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Abstract
The spatially continuous control of the physical properties in semiconductormaterials is an important
strategy in increasing electron-capturing or light-harvesting efficiencies, which is highly desirable for
the application of optoelectronic devices including photodetectors, solar cells and biosensors. Unlike
themulti-layer growth of chemical compositionmodulation, local strain offers a convenient way to
continuously tune the physical properties of a single semiconductor layer, and open up newpossibility
for band engineeringwithin the 2Dplane.Here, we demonstrate that the gradient refractive index and
bandgap can be generated in atomically thin transitionmetal dichalcogenide flakes due to the effect of
thermal strain difference. A highly resolved confocal scanning opticalmicroscopy is used to perform a
real-space light-reflectionmapping of suspended atomically thinWSe2flakes at the low temperature
of 4.2K, inwhich the parabolic light-reflection profiles have been observed on suspendedmonolayer
and bilayerWSe2 flakes. Thisfinding is corroborated by our theoreticalmodel which includes the
effect of strain on both the refractive index and bandgap of nanostructures. The inhomogeneous local
strain observed herewill allow newdevice functionalities to be integrated within 2D layeredmaterials,
such as in-plane photodetectors and photovoltaic devices.

1. Introduction

In 1957, Kroemer proposed the concept of a compositionally graded semiconductor that became one of the
earliest and simplest examples of band-gap engineering [1]. By spatially varying the stoichiometry of a
semiconductor, an energy band gap is produced that varies with position. After that, this concept has been
widely applied tomany optoelectronic semiconductor devices including photovoltaic devices and solar cells by
epitaxial growth of specific graded gap structures [2–4]. But, themajor drawbacks of this approach are the
increased complexity of their fabrication and the high cost ofmaterials. Consequently, there is a need to develop
reliable techniques tofine-tune the bandgapwithin a single semiconductingmaterial. In this context, the strain
as a potential candidate for creating a continuously varying bandgap profile within the 2Dplane has been
theoretically proposed by Feng et al [5], since the discovery of 2D layeredmaterials, such as graphene and
monolayer transitionmetal dichalcogenides (TMDs) [6–8]. Thesematerials are able towithstand large strains
before rupturing, offering a unique opportunity to introduce large local strains [9] and consiedred as as ultra-
strengthmaterials.

Recently,many studies have been reported on the strain effect of 2D layeredmaterials [10–12]. This effect
has been proved that the optical band gap can be tuned by up to several hundredmeV/%in atomically thin
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TMDs by local strain [13]. As shown infigure 1(a), monolayer (ML)TMDshave a sandwichedX-M-X structure,
with the chalcogen atoms (X=S, Se, Te) in two trigonal planes separated by a plane ofmetal atoms (M=Mo,
W). In contrast to graphene,MLTMDsusually display direct energy gaps in the near-infrared to visible spectral
region, whichmake thesematerials suitable for optoelectronic device applications. In order to determine the
local strain and bandgaps, diverse scanning optical spectroscopy techniques have been applied to investigate the
local strain effect in TMDflakes via noncontact and nondestructivemeasurements, including optical
absorption/transmission, photoluminescence (PL) andRaman scattering [14–16]. However, to date, there are
few studies of direct observation on continuously varying strain distributions, which give rise to a gradient
bandgap profile [17–19]. Here, we utilize confocal scanning opticalmicroscopy (CSOM) tomeasure local strain
profiles induced by the thermal expansion effect on suspended atomically thinWSe2flakes of different thickness
at the low temperature of 4.2 K. In aCSOM, the use of specificwavelengths of a laser and the use of a pinhole
(fiber) to eliminate or reassign out-of-focus light, has significantly increased our ability to resolve and co-localize
small structures in high contrast images.With its unique capabilities, we are able to image local thermal strain on
a suspendedmonolayerWSe2 by detecting the reflected light signals from theseflakes.

2. Results and discussion

For this study, an array of circular wells (diameter 10 μmand depth 4 μm)with a spatial period of
30 μm×30 μmwas patterned onto a Si substrate with a 300 nmSiO2 epilayer by nanoimprint lithography and
reactive ion etching, and atomically thinWSe2flakes were obtained bymechanical exfoliation from a bulkWSe2
crystal and translated to the substrate. Opticalmicroscopywas used to examine suspendedWSe2flakes.Most of
the circular wells on substrate were covered by themonolayerWSe2flakes to form a series of free-standing
membranes as shown infigure 1(b). The thickness of atomically thinWSe2 flakes can be identified by color or
optical contrast [20, 21].

Before cooling down to 4.2 K,we first examine the optical response of suspendedWSe2flakes in awide
scanning range by using a commercial Attocube confocalmicroscope as schematically illustrated infigure 1(c).
A laser beamwith l = 630 nm is coupled into one armof a singlemode opticalfiber coupler (50:50). Thefiber
end of the second arm is placed in a ceramic ferrule to guarantee an accurate positionwith respect to the
objective and tominimize optical aberrations. This singlemode fiber of 0.13NA and 3.5 μmcore diameter

Figure 1. (a) Schematic diagramof an atomically thinWSe2flake covered onto an array of circular wells on a Si substrate with a
300 nmSiO2 epilayer. (b)Opticalmicroscope image of the sample indicating 1ml WSe2. (c) Schematic of a confocal scanning optical
microscope. (d) 42 μm×42 μmCSOM image ofmicrometer-scale circular wells covered by 1ml WSe2 at room-temperature.
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(Thorlabs 630HP) illuminates the sample and is used as the blocking pinhole aperture when collecting the
scattered light from the sample. The sample ismounted on a slip-stick XYZ piezoelectric translation stagewith
5 mmrange in each direction. The objective lens is a×20microscope objective of 0.87NA and 2.5 mmworking
distancewith good achromaticity throughout the visible and near infrared and is used in infinite conjugate. The
best horizontal resolution of this CSOM is about 360 nmwith the continuouswave laser of 630 nm.

Figure 1(d)presents a typical 42 μm×42 μmCSOM image of our sample at room-temperature. The
reflected light from the sample ismeasured by using an internal Si-diode detector, and it is transfered to a relative
voltage signal. There are two uncovered circular wells (Bottom) and two circular wells covered by 1 mlWSe2
(Top) in thisfigure. Each of the covered circular wells shows a closely circular pattern of 10 μm in diameter, in
which the center is a bright round region of∼6 μm in diameter with a series of bright and dark rings, and the
periphery is a dark ringwith awidth of∼2 μm.The uncoveredwells exhibit the similar patterns, which indicates
that such type of patterns comes from the topography inside circular wells, and the suspended 1 mlWSe2
behaves as a uniformdielectric film for optical response at room temperature. As shown infigure S2 available
online at stacks.iop.org/MRX/7/035904/mmedia, the reflectedCSOMsignals from the center of the covered
circular wells can be used to identify the number of layers in our study, because they are thickness-dependent
andwellfitted by themodel based on the Fresnel law similar to the one developed by Blake [20, 21].

Nowwe present the observations of CSOMon the suspendedWSe2 flakes at low temperature of 4.2 K and
analyze their correlationwith local strain induced by thermal expansion effect. Figures 2(a)–(d) presents a set of
6 μm×6 μmCSOM images of an uncovered circular well and suspendedWSe2flakes of different thicknesses
ranging from1ml to 3 ml. The image of an uncovered circular well (figure 2(a)) is similar to that at room
temperature and shows the topography inside circular wells, but the images of covered circular wells become
different and show a continuous changewith the number of layers increasing. There appear a few bright spots in
a regular arrangement in the central area of the 1 ml suspendedWSe2 (figure 2(b)), and these bright spots
become connected (figure 2(c)) and form a circle (figure 2(d)), as the thickness of suspendedWSe2flakes
increases from1ml to 3 ml.

In order to clearly show the difference of covered circular wells of different thicknesses, the 3D view of real-
space light-reflectionmappings of suspended 1 ml (a), 2 ml (b) and 3 ml (c)WSe2flakes are displayed infigure 3.
These images approximately show a rotary symmetry along the normal direction of surface, but exhibit different
reflection profiles. Figure 3(d) compares theCSOMsignal profiles along the horizontal centerlines of
figures 2(a)–(d). It is obvious that the reflectedCSOMsignal of the uncovered circular well is almost constant
along its cutline (the green curve infigure 3(d)), but ones of suspended 1 ml (the blue curve) and 2 ml (the red
curve)WSe2flakes strongly depend on the radial coordinate r, while that of suspended 3 ml (the brown curve)
WSe2flake is weakly dependent on r.Moreover, the CSOMprofiles of suspended 1 ml and 2 mlWSe2flakes can
be approximately fitted by a parabolic relation = -R a br2, whereR is the reflectedCSOMsignal and a and b
are constants, as shownfigure 3(e). Interestingly, this relation is similar to the previous observation of the
deflection shape of a suspendedmembrane over a circular well, induced by a pressure difference across it, which
gives rises to biaxial strain at the center of the suspendedmembrane [18]. In that case, themechanism is
described by theHencky’smodel [22], and the biaxial strain produced at the center of the suspendedmembrane
can be calculatedwith the formula ( )( )e s n d= a 2, where ( )s n is a numerical constant that depends only on
Poisson’s ratio ν. δ and a are the deflection height and the radius of a circular well, respectively. However, the
parabolic profiles of reflectedCSOMsignals observed in ourmeasurements originate from the local thermal
strain in suspended 1 ml and 2 mlWSe2flakes, but not geometric deflection induced by amechanical load,
because there is no externalmechanical force applied on the suspendedWSe2flakes in our experiments
(Supporting Information).

Figure 2. 6 μm×6 μmCSOM images of an uncovered circular well (a) and suspendedWSe2flakes of different thicknesses: 1ml (b),
2ml (c) and 3ml (d).
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In order to verify the thermal strain in our samples, weperformedPLmeasurements at the low temperature of
4.2K.As shown infigure 4, thedirect bandgap of the suspended1mlWSe2 is increasedby 45meV compared to the
supported 1mlWSe2 (the bandgap 1.65 eV), which proves the existence of compressive strain and the thermal
strain difference between suspended and supported 1mlWSe2flakes inour samples.Moreover, in addition to the
broad-spectrumemission centered at the photon energy of 1.6 eVof the indirect transition, the second emission
centered at the photon energy 1.68 eV corresponding to the direct transition appears in the suspended 2mlWSe2
flake, which has been attributed to be strain-induced indirect to direct bandgap transition inmultilayerWSe2flakes
in the previous study [23]. Finally, thePL spectrumof the suspended 3mlWSe2mainly shows a broad-spectrum
emission of the indirect transition. This result indicates that the strain effect on suspendedWSe2flakes becomes
weaker as the thickness increases, which is consistentwith the observation of the dependence ofCSOMsignals on
the radial coordinate shown infigure 3. Referring to theprevious results regarding the strain-inducedband gap in
atomically thinWSe2flakes [23, 24], wehave estimated that the average biaxial compressive strains of suspended
1ml and 2mlWSe2flakes are not less than 1.5%and1%, respectively.

Next, we discuss how reflectedCSOMsignals can be used to reveal local strain in atomically thin TMD flakes.
The reflected intensity from amultilayer film can be analyzed by the refractive index of each layer, where the
relation between twophysical properties is accurately described by the approach based on the Fresnel law similar
to the one developed by Blake et al [20, 21]. By using themodifiedMoss formula developed byHerve and
Vandamme [25], the refractive index of a semiconductor film is represented by its bandgap as

⎛
⎝⎜

⎞
⎠⎟ ( )= +

+
n

E

E E
1 , 1A

g B

2

where EA is the hydrogen ionization energy≈13.6 eV andEB is 3.47 eV. This equation applies to the
semiconductor films in the optical range of the infrared resonance frequency to theUV resonance frequency.
Strain is able tomodulate the energy band structures of atomically thin TMDflakes and therefore also influences
the light-reflection determined by the refractive index. In order to understand the effect of strain on the bandgap
of atomically thin TMDflakes, we introduce amodel developed byGhafouri-Shiraz andTsuji, which has been
successfully applied on InxGa ( )-x1 As laser diodes [26]. In thismodel, the energy shifts of the valence band Ev,
and the conduction band Ec, due to the hydrostatic component of the strain, can be expressed, respectively,

Figure 3. 3D view of real-space reflectionmappings of suspended 1ml (a), 2ml (b) and 3ml (c)WSe2flakes. (d)CSOMsignal profiles
along the horizontal centerlines infigures 2(a)–(d). Figure 3(e) compares theCSOMsignal profiles andfittings by the equation
= -R a br2 for suspended 1ml and 2ml WSe2flakes.
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where Av andAc are the hydrostatic deformation potential for the valence and conduction bands, respectively.
C11 andC12 are the elastic stiffness constants ofmaterials, and e is the in-plane strain, with positive and negative
signs indicating tensile and compressive strain, respectively. The bandgap changeD = D - DE E Eg c v is
proportional to the in-plane strain e . By using the equations (1)–(3)we canmake a conclusion that the parabolic
type of light-reflection fromatomically thin TMDflakes in our experiments is attributed to continuously varying
local strain, which also results in the gradient bandgap and the refractive index (Supporting Information). The
inhomogeneous distribution of thermal strainmay be caused by the difference in thermal expansion effect
between suspended and supported atomically thinWSe2flakes, because there exist interactions such as bonding,
doping and trapping in supported 1 mlWSe2 on a SiO2 layer that has a low thermal expansion coefficient
5.6×10−7/K,which is able to change thermal strain in the supportedWSe2flakes [27–29]. Our previous
temperature-dependent Raman investigation on suspended graphene have demonstrated that the thermal
expansion coefficientmismatch between graphene and substrate can change the thermal strain in supported
graphene to produce a thermal strain difference, which also is suitable for atomically thinWSe2flakes [30].
Additionally, van derWaals adhesion at the edge of a circular well should affect the thermal expansion of
supported zone in a certain distance, so-called coherent length. Out of this length, the substrate contribution
could be neglected. Additional experimental and theoretical works are needed to clarify the coherent length,
which is outside the scope of this work. The difference of thermal strain is largest at the edge of circular wells, so
the corresponding sharp reflectance change infigure 3, and the effect of the thermal strain difference becomes
weaker as r decreases, hence the corresponding slow reflectance change. In particular, it is worth to point out
that there are flat CSOMsignals in the centers of the suspended 1 ml and 2 mlWSe2, which correspond to a big
discrepancy between theCSOMsignal profiles and the parabolic fittings infigure 3(e). This result implies that

Figure 4.PL spectra of suspendedWSe2flakes of different thicknesses compared to the supported 1ml WSe2 on the substrate.
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the difference in thermal expansion effect between the suspended and supported atomically thinWSe2flakes is
completely released there.

According to the above discussions, we schematically draw energy band alignments of 1 mlWSe2 across a
circular well along its radial axis, induced by gradient local strain as shown infigure 5.With it, we try to explain
the observation of the central bright spots in figures 2(b)–(c). As reported before [31], compressive strain
proportionally widens the band gap of nanostructures, while tensile strain narrows it. For a suspended 1 ml
WSe2 over a circular well, its compressive strain increases as its radial coordinatemoves from the edge to the
center of the circle well because of the effect of thermal expansion difference as illustrated above, which results in
hill-shaped profiles of conduction band (CB) and valence band (VB) as shown infigure 5(a). The central range of
CB profile is flat because of the absence of thermal expansion difference. The dash lines in figure 5 indicate the
positions of Fermi energy of semiconductors (assuming n-type here). As shown infigure 5(b), the Fermi level of
the suspended 1 mlWSe2 keeps constant over a circular well under thermal equilibrium, which leads to band
bending across the slope of the hill-shapedCBprofile due to electrons transferring from the center to the edge.
Consequently, there is a potential barrier around the flat central range of CBprofile (marked infigure 5(b)),
which gives rise to a potential well to confine electrons there. Therefore, it is reasonable to suppose that the
central bright spots of light reflection infigures 2(b)–(c) could be originated from the surface electrons confined
in a potential well and interfered by its edge. The local reflectivity change induced by surface states has been
observed and discussed in 2D III-V semiconductor films before [32]. As a comparison, figures 5(c)–(d) shows
the energy band alignments of 1 mlWSe2 across a circular well under local tensile strain, where there is a deeper
potential well in the central range of theCBprofile as shown infigure 5(d). It is consistent with the concept of
funnel-like graded gap structures, which gives rise to lower the threshold of semiconductor lasers by allowing for
efficient capture of electrons and holes in the active zone of the quantumwell laser [33]. At last, it is worth to note
that the effect of the inhomogeneous local strain becomesweaker as the layer number of suspendedWSe2flakes
in our observations increases due to dielectric screening effect for the substrate surface.

Figure 5. Schematic diagramof energy band alignments of 1ml WSe2 across a circular well along its radial axis. Figures 5(a) and (c)
correspond to compressive and tensile strainwithout band bending, respectively. Figures 5(b) and (d) correspond to compressive and
tensile strainwith band bending, respectively.
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3. Conclusion

In summary, we performed a real-space reflectionmapping of suspended atomically thinWSe2flakes with a
high spatial resolution by using aCSOMat the low temperature of 4.2 K. It is observed that the reflectedCSOM
signals of suspended 1 ml and 2 mlWSe2 flakes exhibit parabolic profiles over circular wells on the SiO2/Si
substrate and the bright spots at their central areas.We demonstrated that such type of reflection profiles is
induced by the continuously varying local strain over a circular well due to the effect of thermal strain difference
between suspended and supportedWSe2flakes, which also atomically to a gradient bandgap profile. Our
findings provide fundamental information for future studies in the optical and electrical properties of atomically
thin TMDs flakes with gradient gap structuresmodulated by inhomogeneous local strain.

4.Materials andmethods

4.1. Exfoliation and transfer of atomically thinWSe2flakes
AWSe2 crystal (99.999%,HQGraphene)was used for exfoliation and transfer of atomically thinWSe2 flakes.
Prior to exfoliatingWSe2, the substrate SiO2/Si with circular well array is ultrasonically cleaned in acetone,
isopropanol, and deionizedwater, and then loaded into oxygen plasma chamber to further remove ambient
adsorbates from its surface, such aswater and organicmolecules. A fresh surface ofWSe2 after cleaving on tape
was brought in contact with the substrate, which is similar to the exfoliation process for preparing graphene [34].
The substrate with the attached tapewas annealed in air at 373K for 2 min using a hot plate. After cooling the
sample down to room temperature, the adhesive tapewas removed. Inspection by opticalmicroscopy shows the
successful exfoliation of suspendedWSe2flakes on the substrate with circular well array.

4.2. PLMeasurement
PLmeasuremenst of atomically thin TMDflakes were performed at the low temperature of 4.2 K, by using the
HoribaHREvolution. ACW laser of 532 nmwas used as excitation source, and the laser power is 0.1 mW,with
the light spot size of about 5 μm.
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