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ABSTRACT

Inhomogeneous and three-dimensional strain engineering in two dimensional materials opens up new avenues to
straintronic devices for control strain sensitive photonic properties. Here we present a method to tune strain by
wrinkling monolayer WSe, attached to a 15 nm thick ALD support layer and compressing the heterostructure on a
soft substrate. The ALD film stiffens the 2D material, enabling optically resolvable micron scale wrinkling rather
than nanometer scale crumpling and folding. Using photoluminescence spectroscopy, we show the wrinkling
introduces periodic modulation of the bandgap by 47 meV, corresponding with strain modulation from +0.67%
tensile strain at the wrinkle crest to -0.31% compressive strain at the trough. Moreover, we show that cycling the
substrate strain mechanically reconfigures the magnitude and direction of wrinkling and resulting band tuning.
These results pave the way towards stretchable multifuctional devices based on strained 2D materials.

Keywords: 2D materials, Strain Engineering, Nanomechanics

1. INTRODUCTION

Strain engineering to tailor material properties is frequently used in technology, from enhancing the mobility
and reducing inter valley scattering in silicon based transistors, to reducing hole effective mass in group iii-v
semiconductor lasers.»? Due to their atomic scale dimensions, 2D materials offer a new capability of easily
achieving large and spatially inhomogeneous strains by inducing out-of-plane deformations.>* In plane tensile
strain strongly modulates the optical band gap of transition metal dichalcogenides (TMDs); most relevantly,
under tensile strain, the optical band gap of WSes decreases linearly by 48 meV /% strain,® with similar tuning
in other 2D materials.®” Furthermore, inducing large inhomogeneous strain gradients, either by nanoscale
indentation or by transferring TMDC layers onto patterned substrates, leads to spatially inhomogeneous strain
that locally modulates the band gap.® This inhomogeneous strain has applications such as isolated single quantum
emitters and artificial atoms,’™'? and combinations of directed exciton drift or conversion.? 14

In most of the previous studies, the strain profile of the 2D material is fixed, and the method of inducing the
strain is not conducive to integrating into devices. Strategies from stretchable electronics'® and crumpling of
2D materials point to an alternate strategy for engineering the strain through the controlled self assembly of 3D
structures from thin films on compressed soft substrates. Because of the low bending modulus and adhesion of
2D materials, compression leads to crumpling behavior and buckle delamination. While crumpling has numerous
applications in multifunctional surfaces and deformable devices,* %17 it prevents large in-plane strains from
building up in the material.'® Larger strains may be achieved by interfacing the 2D material with a stiffer
substrate. For example, few nanometer thick skin layers have recently been shown to lead to crack-free, micron
scale wrinkling and efficient strain transfer in monolayer graphene.'® 22 Applying similar principles to other
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2D materials will enable inhomogeneous strain and enable new classes of straintronic devices and access to new
quantum states. Here, we demonstrate a simple method for mechanically reconfigurable and inhomogeneous
strain engineering of photonic properties via wrinkling of monolayer TMDCs attached to a thin membrane of
atomic layer deposition grown aluminum oxide on a soft, stretchable substrate.

2. FABRICATING WRINKLED 2D MATERIALS

Figure 1(a) shows the fabrication process flow to make the wrinkled heterostructures of monolayer WSey on a
15 nm thick ALD Aluminum oxide, on a soft substrate made of very high bonding (VHB, 3M Inc.) tape. Figure
1(b)-(c) show optical image and Atomic Force Microscopy (AFM) topographic image of the resulting wrinkled

structure at 10% compression.
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Figure 1. Uniaxially wrinkled WSe2-Al2O3 heterostructure on a stretchable substrate. (a) Schematic illustration of
the fabrication process flow of a wrinkled structure with individual steps described in the text. (b) Optical image of
the resulting wrinkled heterostructure under 10% uniaxial compression. (c) Corresponding Atomic Force Microscopy
(AFM) topographic map of the same region. The dashed white rectangle and red line represents the area used for
photoluminescence mapping and cross-sectional profile, respectively.
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Outlined in Figure 1(a), we fabricated the wrinkled architectures using the following procedure. (i) We used
recently reported large area exfoliation techniques?® to delaminate a monolayer using stamping of thin film gold
onto bulk WSes then transfer the gold/monolayer onto a 285 nm thick SiOs on silicon substrate. We used
iodine/potassium iodide-based gold etchant to remove the gold, which leaves a continuous monolayer of WSes,
with lateral dimensions of 300 um to 1 mm, limited primarily by the size of the bulk crystal. The advantage of
this technique over chemical vapor deposition (CVD) grown materials is the exfoliated material has much higher
optical quality, and is more mechanically robust with much less cracking through the transfer and delamination
procedures. (i) We used Atomic Layer Deposition (ALD) to grow 15 nm thick Al,O3 on top of the WSes
monolayer. (iii-v) We transferred the WSey-Al;O3 heterostructure on to a pre-strained VHB substrate. We
adhere pre-strained VHB to the heterostructure on SiOs, then gently pull the substrates apart while immersed
in DI water.?* While the ALD film has very high adhesion to both the 2D material and the SiO, the binding
of the 2D material to the SiOs is low. As a result, the membrane tears along the edge of the 2D material, and
all the region covered by 2D material is delaminated while the region with no 2D material is left on the SiO,.
The end result is a flat membrane of monolayer WSey on Al;O3 on the pre-strained VHB substrate. (vi) As
the final step, we released the pre-strain in the substrate by controlled percentages, inducing compression and
wrinkles of the WSes and ALD film. Initially, we start with prestrains of 10% or 25%. Shown in Figure 1(b-c)
after releasing a pre-introduced strain of 10%, the surface buckles into a periodically wrinkled structure. The
wavelength of the wrinkles is 6.8 +0.1pm, and the amplitude is 1.3 +0.1pm. This behavior is expected for stiff
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thin films under compression that are well adhered to a soft substrate.?”>?6 We also tried similar experiments
with PDMS but found that the lower adhesion strength lead to buckle delamination of the ALD films rather
than uniform wrinkling. As a result of the large amplitude of wrinkling, the WSes experiences periodic variation
in strain on the surface of the ALD film.

3. INHOMOGENEOUS STRAIN ENGINEERING OF PHOTONIC PROPERTIES

In Figure 2, we use photoluminescence (PL) spectroscopy to visualize the strain-induced band-structure modifi-
cation and resulting photonic properties caused by the wrinkling of the monolayer WSe,. Figure 2(a) shows the
topography cross-section of the wrinkles. Figure 2(b),(c¢) show maps of the photoluminescence emission energy
and intensity respectively, aligned to the corresponding topography profile. Figure 2(d) shows photoluminescence
spectra of the monolayer WSey at the crest and trough of a wrinkle, along with a spectra from a flat region on
the same sample, which is similar to the spectra before compression. The spectra are captured in a Renishaw
spectrometer with excitation wavelength of 532 nm, and the laser power of 31.6 uW. Here we observe the opti-
cal transition energy and intensity are strongly modulated across the wrinkles, and remain constant along the
wrinkles. For the flat region, the optical transition occurs at 1.64 ¢V, with a full width half max (FWHM) of 81
meV. After compression, the optical transition shifts by different amounts at different points along the wrinkle.
The optical A-exciton transition shifts to 1.61 eV and 1.65 eV, corresponding to -32 meV redshift and +15 meV
blueshift, at the crest and trough of a wrinkle, respectively. At the crest and trough of the wrinkled structure,
the monolayer WSes-Al;03 heterostructure goes through out of plane bending which introduces in plane ten-
sile and compressive strain in the crest and trough, respectively. By comparing the energy shifts to previous
measurements of uniformly strained WSe, and other 2D materials,” " we estimate a uniaxial tensile strain of
+0.67% at the wrinkle crest. While we could not find studies about tuning the band structure of WSes under
the uniaxial compression, assuming linear tuning at small compression yields a compressive strain of —0.31% at
the trough. These strains are much smaller than the induced substrate compression of >10%. This is because
wrinkling relaxes the overall strain from substrate compression. The effective straining of the 2D material is the
much smaller residual strains on the surface of the wrinkles.
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Figure 2. Mapping the photonic properties of the wrinkled monolayer WSez. (a) AFM height measurement result along
the red dashed line as shown in Fig 1 (b-c) Maps of the photoluminescence emission energy and intensity respectively for
the region shown in 1, lined up with the corresponding topography. (d) Single photoluminescence spectra from the crest
(blue) and trough (red) of the wrinkled WSez. We compare the results to a spectra coming from a flat region (green),
which is similar to the measured spectra before compression.
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Figure 3. Evolution of the photoluminescence emission energy and intensity maps during the mechanical reconfiguration.
The scan region is kept to 25um x 25pm. (a)-(f) Photoluminescence transition energy maps (top), and (g)-(1) Photolu-
minescence intensity maps (bottom) under different strains levels. Strain levels are indicated at the top of each column.
We use 532 nm excitation and laser power of 7.9 pW.
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As seen in Figure 2(c)-(d), there is also strong spatial modulation of the photoluminescence emission intensity.
The emission intensity at the crest is much higher than the intensity at the trough with a ratio range from 5-7
at the 10% compression. We note that the photoluminescence intensity is highly sensitive to strain,”” doping,?”
and dielectric environment.?® For example, changing strain in TMDs leads to material dependent changes in the
relative band alignment of different optical transitions,”” which in turn leads to material dependent enhancement
or suppression of photoluminescence intensity. Additionally, there are contributions to the change in intensity
from exciton diffusion,?” and exciton to trion conversion,'* though unraveling the relative contributions is beyond
the scope of this work.

4. MECHANICAL RECONFIGURATION

A major advantage of thin films on soft substrates is that it is easy to vary the magnitude and shape of
the wrinkling by tuning the strain of the substrate.?®3° In Figure 3, we take advantage of this capability
to demonstrate mechanical reconfigurability of the inhomogeneous band structure in the wrinkled WSes. We
map the photoluminescence in the same region while varying the uniaxial substrate strain through a range of
values e, = —23.6%, —14.3%, —2.6%, —22.8%, +15%, +35.1%, respectively. Figures 3(a-f) show the maps of the
photoluminescence transition energy at each respective strain, while Figures 3(g-1) show the corresponding maps
of the photoluminescence emission intensity. Here a negative ¢, indicates compression compared with the initial
prestrain while a positive ¢, indicates tension. Because of the Poisson ratio of the substrate, the perpendicular
strain €, also varies, which we confirm by measuring the change in substrate size. However, the edges of the
substrate are not clamped, and €, is not independently controlled.

Seen in Figure 3(a,g), at larger substrate compression of -23.6%, there is stronger tuning of the emission
energy and intensity along the ripples with AE=38 meV + 5 meV from the crest to the trough. Seen in 3(c,i),
as the compression is reduced to near zero, the wavelength of wrinkling increases, and the magnitude of the
modulations are significantly reduced. Seen in Figure 3(d,j), when returning to the initial compression near
-22.8%, the magnitude and wavelength return to similar values as seen in Figure 3(a,g). Finally, when straining
the substrate beyond the initial pre-strain, so the sample is under tension, Figures 3(e-f) show that there is
initially a disordered state before ripples emerge along the other direction, corresponding with compression from
the Poisson ratio along €,. Finally, we note that the sample shows nearly the same morphology and magnitude
of tuning after repeatedly stretching and releasing the substrate 20 times. Importantly, though the substrate
strains £30% are large compared with the fracture strains of TMDs of 10%,3! the wrinkling keeps the strains

Proc. of SPIE Vol. 11464 1146404-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Apr 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



from building up, and there is no evidence of cracking as a result of the strain cycling of the substrate indicating
the viability of this approach to straintronic and wearable devices. We do note that after multiple optical
measurements, we observe a change in contrast of the 2D material at the crests of the wrinkles, which we
hypothesize is caused by an increased sensitivity to defect creation in the material when under strain. Taken
together, these results show that the combination of monolayer 2D material on a wrinkled ALD film has very
low interfacial slippage, showing that this is a robust route to mechanically reconfiguring not just the magnitude
but the morphology of photonic properties with inhomogeneous strain and strain gradients in 2D materials.

5. CONCLUSIONS

In this paper, we demonstrated a simple self-assembly method through wrinkling of 2D monolayers on ALD films
to induce periodic modulation of strain and resulting photonic states within the monolayer. Because the ALD
film is pre-deposited onto the 2D material, it makes intimate contact with strong adhesion, enabling both the
transfer of the 2D material onto the soft substrate and preventing slip or cracking of the 2D material through the
large changes in substrate strain. This technique borrows from similar techniques of thin film buckling frequently
used in flexible and stretchable electronics.®? 33 Thus this approach should easily extend to more complex 2D
heterostructures and devices, enabling integration of 2D materials into functional device architectures, which has
direct applications in stretchable electronics and highly flexible hinges for origami nanostructures.?*3° Even more
interesting, integrating strain gradients into device architectures enables access and control of strain dependent

quantum states like single quantum emitters,'® exciton diffusion,'* 3% and asymmetric valley states.?%:37
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