consistent with previous reports (Zhang et al., 2019; Wang
et al., 20271; Du et al., 2017). The A; mode is chain expansion mode and attributed to the movement of
atoms on the basal plane, whereas the E; and E; modes are caused by a-axis rotation and asymmetric
stretching along the c-axis, respectively (Figure 1G). In addition, X-ray photoelectron spectroscopy (XPS)
was carried out to further characterize the composition of the Te nanoflakes. In Figure 1H, the Te 3d orbit
was located at 573.1 and 583.5 eV, which fitted in the doublet of Te 3ds,» and 3d3,,, respectively. There is no
detected Te 3d oxidation peak, which indicates that Te nanoflakes are element crystals without obvious
oxidation (He et al., 2018; Hussain et al., 2019). The photoluminescence (PL) spectrum shows a strong
peak centered at 3,600 nm excited by 800 nm laser at 80 K as shown in Figure 11, and this is also consistent
with the 0.34 eV band gap of Te reported in the literature. Besides, the excellent PL properties of 2D Te
nanoflakes also indicate their potential applications in optoelectronic devices.

iScience 25, 103594, January 21, 2022 3
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Figure 2. Atomic structure characterizations of Te nanoflakes
(A) Low-magnification bright-field TEM image of Te nanoflake.
B and C) HRTEM image and corresponding SAED pattern obtained from the corner of Te nanoflake.

(
(D) Atomic-resolution HAADF-STEM image of Te nanoflake, and the inset shows the atomic model of the Te helical structure.
(E and F) Low-magnification HAADF-SETM image and EDX mapping of Te elements.

Atomic structure characterizations of 2D Te nanoflakes

Transmission electron microscopy (TEM) was performed to further reveal the atomic structure and crystal
quality of as-grown 2D Te nanoflakes. Te nanoflakes synthesized on the mica substrate were dispersedin an
ethanol solution by ultrasound and then transferred to a copper grid. Figure 2A is the low-resolution TEM
image of Te nanoflakes, and the corresponding high-resolution TEM (HRTEM) image shows that the lattice
fringe spacing is 0.59 nm, indicating that the nanoflake is growing along [0001] (Figure 2B). In addition, the
selected area electron diffraction (SAED) pattern with the clear and well-arranged diffraction spots

4 iScience 25, 103594, January 21, 2022



iScience

confirms the high crystalline quality of Te nanoflakes, as shown in Figure 2C. Elemental composition of the
sample is characterized by electron energy dispersive X-ray spectroscopy (EDX) in Figure S1 and proves the
composition is a single elemental Te. To have a deep insight of the structure of Te nanoflakes, the atomic-
scale structures are further explored by a high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM), as shown in Figure 2D. HRTEM images generally indicate the periodicity of some
crystal planes, whereas HAADF-STEM images mainly reflect the incoherent signals of some atoms in the
local region, so the difference between the two images is reasonable (Li et al., 2021). The direction where
the lattice spacing is 0.59 nm corresponds to the (0001) crystal plane, and the interplanar spacing of 0.22 nm

matches the (1120) crystal plane. Besides, in the top inset is an atomic model indicating the helical structure
of Te (Li et al., 2021). The HAADF image of Te nanoflake shown in Figure 2E, and the corresponding EDX
elemental mappings, suggested homogeneous distribution of Te (Figure 2F). These results manifest that
we have synthesized high-quality 2D Te by an improved one-step CVT method instead of a crystal growth-
exfoliation process.

The growth mechanism of 2D Te nanoflakes

Moreover, the growth mechanism of 2D Te nanoflakes was systematically explored and analyzed. In fact,
the process of growing Te nanoflakes follows the vapor-solid growth mechanism, and temperature plays
a crucial role in this process (Sen et al., 2007; Hawley et al., 2012; Peng et al., 2021). Te nanoflakes were pre-
pared in a vacuum-sealed quartz ampoule, in which supersaturation and the vapor pressure will affect Te
nanostructures. Furthermore, the supersaturation and vapor pressure in the zone is determined by the tem-
perature gradient (evaporation and deposition temperatures) (Sen et al., 2007).

When the quartzampoule maintains a certain vapor pressure and the deposition temperature at a relatively
low temperature (<350°C), more nucleation points are formed. However, owing to the low temperature of
the substrate, it is difficult for Te atoms to achieve a long-range migration on the substrate (Hawley et al.,
2012). And because of the characteristics of the tellurium spiral chain structure, the tellurium atoms prefer
to move/grow along the longitudinal direction; lateral movement requires overcoming the high formation
energy to form kinks, so it is easier to obtain 1D Te nanowires at low temperatures (Figure 3A). However,
when the deposition temperature is appropriate (350°C-380°C), the energy of tellurium atoms can over-
come the potential energy barrier of migration across the substrate, and the migration rate in different
directions on the substrate will also become faster. In addition, the atomically smooth surface of fluoro-
phlogopite mica as a substrate is more beneficial for Te atoms to migrate on the substrate and the growth
in the manner of van der Waals epitaxy (Wang et al., 2014; Ji et al., 2016). Therefore, when the growth en-
ergy becomes high enough to overcome the formation energy required for growth in the lateral direction,
Te can be epitaxially grown along multiple directions parallel to the substrate and generate 2D nanoflakes
in the final, as shown in the Figure 3B. While the temperature of the source material is higher than 480°C,
tellurium is evaporated rapidly to produce a high flux of Te vapor, which is in a state of high vapor pressure.
If the substrate temperature is also high enough (>400°C), the mobility of tellurium atoms on the substrate
is very large and the growth rate in all directions is the same since the formation energy in each direction
can be overcome at this time, and spheroid Te can be obtained on the substrate (Figure 3C).

The morphology of tellurium nanostructures characterized by scanning electron microscope (SEM) under
different growth temperatures is shown in Figures 3D-3F. Te nanowires with a diameter of tens of nanome-
ters and a length of tens of microns can be obtained when the source temperature is 460°C and the depo-
sition temperature is 330°C (Figure 3D). The structure and composition of the grown nanowires were also
confirmed by TEM and Raman, and the peaks and structures were consistent with the literature (Figure S2
and Figure S3). However, when the source temperature remains unchanged and the deposition
temperature is increased to 350°C, Te nanoflakes are mainly grown on the substrate. The lateral size of
the nanoflakes is about 40 um, and the thickness is about 70 nm, as shown in Figure 3E. While the source
temperature and deposition temperature are 480°C and 400°C, respectively, the spherical structure with
diameter of about 20 um is obtained (Figure 3F).

Nonlinear optical properties of the as-synthesized 2D Te nanoflakes

SHG is a nonlinear optical process, in which two photons with the same frequency interact with nonlinear
materials to produce one double frequency photon (Cao et al., 2020; Shi et al., 2017) as shown in Fig-
ure S4A. We explored the second-order NLO properties of as-grown Te nanoflakes and their potential
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Figure 3. Morphology evolution of Te at different temperatures
(A-C) With the increase of temperature, schematic diagram of Te morphological change.
(D-F) SEM image of Te with different morphologies were obtained at (D) 330°C, (E) 350°C, and (F) 420°C, respectively.

applications in the field of optoelectronics by using a femtosecond optical parametric oscillation laser at
different excitation wavelengths with a repetition rate of 80 MHz. The SHG intensity of Te nanoflakes
dependence different excitation power was investigated under the excitation wavelength of 800 nm.
In Figure 4A, there is a peak at 400 nm, which is the frequency doubled signal peak of the excitation
wavelength. Besides, the signal intensity becomes stronger as the excitation power increases. And the
pseudo-color diagram with variable power further proves this point (Figure 4B). The relationship between
the excitation power and SHG intensity is linearly fitted in a logarithmic coordinate system, and the fitting
slope value is approximately equal to 2.0, which is the same as the theoretical value (Figure 4C). This in-
dicates that the intensity of the second harmonic is proportional to the square of the intensity of the laser
beam, which conforms to the principle of nonlinear optics (Cao et al., 2020; Shi et al., 2017; Wang et al.,
2021). Figure 4D displays the changed trend of the SHG intensity of Te nanoflakes as the excitation
wavelength increases from 760 to 980 nm, and the strongest intensity is at 800 nm. In addition, the
SHG mapping with uniform distribution also verifies that Te nanoflakes have high crystal quality (Figures
S4B and S4C).

Electrical properties of field effect transistors based on 2D Te nanoflakes

Furthermore, we conducted the electrical properties of 2D Te nanoflakes through transferring the Te nano-
flakes from mica to 285 nm SiO,/Si substrate and fabricate back-gate FETs. Figures 5A and 5B are the
output and the transfer characteristic curves of the Te nanoflake FET at room temperature, respectively.
Figure 5Ais the output characteristics of the device and displays the linear response of drain-source current
(l35) to drain-source voltage (Vgs) under different gate voltages (Vg, ranging from —30 to 30 V with steps of
30V), indicating a better gate-controlled performance, and the inset is a SEM image of the Te FET device.
The corresponding transfer characteristic curve (Figure 5B) exhibits a p-type transport behavior, and the
calculated mobility is expected to be 379 cm? V=" s~ This value is comparable with or even better than
other methods of preparing Te. The work function of 2D Te nanoflakes on the gold substrate was explored
using Kelvin probe force microscopy (KPFM) additionally, as shown in Figure S5 of supplemental
information. In order to understand more about the physical properties of the device, the cool-down
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Figure 4. Nonlinear optical properties of the as-synthesized Te nanoflakes

(A) Excitation power-dependent SHG spectra.

(B) Pseudo-color diagram of variable power.
©

(D)

Linear fitting of excitation power and SHG intensity in logarithmic coordinate.
SHG intensity of Te nanoflake under varied excitation wavelengths from 760 to 980 nm.

measurements were also carried out. Figure 5C shows the relationship between temperature and
resistance, and the resistance increases as the temperature decreases, showing a typical behavior of
semiconductor, which is consistent with the literature. In addition, we fit the curve with Arrhenius plot in
the temperature range of 150 ~ 300 K,

E,
INR=1In Rm+m

where E, is the activation energy, kg is the Boltzmann constant, R and R.. are the resistance when the tem-
perature is T Kand T = o, respectively. And according to the fitting curve of InR versus 1/T, the activation
energy (E,) can be calculated as 85.7 meV, as shown in Figure 5D (Li et al., 2016).

Conclusion

In summary, Te nanoflakes with high quality were synthesized in one step through the CVT method, rather
than by a two-step crystal growth-exfoliation process. With this approach, the controllable synthesis of 2D
Te nanoflakes has been realized. Moreover, the prepared Te nanoflakes revealed high crystallinity, and by
carefully adjusting the temperature to tune the growth kinetics, Te nanoflakes with a lateral size of 45 um
and thickness about 70 nm can be obtained. Then, we further investigated the SHG effect of Te nanoflakes,
which can be used as a potential two-dimensional frequency doubling crystal. In addition, the FET devices
of Te nanoflakes also show excellent electrical properties. Since the CVT method has been widely applied
for the mass growth of high-quality single crystals, we expect that, with adjusting the growth parameters,
other 2D materials can also be grown by this method. Therefore, this will greatly promote the preparation
and application research of new 2D materials.

Limitations of the study

In this work, we synthesized Te nanoflakes through the CVT method in one step. However, the thickness
of the obtained Te nanoflakes is still unsatisfactory, and the growth mechanism lacks corresponding
theoretical calculation. The preparation of thinner and controllable-sized Te nanoflakes by the CVT
method needs further research in the future. In addition, owing to the limitations of our device
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Figure 5. Electrical properties of field effect transistors based on Te nanoflakes

(A) l4s=V4s curves for the Te nanoflake at various different gate voltages, and the inset is a SEM image of the Te FET device.
(B) Transfer characteristic curves for Te nanoflake. The inset is the gm, versus Vg plot pictures obtained by one derivative of
the transition characteristic curve.

(C) Temperature dependence resistance of Te nanoflake.

(D) InR as the function of 1,000/T.

preparation technology, we did not measure the carrier concentration of Te nanoflakes, which still needs
to be improved.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemical regents

Tellurium powder Alfa Aesar CAS: 13494-80-9
Poly (methyl methacrylate) (PMMA) American Polymer Standards Corporation, APSC CAS: 9011-14-7
Acetone Sinopharm Chemical Reagent Co., China CAS: 67-64-1

Software and algorithms

Origin 2018 OriginLab Corporation https://www.originlab.com
MDI Jade 6.5 Materials Data, MDI https://materialsdata.com/
Diamond 3.0 Crystal Impact GbR, Bonn, Germany http://www.crystalimpact.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
the lead contact, Prof. Kai Zhang (kzhang2015@sinano.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code. Crystal data of Te are available from the Crystallography Open
Database (http://www.crystallography.net/cod/search.html) under COD ID:1011098.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Synthesis of Te nanoflakes

2D Te nanoflakes was synthesized in one step by CVT technology. Firstly, 10 mg of high-purity tellurium
powder (Alfa Aesar, 99.999%) was introduction into a quartz ampoule, followed the growth substrate of flu-
orophlogopite mica was loaded into the other end. And there is a neck on the ampoule and separated it
from the source powder. After that, the quartz ampoule was sealed under vacuum (1072 Pa) and placed in a
horizontal tube furnace with double temperature zone for growth. By setting the source powder side at
450°C and the substrate side at 330°C to established and maintained a temperature gradient. After a
growth period of 30 min at these temperatures, the quartz ampoule was slowly cooled down to room
temperature.

Characterizations of Te nanoflakes

The optical images and thickness of the Te nanoflakes were taken with optical microscopy (OM, Nikon
Eclipse LV1I0OND microscope) and atomic force microscope (AFM, Bruker Dimension Icon 3100). In
addition, scanning electron microscope (SEM, Quanta FEG 250), Raman spectroscopy (LabRAM HR800,
HORIBA Jobin Yvon) with visible laser light (A = 532 nm), PL (Ti:sapphire laser, 80fs, 80 MHz), X-ray
photoelectron spectroscopy (XPS, Vacuum Interconnected Nanotech Workstation employing PHI 5000
VersaProbelll system equipped with a monochromatic Al Ko X-ray source of 1486.6 eV) and X-ray diffraction
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(XRD, Bruker D8 diffractometer) were used to characterize the morphology and properties of nanoflakes.
Transmission electron microscopy (TEM) images and SAED with corresponding energy dispersive X-ray
spectroscopy (EDX) elemental mapping were taken from a TEM (Tecnai G2 F20 S-TWIN) instrument.
Scanning transmission electron microscopy (STEM) were measured by an aberration-corrected FEI Titan
Themis Z STEM equipped with a CEOS DCOR probe corrector. The work function of 2D Te nanoflakes
was explored using Kelvin probe force microscopy (KPFM, Bruker Dimension Icon 3100).

Transfer 2D Te to the target substrates

Firstly, the poly (methyl methacrylate) (PMMA) film was spin-coated on the mica with Te nanoflakes and
dried. Then the PMMA/Te film was immersed in deionized water and peeled off from the mica substrate
by the surface tension of water. After that, the PMMA film together with Te nanoflakes were attached to
the 300 nm SiO,/Si substrate and dried at 60°C for 10 min. Finally, the PMMA layer was dissolved by soaking
in acetone.

Nonlinear optical performance measurements

All SHG measurements were acquired by a mode-locked Ti:sapphire laser with 80 MHz repetition rate.

Devices fabrication and measurements

Back-gated Te FETs were fabricated on the 285 nm SiO,/Si substrates, and electron beam lithography (EBL,
JEOL JBX 5500) was used to define the source/drain patterns. An Electron-beam evaporator (Ulvac Ei-52)
was used to deposit Cr/Au (10/80 nm) film and followed by a lift-off process. The electrical Electrical
measurements were carried out by a Sussmicrotec probe station (equipped with a Keithley 4200 semicon-
ductor parameter analyzer).

QUANTIFICATION AND STATISTICAL ANALYSIS

In Figure 4C, each SHG intensity value corresponds to the average value obtained from multiple
measurements of a given excitation power.
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