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Chemical Intercalation of Topological Insulator Grid

Nanostructures for High-Performance
Transparent Electrodes

Yunfan Guo, Jinyuan Zhou, Yujing Liu, Xu Zhou, Fengrui Yao, Congwei Tan, Jinxiong Wu,

Li Lin, Kaihui Liu, Zhongfan Liu, and Hailin Peng*

2D layered nanomaterials with strong covalent bonding within layers and
weak van der Waals’ interactions between layers have attracted tremen-
dous interest in recent years. Layered Bi,Se; is a representative topological
insulator material in this family, which holds promise for exploration of
the fundamental physics and practical applications such as transparent
electrode. Here, a simultaneous enhancement of optical transmittancy and
electrical conductivity in Bi,Se; grid electrodes by copper-atom intercala-
tion is presented. These Cu-intercalated 2D Bi,Se; electrodes exhibit high
uniformity over large area and excellent stabilities to environmental pertur-
bations, such as UV light, thermal fluctuation, and mechanical distortion.
Remarkably, by intercalating a high density of copper atoms, the electrical
and optical performance of Bi,Se; grid electrodes is greatly improved from
900 Q sq~', 68% to 300 Q sq!, 82% in the visible range; with better per-
formance of 300 Q sq~', 91% achieved in the near-infrared region. These
unique properties of Cu-intercalated topological insulator grid nanostruc-
tures may boost their potential applications in high-performance optoelec-

Strikingly, the large interlayer separa-
tion in layered materials provides the
ideal space to accommodate guest spe-
cies through intercalation,[!?22l a process
that has been widely used for exfoliation
of few-layer nanomaterials,/'*!* as a new
strategy for energy storage,!'>1%l converting
the physical nature of topological insula-
tors,'71% and introducing new ternary
or quaternary layered nanomaterials with
preeminent properties.?0-22l Particularly,
it has been reported that the electronic
structures of host materials can be tuned
controllably by intercalation treatment,?3]
which can give rise to higher optical trans-
mittance and better electrical conductivity
simultaneously.?*-2l These properties are
highly desired for transparent electrodes,
an indispensable component in efficient

tronics, especially for infrared optoelectronic devices.

Besides graphene,!'~?l 2D-layered materials such as topological
insulators Bi,X; (X = Se, Te)l*® and a variety of transition-
metal dichalcogenides’”! have hosted extensive attention in a
diverse fields of nanoelectronics,® thermoelectrics,”! energy
storage technologies,'% and flexible optoelectronics,!!l due
to their intriguing properties and 2D-layered structures.
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optoelectronics.?”]

Topological insulators (T1),2830 with
insulating bulk gap and metallic Dirac
surface states, have motivated tremendous

research interests in the past decade. Owing to their topologi-
cally protected and spin-momentum-locked Dirac surface states,
few-layer topological insulator nanostructures are predicted to
be competitive material for broadband optoelectronic devices,
such as terahertz lasers, infrared photodetectors, and trans-
parent electrodes.B! In our previous works, we reported the
first experimental demonstration of near-infrared transparent
electrodes based on few-layer Bi,Se; nanosheets3?! by van der
Waals’ epitaxy. Compared with indium tin oxide (ITO), the pro-
totype material in the field of transparent electrode, topological
electrodes exhibits good conductivity, broad and high transmit-
tance, as well as excellent mechanical flexibility and chemical
durability.’?) Regarding the transparency and conductivity of TI
electrodes, further improvements have been achieved by grid-
ding Bi,Se; filmsB3! and hybridizing Dirac materials between
Bi,Se; and graphene.?¥ Despite these achievements, more
efforts need to be devoted for better electrode performances.
For example, increased transmittance of Bi,Se; grids in the
visible range was realized at the cost of lower electrical con-
ductivity with reduced material consumption.?¥! Therefore, it
is essential and challenging to improve the transmittance and
conductivity simultaneously for topological electrodes.

To tackle the above issue, herein, we explored a facile
chemical method to intercalate high density of zero-valent

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

copper atom in topological insulator Bi;Se; grid electrodes.
Large-area Cu-intercalated Bi,Se; grids with well-defined loca-
tions and tailored configurations are produced by selective-area
van der Waals' epitaxy similar to our earlier works.>>3¢ Up to
37 at% copper atoms were intercalated into Bi,Se; through a
low-temperature disproportionation redox reaction.’-3%l In
contrast with pristine Bi,Se; grids, Cu-intercalated Bi,Se; grid
electrodes demonstrate an obviously improved optical trans-
mittance in a wide range of wavelength, for the fact that large
amounts of free electrons were injected into the host structure,
elevating the Fermi level (Ef) into the conduction band signifi-
cantly. As a result, the effective bandgap is enlarged and normal
interband transition is blocked. In terms of electrical conduc-
tivity, due to the ultrahigh carrier density introduced by copper
intercalation, the sheet resistance (R,) decreased dramatically by
one to threefold, realizing the co-instantaneous improvement
in transparency and conductivity. Surprisingly, the typical per-
formance of Cu-intercalated Bi,Se; grid electrodes can be raised
from 68%, 900 Q sq~' to 82%, 300 © sq~! at 550 nm, and better
performance around 91%, 300 Q sq~! can be achieved in the
near infrared region. In addition, since these copper dopants
are accommodated between the adjacent layers of Bi,Se;, which
would be protected from various external perturbations, the Cu-
intercalated Bi,Se; grid electrodes exhibit outstanding mechan-
ical stability and chemical durability for practical applications.

Bi,Se;, a typical layered topological insulator, possesses a
rhombohedral crystal structure in space group Di; (R-3m).
Each planar layer consists of five covalently bonded atoms
ordered in Se-Bi-Se-Bi-Se sequence along c-axis, stacking
together by van der Waals' interaction. The large van der
Waals’ gap (=2.57 A) in Bi,Se; supplies perfect location
to accommodate copper atoms as shown in Scheme 1a.
Scheme 1b illustrates the flexible transparent electrode made
by Cu-intercalated Bi,Se; grids.

In order to compare the changes introduced by intercalation,
systematic characterizations have been performed for Bi,Se;
grid nanostructures. Optical microscopy images in transmis-
sion mode were taken for the same Bi,Se; grids before and
after intercalation on a large scale. Sharp color contrasts in
Figure 1a,b and Figure S1 (Supporting Information) demon-
strate that Bi,Se; grids look much more transparent after
40 min Cu intercalation under the same illumination condi-
tion. Atomic force microscopy (AFM) was used to determine
the thickness variation and surface morphology of Bi,Se; grid
electrodes in Figure 1c,d and Figure S2 (Supporting Informa-
tion). The AFM image and height profile of a =28 nm thick
Bi,Se; strip reveal a flat surface with terraced structures.[*%
After intercalation, the thickness of the identical flake increases
from 28.3 to 39.2 nm due to volume expansion (Figure 1d),
which has also been found in Li* intercalated Mo$S, films.[*!
It was reported that the height increase of Bi,Se; is not only
attributed to the insertion of Cu atoms in interlayer gaps, but
also caused by lattice expansion along the a and c¢ axes of the
Bi,Se; crystal.l’”] Possibly, the lattice expansion would make a
difference on the interlayer interaction of Bi,Se;, which could
be probed by low-wavenumber Raman spectral measurements.
Figure le describes four representative Raman modes of Bi,Se;
crystal, including two A;, modes (=72 and =174 cm™) and two
E, modes (=37 and =131 cm™). The A;, modes correspond
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Scheme 1. a) Schematic diagram of copper intercalation process in
Bi,Se; grid nanostructures. b) Schematic diagram of flexible transparent
electrode made by Cu-intercalated Bi,Se; nanogrids.

to the out of plane modes parallel to the c-axis, while the E,
modes account for in-plane bonding vibrations perpendicular
to c-axis.*”! We focused on the individual Bi,Se; grid sample
before and after intercalation (Figure 1f), and made the corre-
sponding Raman characterization. As shown in Figure 1g, the
Raman signals for pristine Bi,Se; grids correspond well with

o Ep, and A}, modes as in literature.*3l Under the same
reaction time (10 min), no noticeable shift was detected for
A;, modes after intercalation in 1 x 107, 10 x 107, and 20 x
1073 m tetrakis(acetonitrile)copper(I) hexafluorophosphate solu-
tions, respectively. This indicates that no bonding interaction
exists between Cu atom and the host material. Otherwise, there
would be obvious Raman shift or broadening as a result of
phonon softening.*”! On the other hand, the in-plane E, modes
change evidently. The E. peak becomes broader in higher con-
centration, which may originate from the increase of structure
defects or impurity scattering by volume expansion. Notably,
the E, mode, sensitive to interlayer interaction, grows up in
higher concentrations, which would be related to the stronger
phonon-—electron force after intercalation.

To evaluate the structure and quality of Cu-intercalated
Bi,Se; grids, we carried out transmission electron microscopy
(TEM) study. Free-standing Bi,Se; grids were fully transferred
from mica substrate onto a Mo TEM grid with the assistance of
a poly(methyl methacrylate)-mediated method“+*! (Figure 2a).
Different from traditional intercalation, this solution-based
chemical interaction approach would not induce cation
exchange or disrupt the host lattice. From the close-up view
in Figure 2b, the surface morphology of Bi,Se; grid after Cu
intercalation is still intact and flat. This is in stark contrast with

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(@)

Intensity (a.u.)

www.advmat.de

In addition to high crystalline quality,
Cu-intercalated Bi,Se; grids exhibit signifi-
cant improvements in optical performance
from the visible to the near infrared region.
First, we studied the variations in optical
transmission for individual Bi,Se; grid by
microspot transmission measurement. As
shown in Figure 3a, the light spot diameter
is only around 2 pum, much smaller than
the lateral size of Bi,Se; grid. Figure 3b and
Figure S4a (Supporting Information) exhibit
the microspot transmission spectrum of
=30 nm-thick Bi,Se; grids before (black) and
after (red) intercalation for 40 and 20 min,
respectively. At the wavelength of 550 nm,
we observed that the optical microspot
transmittance of the Bi,Se; grid increased
rapidly from 15% to 58% after intercala-
tion (Figure 3b). In Figure 3c, the microspot
transmittance difference (AT) grows from
10% to 50% for Bi,Se; grids with similar
thickness, when the reaction time increased
from 10 to 40 min. On the other hand, the
evaluation for optical performance is indis-
pensable on a macroscopic scale. As shown
in Figure 3d, the transmittance of Bi,Se; grid

—only Bi,Se, . . o

—1mM 10 min in aperture size of 150 um is improved from
—10 mM 10 min 81% (black line) to 90% (red) in the visible
—20 mM 10 min

range, and better performance from 85% to
97% in the near infrared region. Figure S4b
(Supporting Information) shows the trans-
mittance change of Bi,Se; grid in aperture
size of 70 um. In Figure 3e, the transmit-
tance change of Bi,Se; grids before and

the controlled sample intercalated by Cu?"3® which exhibits
a large amount of voids due to the cation exchange with Bi?'.
Furthermore, another convincing proof from energy dispersive
X-ray (EDX) spectrum shows that the ratio of Bi:Se remains
2:3, even when the atomic ratio of copper reaches as high as
37% (Figure 2c). The high-resolution TEM (HRTEM) image
in Figure 2d shows that Cu-intercalated Bi,Se; grid maintains
high crystal quality. Remarkably, the observation of superlattice
structure with electron diffraction is a sign of intercalation. For
the pristine Bi,Se; grid (Figure 2e), selected area electron dif-
fraction (SAED) displays regular hexagonal patterns without
any additional diffraction spots. After intercalation, with enough
copper atoms entering the host lattice, the copper atoms occu-
pied ordered sites and form striking superlattice spots in SAED
patterns (Figure 2f and Figure S3, Supporting Information),
which was observed in Na-intercalated TiS, as well.*¢]
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Figure 1. a,b) Typical optical microscopy images in transmission mode of large-area, few-layer
Bi,Se; grids before and after Cu intercalation on mica substrate. c,d) AFM images and the
height profiles of an individual Bi,Se; grid before and after Cu intercalation. e) The typical
Raman active vibrational modes of Bi,Sejs. f) Optical images of one individual Bi,Se; grid before
and after Cu-intercalation for Raman measurement. g) Low-wavenumber Raman scattering
spectra for Cu-intercalated Bi,Se; grids with different intercalating concentrations.
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after intercalation is displayed at wavelength
of 550 nm with different thicknesses. Note
that all grid samples show a drastic increase
in transparency. For example, the transmit-
tance of pristine Bi,Se; grid of 25 nm thick
rises up from 74% to 90%. Higher transmit-
tance up to 94% is achieved by thinner grids
with 20 nm in thickness. Additionally, the
optical performance can also be controlled
by changing solvent concentrations. Figure 3f illustrates that
higher concentration (=20 X 1073 m) promotes better transmit-
tance for Bi,Se; grid electrodes. Qualitatively, the transmission
enhancement can mainly be attributed to the substantial elec-
tron doping from intercalation on ultrathin nanogrids. Similar
to the situation in metal intercalated graphene,[*’8 the large
amount of free electrons introduced by Cu intercalation effec-
tively elevated the Fermi level (Ef) of Bi,Se; into the conduction
band,?* which shows an obvious n-doping effect and results in
suppressed interband optical transition (the inset of Figure 3f).

Together with the increasing optical transmittance, Bi,Se;
grid electrodes also exhibit improved electrical conduc-
tivity due to ultrahigh carrier density by Cu intercalation.
Standard 4-probe measurement was conducted on individual
Bi,Se; grid device in Figure 4a. It is shown that the Bi,Se;
channel becomes more transparent and the chromium/gold
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Figure 2. a) Bright-field TEM image of a free standing Cu-intercalated Bi,Se; grid transferred from a mica substrate. b) Low-resolution TEM image of
a Cu-intercalated Bi,Se; grid. c) EDX spectrum of a Bi,Se; grid with a high percentage of Cu intercalation. d) HRTEM image of the Cu-intercalated grid
in (b), showing the highly crystalline nature. ) SAED patterns of the pristine Bi,Se; grid. f) Representative superlattice SAED patterns observed with
copper intercalation, indicating the interlayer ordering of Cu atom within Bi,Se; host.
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Figure 3. Optical characterization of Bi,Se; grid electrodes. a) Optical microscopy images in transmission mode of a 30 nm thick Bi,Se; gird on mica
substrate before and after Cu intercalation. b) Microoptical-transmission spectrum of Bi,Se; grid before (black) and after (red) 40 min Cu intercala-
tion. c) Intercalation time dependence of transmittance difference (AT) between before and after reaction for Bi,Se; grids at the wavelength of 550,
650, and 850 nm, respectively. d) Optical transmission spectrum for a 30 nm thick Bi,Se; grid with aperture size of 150 um before (black) and after
(red) Cu intercalation. e) The growth of optical transmission at the wavelength of 550 nm for Bi,Se; grids with different thickness. f) Optical transmis-
sion spectrum for pristine Bi,Ses grids (black) and grids intercalated with the concentrations of 10 x 1073 m (blue) and 20 X 1073 m (red), respectively.
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Figure 4. Electrical characterization of Bi,Se; grid electrodes. a) Source—drain current (I) versus voltage (V) characteristics for Bi,Se; grid before and
after intercalation. Upper left inset: optical image of a 4-probe device based on pristine Bi,Se; grid; lower right inset: optical image of a 4-probe device
based on Cu-intercalated Bi,Se; grid. b) Transmission-Rs map shows the synergistic enhancement in both transparency and conductivity for Cu-inter-
calated Bi,Se; grids. c) Histogram of sheet resistance distribution of a 40 min Cu-intercalated Bi,Se; grids with aperture size of 70 um. d) Histogram
of sheet resistance distribution of a 100 um aperture size Cu-intercalated Bi,Se; grids intercalated for 40 min.

(5 nm/50 nm) contact remains intact after intercalation (insets
of Figure 4a). Both current-voltage (I-V) curves keep linear
and symmetric, indicating the good contact between Bi,Se;
grid and metal electrodes. Remarkably, the sheet resistance (Ry)
of Bi,Se; grids reduced dramatically by one to threefold when
copper atoms were inserted into Bi,Se; host. For instance, the
R, of a 35 nm thick grid decreased from 1300 to 420 Q sq*
(Figure S5, Supporting Information). In terms of transparent
electrode, higher optical transparency and lower electrical
resistance are particularly desired. To further evaluate the per-
formance of Cu-intercalated Bi,Se; grid electrode, we illus-
trate a map between Ry and transmittance at the wavelength
of 550 and 1500 nm (Figure 4b). In the visible range, the per-
formance of Bi,Se; grids improved from 68%, 900 Q sq7! to
82%, 300 Q sq! with copper intercalants, showing a simul-
taneous enhancement in optical transmittance and electrical
conductivity, which is comparable with the performance of
roll-to-roll graphene and carbon nanotube transparent elec-
trodel*! (Figure S6, Supporting Information). Moreover, higher
value of 91%, 300 Q sq! can be achieved in the near-infrared
region, which is much better than the performance of pristine
Bi,Se; grid electrode.?” On the other hand, the evaluation for
electrical conductivity on a large scale should not be ignored.
We used photolithography to fabricate electrode arrays. For
Bi,Se; grids with different aperture sizes, the Ry distribution
histograms show that, the average Ry for grids with aper-
ture size of 70, 100, and 150 um decreased from 3500, 4100,
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and 6000 Q sq! to 1500, 2000, and 2800 Q sq~!, respectively
(Figure 4c and Figure S7a,b, Supporting Information). In addi-
tion, it is convenient to adjust the conductivity by changing
reaction time of intercalation. The histograms in Figure 4d and
Figure S7c,d (Supporting Information) show that the average
R, for Bi,Se; grids decreased from 4400, 4100, and 3300 Q sq~*
to 2500, 2100, and 1700 Q sq! when intercalated for 20, 30,
and 40 min, respectively. Therefore, benefiting from the ultra-
high electron density by copper intercalation, the optical
transparency enhancement together with the large increase in
conductivity creates promising opportunities for Bi,Se; grids as
high-performance transparent electrodes.

Besides high transmittance and conductivity, transparent
electrodes also call for outstanding chemical durability in prac-
tical applications. According to the previous studies,?”] a variety
of factors such as chemical agents, UV light illumination,
and elevated temperature might cause degradation in perfor-
mance of traditional transparent electrode materials. In terms
of carbon-based transparent electrode, strong oxidants like
SOCLPY and TCNQF,P! are often used to achieve substantial
doping level for higher conductivity. However, these adsorptive
dopants are innately unstable under UV illumination or high
temperatures, which would give rise to unrecoverable degrada-
tion for host materials. In our case, the exotic copper dopants
are sealed up in a limited space between adjacent quintuple
layers (QLs) of Bi,Ses crystal, as illustrated in Figure 5a, which
may protect them from various environmental perturbations.
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Figure 5. Chemical and mechanical stability of Cu-intercalated Bi,Se; grid electrodes. a) Schematic diagram for the high stability of Cu-intercalated
Bi,Se; grid. b) Histogram of sheet resistance distribution for =40 nm thick Cu-intercalated Bi,Se; grids before and after 30 s UV light treatment. c)
Temperature dependence of electrical resistance for Cu-intercalated Bi,Se; grids with aperture sizes of 100 and 150 um. d) Resistance change with
respect to bending cycles for a Cu-intercalated Bi,Se; grid electrodes with aperture sizes of 70 and 150 m, and the nearly thick ITO film. e) Resistance
change of ITO film and Cu-intercalated Bi,Se; grid electrodes (100 and 150 um) for different bending radius.

In order to evaluate the stability of Cu-intercalated Bi,Se;
grid electrode, we compared its resistance variation before
and after designed treatments. First, we exposed Bi,Se; grids
under UV light for 30 s. The histogram in Figure 5b shows that
the average R; of Bi,Se; grids slightly changes from 1270 to
1400 Q sq!, indicating great stability under UV illumination.
Furthermore, during the thermal treatment, the intercalated
Bi,Se; grids remained intact and kept good conductivity after
being heated to 200 °C (Figure 5c). Different from conventional
doping method, the accommodation of copper atoms between
the QLs of Bi,Se; grid electrodes guarantees outstanding chem-
ical stabilities for practical applications.

Mechanical flexibility is another indispensable element for
transparent electrodes in the next generation of flexible opto-
electronics. The predominant material ITO is relatively brittle,
which limits its wide application in flexible optoelectronic
devices. In contrast, Cu-intercalated Bi,Se; nanogrids display
significant flexibility together with attractive optical transmit-
tance and conductivity (Figure S8, Supporting Information).
Figure 5d compares the conductance change in the ratio of AR
(=R — Ry) to Ry for ITO and Cu-intercalated Bi,Se; grids with
two aperture sizes (70 and 150 pm). For ITO, the AR/R, gradu-
ally increased to 75% in the first 580 bending cycles. After 780
cycles, it rises up to 100%, implying the failure of ITO device.
In sharp contrast, the AR/R, for Cu-intercalated Bi,Se; grid
electrodes are always below 8% over 1500 cycles of bending,
verifying its good flexibility. In addition, we also performed a
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test on the conductivity of ITO and Bi,Se; grid electrodes with
different bending radius. As shown in Figure 5e, compared
with the dramatic decrease in the resistance of ITO, there is
unnoticeable change in the conductivity of Cu-intercalated
Bi,Se; electrodes when the bending radius decreased down to
3 mm. In all, since this gentle chemical intercalation does not
disturb the 2D planar structure of layered Bi,Se;, mechanical
durability is successfully inherited from pristine Bi,Se; grids
after intercalation. Combined with the topologically protected
surface states, which remain conductive under a high density
of dislocations or defects, Cu intercalated-Bi,Se; grid electrodes
exhibit great potential for dissipationless interconnects and
flexible transparent electrodes.

In summary, we successfully intercalated high density of
zero-valent copper atoms into 2D layered Bi,Se; grid nano-
structure by utilizing a gentle chemical intercalation method.
The well-defined intercalated Bi,Se; grids show promise as
efficient flexible transparent electrodes, presumably because
the ultrahigh carrier density introduced by intercalation could
lead to the simultaneous enhancement in optical transmit-
tance and electrical conductivity from the visible range to the
near-infrared region. In addition, the Cu-intercalated Bi,Se;
grid electrodes possess outstanding chemical stability and
mechanical flexibility, for the fact that the copper atoms accom-
modated in van der Waals’ gaps are protected from external
perturbations. These remarkable properties of Cu-intercalated
Bi,Se; grid electrodes may inspire exciting prospects for its

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

application in novel flexible optoelectronics, especially for
infrared nanoelectronics.

Experimental Section

Synthesis of Bi,Se; Grid Nanostructures: Bi,Se; grid nanostructures
were grown on prepatterned fluorophlogopite mica substrate by physical
vapor deposition inside a 12 in. horizontal tube furnace with a 1 in.
diameter quartz tube. The raw material Bi,Se; power (Alfa Aesar, purity
99.999%) was placed in the center of the tube furnace (460-500 °C) for
evaporation. Prepatterned mica substrates were placed downstream
at certain locations in the tube. Ultrapure argon was used as carrier
gas to transport hot Bi,Se; vapor to cold mica. After the tube was
pumped to a low pressure about 10 mTorr and flushed with the carrier
gas repeatedly to remove air contamination, the growth of Bi,Se; grid
nanostructures started. Typical growth conditions were a pressure of
50 Torr, source temperature of 490 °C, growth time of 10-40 min, gas
flow rate of 200 sccm (standard cubic centimeters per minute), and
growth temperature below 280-390 °C.

Intercalation of Bi,Se; Grid Nanostructures: Copper atoms were
intercalated into Bi,Se; host in a disproportionation redox reaction.1-33]
Before intercalation, all glassware was cleaned with distilled water and
dried in a hot oven. Bi,Se; grid nanostructures on mica substrates
were laid under reflux (=52 °C) in a solution of (1-20) x 107 wm of
tetrakis (acetonitrile)copper(l) hexafluorophosphate (Sigma-Aldrich) in
acetone for 10-40 min. The initial pH of the solution was 5.0-6.5. Then,
the copper intercalated Bi,Se; grids were removed from solution, rinsed
with hot acetone and ethanol (45 °C) repeatedly, and finally dried with
pure nitrogen gas.

Characterization: Characterization was conducted by using optical
microscopy (Olympus DX5r1 microscope) and AFM (Vecco Nanoscope
I11a); TEM images, SEAD, and energy dispersive X-ray analysis were
measured with TEM (FEI Tecnai F30; acceleration voltage, 300 kV). Optical
transmission was characterized by UV-vis—IR (Perkin Elmer Lambda 950
spectrophotometer). Microspot transmission data were collected by a
home-built confocal microscope system, where a supercontinuum laser
(420-2300 nm) was used as the light source, the objective (Mitutoyo
M Plan 80x, N.A. = 0.5) served to focus the supercontinuum light to
the sample and then objective (Mitutoyo M Plan 50%, N.A. = 0.65)
collected the light. Two sets of spectra with the sample inside beam
(Tsampte) and outside beam (Tgupsirate) Were taken by a hydrogen liquid
camera (Princeton Instruments PYLT00BRX) and the final microspot
transmission spectrum AT/T: (Tsample - substrate)/Tsubstrate was obtained.
Low-wavenumber Raman scattering measurements were collected
by a home-built confocal micro-Raman microscopy system Princeton
Instruments Acton SP 2500i). The Raman scattering spectra were excited
by a 2 = 532 nm solid state laser. The spectra resolution was =1 cm™,
the focused spot size was =1 um, and the lowest available frequency
was =10 cm™' by a set of 532 nm BragGrate Notch Filter (532 BNF).
Electrical measurements were carried out in a Micromanipulator 6200
probe station with a Keithley 4200 semiconductor analyzer.

Device Fabrication: Dielectric mica substrate was compatible with
standard device fabrication procedures, which facilitated the transfer-
free of 4-probe devices. Standard EBL (STRATA DB 235, FEI) and
photolithography were carried out for the 4-probe array devices
fabrication. Plasma etching (50 W, 30 Pa) and thermal evaporation
(UNIVEX 300, Leybold Vacuum) were used to separate certain regions
for target device structure and deposited chromium/gold (5 nm/50 nm)
as metal electrodes. At last, the device was lifted-off by hot acetone and
blow dried with nitrogen gas.

Transport Measurement: A semiconductor analyzer (Keithley, SCS-
4200) was used to measure the four terminal electrical properties.
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