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Abstract

Strain-dependent€lectrical and optical properties of atomically thin transition metal dichalcogenides
may be uséful in sensing applications. However, the question of how strain relaxes in atomically thin
materials remains not well understood. Herein we investigate the strain relaxation of triangular WS,
deposited on pelydimethylsiloxane (PDMS) substrate. The photoluminescence of trions (X ) and
excitons (XD) undergo linear redshifts of ~20 meV when the substrate tensile strain increases from 0
to 0.16 sHowever, when the substrate strain further increases from 0.16 to 0.32, the redshifts cease
due to strain relaxation in WS,. The strain relaxation occurs through formation of wrinkles in the WS,
crystal. Thé“pattern of wrinkles is found to be dependent on the relative angle between an edge of
the triangular WS, crystal and tensile strain direction. Finite element simulations of the strain

distributiondnsidesthe WS, crystals explain our experimental observations.
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1. Introduction

Semiconducting transition metal dichalcogenides (TMDs) of family (Mo,W) (S,Se), recently
have been intensively studied for their superior properties and attractive potential applications.
Firstly, TMBspundérgosindirect to direct bandgap transition when thinning down to monolayer.[l] The
direct bandgap gives TMDs strong light absorption and photoluminescence (PL). Secondly, atomically
thin TMDs are strongly covalently bonded yet have chemically inert van der Waals surfaces. Thus,
TMDs are stable“in various environment, and demonstrate extremely small bending rigidity ¥ and
exceptionally high' Young’'s modulus.* Thirdly, monolayer TMDs show piezoelectricity due to the
broken inversion symmetry.” ® As a result, monolayer TMDs indicate significant potential for flexible

[5,

optoelectronics,””® piezotronics,”™® mechanically enhanced nanocomposites’® and smart materials

]

for strain “sensing.™ In these applications, strain is inevitably a critical object requiring

comprehensive understanding.

So'far,"substantial efforts have been spent on the study of strain engineering to the band

[16-24] [25]

structure of TMDs by using bending,****! high pressure compression, and tensile elongation.
Their results indicate strain is an effective way to tune the bandgap from direct to indirect, generate
the redshifts of trion and exciton peaks, and change the material conductivity from semiconducting

to metallicd® However, an important question of how strain relaxes inside TMDs is still an open

question.
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Herein, we investigate the strain relaxation of monolayer WS, triangular crystals deposited
on polydimethylsiloxane (PDMS) substrate. The uniaxial tensile strain applied to the WS, crystals is
transferred from PDMS substrate when the substrate is elongated by a loading frame. We observe
that the trion.andéexciton PL peaks undergo redshift when the substrate strain is increased from 0 to
0.16. Howeyer, the redshifts stop when the substrate strain is further increased from 0.16 to 0.32.
This is caused by,the strain relaxation in WS, through the formation of wrinkles across the crystals.
The wrinkleddistribution is found to be drastically different when the angle between an edge of the
triangular WSy crystal and the substrate elongation direction changes. The morphology of wrinkles is
characterizedubymatomic force microscopy. These experimental observations can be well explained

by finite element(FE) simulations.

2. Results andDiscussion

Chemicalpvapour deposition (CVD) is applied to grow high quality WS, crystals on atomically
flat Al,03(0001)musing WO3 and S powders as the precursors, see Figure S1 and Experimental Section.
In brief, the powders are located into the middle (WOj3) and upstream (S) of a 25 mm quartz tube,
and heated by furnace and heating tape to 800 °C and 200 °C in 0.5 h, respectively. Monolayer WS,
is grown onfsapphire substrates by maintaining the temperatures for 0.25 h. Figure S2a-c shows the
optical image and AFM topography of a representative grown WS, crystal on sapphire. The zoomed-

in AFM image shown in Figure S2c indicates the atomic flatness of WS, crystals grown on the
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terraces of sapphire(0001). Edges of the triangle WS, crystal are raised in height due to water
intercalation into the interface between WS, and the hydrophilic sapphire substrate.'””! Scanning PL
images taken under 532 nm excitation indicate uniform PL and Raman signals across the WS, crystal
except extraordinary PL intensity at the edges, see Figure S2d-f. We infer the extraordinary PL
intensity at the edges is related to the intercalated water based on the AFM image.?” It should be
noticed that.theuniform PL peak energy image shown in Figure S2f is obtained by using single peak

Lorentzian fittingsto the mapped PL spectra.

Figure S2g shows the PL spectrum of the WS, crystal on the sapphire growth substrate. A fit
of the spectrum (blue line) indicates two Lorentzian peaks identified as due to the trion (X, 1.972
eV, green line)jrandiexciton (XD, 1.991 eV, red line) with 19 meV difference. The peak intensity ratio
of exciton to'trion’is ~2.0, close to WS, or MoS, on SiO,/Si with 10 V gate voltage which is at negative
doping.”® ¥ We therefore deduce the trion binding energy should be <19 meV since the energy
differencesbetween X~ and X" increases as the negative doping going up.?® 3% The energies of trion
binding as well"a@s the X~ and x° peak energies are much smaller compared to those observed for
WS, on SiOz/Si,[ZS] possibly due to the larger dielectric constant of Al,0;. Owing to the weak laser
power (50 uW) of 532 nm excitation, the Raman spectrum taken from the WS, crystal only indicates

the E' peakiwithout showing the A peak, see Figure S2h.

Forsthe"purpose of strain measurement, CVD grown WS, crystals are transferred to PDMS

substrates by PMMA-assisted wet transfer method, see Experimental Section and Figure S3. Figure
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1a-c shows the optical image and AFM topography mapping of the same WS, crystal presented in
Figure S2 after being transferred on PDMS. The flake is rotated due to the transfer process. It can be
seen that the transferred crystal remains intact and clean except for serration of the edges and the
appearanceof a few wrinkles; see zoomed-in topography image in Figure 1c. The bulk of the crystal
is unaffected by the transfer process. The serration of the edges points to defects along the edges as
active locations for KOH etching of the WS, crystal, while no KOH etching is observed on the main
body of WSsgenystal, indicating a lack of substantial defects. It should be noticed that the
extraordinary PL intensity around the edges of WS, disappears after being transferred to PDMS, see
Figure le. Therdisappearance should be caused by the combination of KOH etching to the edge and
the inability"of ' water intercalating the space between WS, and hydrophobic PDMS.?" Also, the PL
intensity decreases from edge to centre after being transferred. This feature is observed on intact
CVD-grown@Wsswas well due to the chemical heterogeneity.®” 3@ We therefore believe our
transferred crystals remain high in quality comparable to those before being transferred. Especially
the uniform"Raman (Figure 1d) and PL peak position signal (Figure 1f) across the crystal confirm the

quality of thestransferred crystals without substantial defects such as cracks and holes.

Figure 1g shows a PL spectrum of the transferred crystal at zero strain (£ = 0, black circle).
Fitted by Lofentzian, the PL spectrum is composed of trion X (green) and exciton X0 (red) emission
at 1.983 eV and 2.022 eV, respectively, with ~40 meV difference. The peak positions and difference

are shifted'somewhat relative to the unstrained crystal on sapphire, again possibly due to change in
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dielectric environment. The dominance of the Xﬂpeak, of which the peak intensity is ~7 times higher
than that of X, indicates PDMS is a clean substrate contributing little doping.*® The clean
substrate is desirable to maintain strong light-matter interaction and achieve a sharp PL peak for
sensitive applications; since high doping weakens the PL intensity and broadens the peak
width. 223 Figure 1i shows the schematic of our strain measurement setup. The WS,/PDMS
substrate can begstrongly attached to our homemade loading frame after oxygen plasma treatment
to the contactustirface of PDMS. The loading frame is designed to fit into our commercial Raman

microscopy (WITec, Alpha300 R) for in situ optical spectrum measurement of strained crystals.

Using the loading frame to elongate the PDMS substrate, we can apply a uniaxial tensile
strain to thesWSszucrystals by strain transfer from the substrate. Figure 2a shows a continuously
redshifted IPL"spectra of WS, as a function of the substrate strain. Unless otherwise stated, all the
strain values given hereafter are PDMS substrate strains which are calculated by the ratio of
elongatedulengthato its natural length. The strain in the WS, crystals is much smaller than the
substrate strainsdue to the non-uniform strain transfer efficiency. Figure 2b shows that the peak
energies of trion and neutral exciton redshift linearly as the substrate strain increases. There is a ~20
meV redshift of the X° peak when the substrate strain increases from 0 to 0.16. Such 20 meV
redshift actually“corresponds to 0.02 strain in WS, based on the density-functional-theory

[15]

calculations, ™ indicating that the strain transfer efficiency therefore is ~12% which is close to the

efficiency of MoS, on PDMS.” In contrast to the PL spectra, the Raman E' peak only redshifts
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slightly for the same level of strain changes, see Figure 2c. The E' peak only shifts 2.5 cm™, and is

consistent with a linear relationship (Figure 2d) within our measurement precision.

However, both the redshifts of X° and X~ peaks cease when the tensile strain of PDMS is
further increased from 0.16 to 0.33 (Figure 3a). In this range, X° and X~ peaks remain at the same
levels (or only tiny redshift) along with fluctuations. To understand the phenomena in detail, Figure
3b-d presents the|optical images of the crystal at three critical points: no strain (£ = 0), turning
point (£ = 8.1L&)pand maximum strain (¢ = 0.32). White dashed rectangles with same size are
drawn around the crystal to help identify the subtle shape changes inside WS,. When the strain is
increased from 0 to 0.16, the crystal shows elongation along the ¥ axis (the tensile direction), see
Figure 3c. Measuring from the image, the elongation is around 0.027, close to the estimation

51 Since the Poisson ratio of WS, is

obtained comparing the PL redshift with DFT calculations.
~0.22,¥ the strain of 2D WS, crystal along the x axis (the compression direction) is approximately
0.006, which“is“negligible compared with that in the tensile direction. Therefore, the crystal size
remains roughly the same along the compression direction, see Figure 3c. However, when the strain
is yet further increased to 0.32, the crystal undergoes obvious shortening along the X axis, while its
length remainssthe same along the ¥ axis (Figure 3d). More surprisingly, wrinkles appear and are
distributed ' uniformly across the whole crystal at 0.32 strain. Based on these observations, we infer

the WS, crystals_at high strain level undergo strain relaxation by forming wrinkles to resist further

increaseyof-tensilesstrain inside WS,, finally leading to the cut-off of the PL redshift. The wrinkles are
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formed due to lateral compression of the PDMS perpendicular to the tensile strain direction. The
compressive strain is transferred from PDMS to WS, by van der Waals bonding of WS,/PDMS

interface.

Furthermore, we find the wrinkle patterns are strongly dependent on the orientation of WS,
crystals relative to the tensile (elongation) direction. Figure 4 presents a number of wrinkle patterns
formed inside the\WS, crystals with different orientations and sizes. For better comparison, we
replot Figure 3d.in Figure 4a. As shown, wrinkles are formed uniformly across the crystal (Figure 4a)
when an edgée offtriangular WS, is parallel to the ¥ axis (the tensile direction). However, when an
edge is perpendicular to the ¥ axis, the wrinkle formation is much more localized (Figure 4b, c). In
addition togthesfoermation of wrinkles, another type of strain relaxation behaviour, rupture, is
observed foer‘a‘larger triangular crystal when under tensile stress. As shown in Figure 4d, a larger
triangular crystal breaks into three pieces by forming two parallel cracks. We expect that this is
becausepthenlargen contact area between WS, and PDMS increases the level of the tensile strain
transferred to.the WS, such that its fracture strain is exceeded. Along with these cracks, there are
wrinkles forming inside the three broken pieces of WS,. While the triangular piece shows localized
wrinkles, the other two pieces indicate uniform wrinkles inside. The results also suggest shape-

dependentavrinkle, formation.

To furthensstudy the evolution of wrinkles, AFM topography scanning and Raman and PL

mapping“during™ténsile strain application are performed. Figure 5 shows the characterization of
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wrinkles on a WS, crystal orienting with one edge almost parallel to the tensile direction. From the
optical and AFM height images shown in Figure 5a-d, it can be seen that the wrinkles evolve
relatively uniformly across the crystal when strain increases from 0.13 to 0.23. The formation of
wrinkles start at 0613 strain rather than 0.16, possibly due to the weaker adhesion between WS, and
PDMS of this sample. In Figure 5e, AFM height profiles at different strain levels are extracted
correspondingly along the yellow lines in Figure 5b,d to reveal the geometry and the development of
wrinkles as"PBMS'strain increases. The vertical axis of the height profiles indicated in Figure 5e are
shifted for better comparison. It can be seen that the height of wrinkles grow as the substrate strain
increases fromm0113 to 0.23. An example is shown where the height of a wrinkle grows from 6.0 nm
to 10.8 nm'when'strain increases from 0.13 to 0.23. The wrinkles under 0.23 substrate strain are also
reflected by. Raman and PL mapping, see Figure 5f and g. Figure 5h shows the PL spectra on (Point A)
and off (Point®B)ra wrinkle, respectively . The observation of red-shifted PL both on and off the
wrinkles indicates'that they remain strained (elongated) along the tensile direction. Lorentzian fitting
of the peaks®shows that the PL peaks of wrinkle undergo slight red shift relative to those of flat
region (off,wrinkle): This small additional red shift on the wrinkles indicates a slightly larger strain on
the wrinkles compared to off, due to bending. Accordingly, for the crystal with an edge
perpendicular to the tensile strain direction, the formation of the wrinkles is much more localized,
see Figure'S4a-d, f and g. The wrinkles tend to develop from the crystal edge perpendicular to the
tensile direction. Height growth of the wrinkles with increasing strain is shown in Figure S4e. Figure

S4h indicates similar Raman and PL spectra variations of the wrinkled crystal.

This article is protected by copyright. All rights reserved.

This article is protected by copyright. All rights reserved.

11



WILEY-VCH

Recently, Liu et al. observed non-uniform strain distribution in strained MoS, on PDMS using
scanning PL microscopy.'” In their study, an edge of the triangular MoS, crystal is perpendicular to
the ¥ axis, the_same geometry as Figure 4b-d. Since the wrinkle formation is caused by strain
relaxation ImpWS,we_ hypothesize that the pattern and the distribution of these wrinkles reflect the
strain magnitude distribution across the WS, crystals. Therefore, the strain is uniform when the

wrinkles areJdistributed uniformly such as the case of a crystal edge parallel to the ¥ axis.

To understand the influence of crystal orientation on the strain relaxation behaviour inside
WS,, FE simulation is applied to model the strain distribution inside WS, for the cases of the
crystal edge perpendicular or parallel to the ¥ axis (the tensile direction). Figure 6a,b shows the
optical imagewofral triangular WS, crystal with an edge parallel to the tensile direction and the
corresponding“FE“modelling geometry, respectively. Since the crystal has mirror symmetry, we
create a mirror plane in our FE model along the white dash line (Figure 6a) to save computation
time. Figures6ejdishows the simulation results at tensile strains of 0.1 and 0.5. In general, the strains
are distributedsrelatively uniformly across the crystal even at 0.5 substrate strain. Similarly, Figure
6e-h shows the optical image, modelling geometry and simulation results of the triangular crystal
with an edge perpendicular to the ¥ axis. As shown, the strain distribution becomes highly uneven
when the s@bstrate strain is at 0.5 (Figure 6h). While top region of the crystal has tensile strains, the
bottom region along the long edge suffers compressive strains. Therefore, the simulation results

match well‘with our experimental data shown in Figure 4, Figure 5 and Figure S4, confirming our
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hypothesis that the formation of wrinkles occurs in the regions of highest strain: the pattern of

wrinkles reflects the distribution of strain within the WS,.

After release of the applied tensile strain, most of the wrinkles along the tensile strain
direction (y axis) disappear, see Figure S5a-h. In contrast, large amount of wrinkles appear along x
direction due to the compression caused by the strain released of PDMS substrate. As mentioned,
the strain gransfer\rate from substrate to WS, crystals is only ~12%. Thus, there must be sliding
between WS, and PDMS during substrate elongation. Also the residue wrinkles along y direction
indicate sliding along y. Figure S5i-j show the PL spectra at positions of lateral wrinkle (A) and flat
region (B) respectively, as indicated in Figure S5b. Lorentzian fitting of PL spectra peaks shows trion
peaks at 1.973.eV4(A, on wrinkle) and 1.978 eV (B, flat region), along with exciton peaks at 2.018 eV
(A, on wrinkle)randi2.022 eV (B, flat region), respectively. The PL peaks on formed wrinkles undergo
small red shift\(~5 meV) compared with those on flat region. The values, especially peaks at flat
region of the released crystal, are close to the peak values of transferred WS, on PDMS with zero

strain.

3. Conclusion

In summary, we study the response of the optical spectra of monolayer WS, to tensile strain
by elongatingsthesPDMS substrate on which the transferred WS, crystals sit. Our experiments

indicate™tHat thé"W's, crystals undergo linear redshifts of X° and X~ peaks in PL and the E' peak in
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Raman, when the uniaxial tensile strain of PDMS substrate is increases from 0 to 0.16. However, we
observe the strain relaxation of WS, in forming wrinkles and cracks (in large crystals) when the
substrate strain is further increased from 0.16 to 0.32. More interestingly, the wrinkle patterns are
found to depend.on the crystal orientation relative to the tensile strain direction. While the wrinkles
are distributed uniformly across the triangular WS, crystal with an edge parallel to the tensile
direction, localized wrinkles are formed inside the crystal with an edge perpendicular to the tensile
direction. Thesegobservations are explained by our FE simulations which indicate that the pattern of
wrinkling reflects the pattern of strain distribution within each crystal. Our results indicate that for
2D TMD materials' to be employed in stretchable electronics field, linear relationship between
optical spectral“shift to tensile strain only applies when tensile strain are small. Beyond a critical
strain value, a new relationship must be established for correct strain indication taking into
considerationWrinkle formation. Also, triangular TMD crystals with one edge oriented parallel to the
tensile strain'direction are preferred for straintronics due to more uniform strain distribution. Our
results will hélpyunderstand the mechanical properties of TMD crystals and shed light on the design

of high gualitysstraintronics and flexible electronics.

4. Experimental'Section

CVD growth:"WS, crystals were grown by chemical vapor deposition (CVD) on atomically flat

sapphire substrates. The schematic of the method is illustrated in Figure S1. The precursors were WO;
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powders (Sigma-Aldrich, 2.0 g) and sulfur (Sigma-Aldrich, 1 g). Sapphire substrates were cleaned by
10 min sonication in acetone and isopropanol. The growth was performed in a 25 mm quartz tube
flowing ultra-high purity hydrogen (10 sccm) and argon (200 sccm) at atmospheric pressure. Sapphire
substrates 'and WO; were loaded into separate quartz crucibles and located at the center and
downstreammofsthes furnace, respectively. While the sulfur powder was positioned upstream of the
WOs; and heatediby a heating tape, the substrates and WO; powder were heated by the furnace. The
temperature. of the furnace and sulfur climbed up to 800 °C and 200 °C respectively in 0.5 h,
maintained gor 0725 h, thereafter cooled down to 500 °C quickly. The thickness of the crystals was

determined by optical contrast as well as signatures of photoluminescence and Raman scattering.

WS, transfer:mAs shown in Figure S3, the transfer of grown WS, from sapphire to PDMS was
performed by PMMA -assisted wet transfer technique. PMMA (A6) was spin coated by 500 rpm for
15 s then 3000 rpm. for 60 s on the surface of as grown WS,-sapphire sample, followed by 80 °C soft
bake for 3Umin, Then the PMMA coated WS,-sapphire sample was soaked into 3 M potassium
hydroxide, (KOH) solution and kept at 100 °C for 2 h. After soaking, the PMMA film with WS,
crystals wasgs€parated from the sapphire by surface tension of DI water and washed to remove the
KOH residues. The rinsed WS,/PMMA film was then fished out by PDMS and baked for 10 to 15
minutes to ‘€vaporate the water trapped between the PMMA film and PDMS. Finally, the PMMA film

was removed by acetone and IPA rinsing.

Optical andgAEM, measurements: Raman/PL measurements were performed using a confocal

microscepe systems(WITec alpha 300R) with a 50x objective lens. A 532 nm laser was used to excite
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samples placed on the loading frame. The spectra were collected using a 600 line/mm grating. To
avoid sample damage, 50 uW laser power and 1 s integration time were applied during PL and Raman
mapping. The PL intensity images were obtained by summing the PL intensity from 590 nm to 660
nm. The PL peaks/of natural and charged excitons were estimated from Lorentzian fitting. The AFM

measurementswassearried out on Bruker Dimension Icon in tapping mode.

FE simulation: 'Fhe FE simulation of monolayer WS,/PDMS model under tension was performed by
ABAQUS (version 6.12). The model with WS, thickness of 20 pm consists of 30315 nodes and
27709 elements and the model with WS, size of 5 um consist of 19135 nodes and 17107 elements.
Perfect bondinggwas assumed as the interface between monolayer WS, and underlying PDMS in the
model. Approepriate boundary conditions were applied along the edges of the specimen to simulate
uniaxial tensile test. The material properties of Young’s modulus and Poisson’s ratio adopted in the

simulation are 350 kPa and 0.5 for PDMS, and 300 GPa and 0.3 for WS,.

Supporting’Iinformation

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) O image of a WS, crystal transferred on PDMS substrate. (b) AFM height image of
the WS, chMS. (c) Height image of the square region shown in (b). (d-f) Integrated Raman
intensity, in PL intensity and PL peak position mapping of the WS, crystal on PDMS. (g) PL

spectrum of WS, on PDMS without strain. Black circles are experimental data; blue line is a fit to the
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sum of two Lorentzians (red and green lines). (h) Raman spectrum of WS, on PDMS without strain. (i)
Schematic of tensile stress loading frame. Scale bar: 5 pm in (a,b) and (d-f); 1 um in (c).

pt

his article is protected by copyright. All rights reserved.

This article is protected by copyright. All rights reserved.

Author Manuscr

22



WILEY-VCH

a b
202f
R . i EXCftOn
5 _ e
2 < 200} e,
gl 2
= >
2 S 1981
2 c .
£ W e TrfOn
1.96 e
0.00 0.05 0.10 0.15
1 i 1 i 1 i 1 4 St .
1.96 2.00 2.04 2.08 rain
Energy (eV)
o] d
350
S = 349}
> =
-a U)
5 S .
1= g b
S 348}
0.00 0.05 0.10 0.15
: ' : ' : 1 : Strain
250 300 350 400 450

Raman Shift (cm™)
Figure 2. (a) Redshift of photoluminescence spectra of WS, on PDMS substrate as the PDMS strain

increases ffom 0 to 0.16. (b) Evolution of the exciton (X ) and trion (X?) peak energies with strain.
(c) Ramamsspectraof E' peak as PDMS strain increasing from 0 to 0.16. (d) Evolution of E' Raman
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shift as a function of PDMS strain. The strain values given in the plots are tensile strain of PDMS
substrate.
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Figure 3. (hs of X~ and X° photoluminescence peaks as a function of the PDMS tensile
strain, sho distinct regions. (b-d) Optical images of the WS, crystal at three typical points:
(b) no strai tensile strain, and (d) 0.32 tensile strain. The strain values given are tensile

strain Oftrate. Scale bar: 5 pm.

his article is protected by copyright. All rights reserved.

This article is protected by copyright. All rights reserved.

Aut

25



WILEY-VCH

Figure 4. Opti ges of WS, crystals with different orientations to the tensile strain direction and
strain. Scale bar: 5 pm.
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parallel to tensile strain direction at 0.23 PDMS strain. (e) Height profiles of WS, corresponding to
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yellow lines in (b) (0.13 strain) and (d) (0.23 strain). (f,g) Integrated Raman and PL intensity mapping
of the WS, crystal at 0.23 tensile strain. (h) PL spectra extracted at positions A and B in (g). Scale bar:

5umin (a)| (c), (g) ind (f); 3 umin (b) and (d).
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Figure 6. Finite element (FE) simulation of WS, under tensile strain. (a, b) FE model of WS,/PDMS
sample under tensile strain corresponding to the case in Figure 4(a). (c, d) Snapshots of FE simulation
results of WS, under the substrate strain at 0.1 and 0.5. (e, f) FE model of WS,/PDMS sample under
tensile stra onding to the case in Figure 4(b, ¢). (g, h) Snapshots of FE simulation results of
WS, under e strain at 0.1 and 0.5.
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Table of Content

Strain relaxation with wrinkle formation is observed on monolayer WS, triangular crystals at high
tensile strain. Raman and photoluminescence mapping, atomic force microscopy and finite element
simulation areapplied.to investigate the characteristics of wrinkles. Our results reveal the
distribution.of wrinkles is highly dependent on the orientation of the triangle crystals relative to the
tensile strain direction.
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