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ABSTRACT: Due to their high in-plane stiffness and low flexural rigidity, two-
dimensional (2D) materials are excellent candidates for engineering three-
dimensional (3D) nanostructures using crumpling. An important new direction
is to integrate 2D materials into crumpled heterostructures, which can have somned
much more complex device geometries. Here, we demonstrate phototransistors A
from crumpled 2D heterostructures formed from graphene contacts to a
monolayer transition-metal dichalcogenide (MoS,, WSe,) channel and quantify
the membrane morphology and optoelectronic performance. First, we examined
the morphology of folds in the heterostructure and constituent monolayers under uniaxial compression. The 2D membranes relieve
the stress by delaminating from the substrate and creating nearly periodic folds whose spacing depends on the membrane type. The
matched mechanical stiffness of the constituting layers allows the 2D heterostructure to maintain a conformal interface through large
deformations. Next, we examined the optoelectronic performance of a biaxially crumpled graphene—WSe, phototransistor.
Photoluminescence (PL) spectroscopy shows that the optical band gap of WSe, shifts by less than 2 meV between flat and 15%
biaxial crumpling, corresponding to a change in strain of less than 0.05%. The photoresponsivity scaled as P~°* and reached 20 A/W
under an illumination power density of 4 gW/cm?” at 20 V bias, a performance comparable to flat photosensors. Using photocurrent
microscopy, we observe that the photoresponsivity increases by only 20% after crumpling. Both the PL and photoresponse confirm
that crumpling and delamination prevent the buildup of compressive strain leading to highly deformed materials and devices with
similar performance to their flat analogs. These results set a foundation for crumpled all-2D heterostructure devices and circuitry for
flexible and stretchable electronic applications.

KEYWORDS: 2D materials, heterostructures, photodetector, stretchable, crumpled

Crumpled mA/W
phototransistor

B INTRODUCTION quantum phenomena.®'® Combining these insights reveals
that 2D materials are ideal for applications combining
mechanics with electronics such as resonant membranes in
nanoelectromechanical systems,"'™'* flat strained layers on
bent substrates for flexible electronics,"*™"” and active layers
for stretchable electronics.'®"”

The goal of this work is to explore the potential for an
emerging class of deformed electronics based on crumpled 2D
materials and specifically van der Waals heterostructures. In
order to be deformed beyond a few percent, 2D materials must
first be crumpled'® ™' so that the out-of-plane deformation
relieves the in-plane stresses. The highly deformed surfaces of
crumpled 2D materials lead to applications in wearable
electronics,”>™>* supercalpacitors,25 multifunctional surfaces,”®
and sensors.'®”” All these applications utilize single 2D
materials, often integrating them with conventional thin films

The increasing demand for wearable technologies requires
materials capable of undergoing large mechanical deformations
yet maintaining electronic properties rivaling the conventional
materials used in rigid electronics. Great progress has been
made in demonstrating functional deformable devices from
patterned delamination of stiff thin films' or from soft organic
molecules."™ However, in most materials, there is a
fundamental tradeoff between mechanical pliability and
electronic mobility, limiting both device size and performance.
Conventional semiconductors become unstable in films <10
nm thick, while soft materials and organic electronics are
pliable but suffer from low mobility.” Atomic membranes from
two-dimensional (2D) materials are naturally stable down to a
monolayer and thus offer a notable exception to this tradeoff.
They are the strongest materials in the world (Young’s
modulus up to 1000 GPa) yet are as pliable as a cell membrane
(bending modulus ~1—10 €V).** Simultaneously, they are Received:  June 13, 2020
electronically active, with different members offering a pallet of Accepted:  September 25, 2020
electronic properties including metals, semiconductors, and Published: September 25, 2020
insulators. By stacking monolayers of different 2D materials, it

is possible to engineer nearly any electronic component with

nanometer-scale dimensions®’ and tailor the emergent
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to achieve a full device functionality,"®*>*® which are brittle

and far stiffer than the 2D materials. To fully realize the
potential of 2D materials for deformable electronics, it is
necessary to move to all-2D heterostructures. In 2D material
multilayers, slip at the van der Waals interface acts to relieve
strain,”’ leading to structures and devices orders of magnitude
more deformable than conventional thin films.

Here, we demonstrate phototransistors from crumpled
transition-metal dichalcogenide (TMDC)—graphene van der
Waals heterostructures where graphene acts as an electrode
and the TMDC acts as a channel. By applying uniaxial or
biaxial compressive strain, we induced 3D crumples or folds in
the 2D membrane. We investigated the mechanics by
measuring the relative morphology of the crumpled hetero-
structure and constituent monolayers and the optoelectronic
properties of the resulting devices. The ability of 2D
heterostructures to take up large strain through conformal
crumpling without strongly affecting the photoresponse
demonstrates potential for deformable electronics. While
here we focus on only one device demonstration, the insights
and method can be applied to hundreds of device concepts
from 2D heterostructures, opening up possibilities for
crumpled circuitry from all-2D materials.

B EXPERIMENTAL SECTION

Figure la illustrates the uniaxial and biaxial crumpling of a 2D
heterostructure on a prestrained substrate. Figure Ib shows the
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Figure 1. Crumpled TMDC—graphene heterostructure for sensing
application. (a) Schematic illustration of the crumpling process of a
2D heterostructure on a biaxially prestrained substrate showing both
uniaxial and biaxial crumpled structures. (b) Optical image of a MoS,
phototransistor with graphene electrodes before and after crumpling.
The scale bar is 20 pym.

optical images of a MoS,—graphene heterostructure before and after
crumpling. The heterostructure consists of two patterned monolayer
graphene sheets separated by 20 um, which are aligned and
transferred onto isolated islands of monolayer TMDCs including
MoS, (shown in Figure 1) or WSe, (shown in Figure S1). The layers
are offset from each other, so the heterostructure functions as an in-
plane phototransistor with graphene operating as contacts to the
TMDC channel. Shown in Figure S2, the monolayer structure of
these materials is confirmed with Raman and photoluminescence
spectroscopy. We fabricated the entire heterostructure on a uniaxially
or biaxially prestrained elastomer substrate, either polydimethylsilox-
ane (PDMS) or VHB (3M Inc.), loaded into a custom-built holder
(Figure S3), and then released the prestrain to induce compression
and crumpling in the material. Step-by-step details about the growth,
fabrication, and transfer process for all the structures are provided in
Sections S1 and S2.

B RESULTS AND DISCUSSION

In Figure 2, we compare the relative morphology of the offset
MoS,—graphene heterostructure and constituent monolayers
under uniaxial compression. Figure 2a schematically shows the
relative morphology of folds in the different regions of the
heterostructure. Figure 2b—d shows representative atomic
force microscopy (AFM) topographic images from the three
constituent regions in a single offset MoS,—graphene
heterostructure on PDMS under 7.5% uniaxial compression:
(b) MoS,—graphene heterostructure (blue-red), (c) mono-
layer MoS, (blue), and (d) monolayer graphene (red). In the
heterostructure, MoS, is at the top, and graphene is at the
bottom, in contact with the substrate. The advantage of using
the offset heterostructure geometry is that it enables direct
comparison of the relative morphology of each region under
the same compression, substrate, processing, and measurement
conditions. As seen in all images, the 2D material delaminates
from the surface leading to the creation of nearly periodic
hairpin folds. However, each region shows a different spacing
of the folds. In addition, we observe cracks perpendicular to
the folds. As shown in Figure S4, the Poisson ratio of the
substrate leads to cracking in uniaxially compressed but not
biaxially compressed samples.*>*" For this study, we choose
uniaxial compression because biaxial compression leads to
complex fractal crumpled structures'®'*>*>® while uniaxial
compression leads to delamination of the 2D material from the
substrate and the creation of nearly periodic hairpin
folds®"**™° that are easier to image and quantify.”’ Two
different substrates were used in this study: PDMS and VHB.
There are three critical differences between the two substrates:
stretchability, adhesive strength, and surface roughness. PDMS
is relatively flat, with low adhesion, but has low stretchability,
while VHB may be stretched by up to 300%, with higher
adhesion and larger surface roughness. We chose to use a
PDMS substrate for morphology analysis to allow direct
comparison with previous measurements of 2D monolayers™"
and a VHB substrate for phototransistor fabrication for
potential stretchable applications.

In Figure 2e, we compare the average spacing of the folds for
each of the three different regions. In order to extract the fold
spacing, we applied peak tracking to measure the positions of
each of the folds in the AFM images and calculated the average
spacing between them. The average fold spacing for each
structure was Lyjos, = 1100 & 261 nm, Lo phene = 405 + 47 nm,

and Lyjes,/graphene = 650 + 82 nm. In all membranes, the

average period is determined by the mechanical moduli and
the effective interfacial interactions with the substrate, which
will be material- and substrate-dependent.”’ The error bars are
the variation in spacing within each region. Delamination and
fold generation are mechanical instabilities, so the precise point
of fold generation will be affected by nanoscale inhomogene-
ities, like concentrations of stress at edges, shape of the
compressed 2D membrane, particles at the interface, and
surface roughness. As a comparison, the monolayer MoS,
results agree with previous work that showed a fold spacing of
1100 nm corresponding to an applied compressive strain of
8%.>" In contrast, the fold spacing for CVD-grown monolayer
graphene is much smaller than previous measurements on
exfoliated monolayer graphene, by a factor of ~4.*' Because
the Young’s modulus should be similar, the lower period is
representative of decreased substrate interactions and a lower
adhesion. This lower interaction is consistent with observa-
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Figure 2. Morphology of an offset MoS,—graphene heterostructure on PDMS under uniaxial compression. (a) Schematic of the nearly periodic
fold generation in the heterostructure. The key feature is the variation in fold spacing of the different regions. (b—d) AFM topographic images from
each region in the heterostructure at 7.5% compression. Each image is color coded by the corresponding region shown in panel (a). (b) MoS,—
graphene heterostructure, (c) MoS,, (d) graphene. All scale bars are 1 ym. (e) Average fold spacing in different regions of the heterostructure at

7.5% compression.
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Figure 3. Photoresponse of a crumpled heterostructure phototransistor under global illumination. (a) Optical image of the 15% biaxially crumpled
graphene—WSe, phototransistor. The scale bar is 10 ym. (b) Photoluminescence spectra of the monolayer WSe, before and after crumpling by
15%. (c) Photocurrent versus drain bias voltage under varying laser intensity. The inset shows the device configuration. (d) Dynamic
photoresponse while switching the laser on and off; at three different laser intensities. The drain bias voltage is 20 V. (e,f) Photocurrent and
photoresponsivity, respectively, versus laser intensity under different drain bias voltages. The photocurrent scales with intensity as P, while

photoresponsivity scales as P~

tions that CVD-grown graphene is much rougher and more
contaminated than exfoliated graphene due to being grown on
a rough copper substrate and the additional processing
required for patterning and transfer.

The fold spacing of the heterostructure is between the fold
spacing of the constituent graphene (shorter, bottom layer)
and MoS, (longer, top layer). There are also additional
bubbles between the folds, which are a common feature of
heterostructures, and indicate good adhesion at the interface
between layers.*®*” Nonetheless, the smaller spacing of the
heterostructure versus the monolayer MoS, (top layer) leads
to the following important qualitative conclusions. First, both
layers are delaminating together rather than the top layer
delaminating from the bottom layer. Second, the bottom layer

plays a more important role than the top layer in determining
the spacing of folds in the heterostructure. These conclusions
are supported by previous studies showing that 2D materials
have stronger adhesion to each other than to rough
substrates.>>?”™*" Third, the larger spacing of folds in the
heterostructure versus monolayer graphene in the underlying
layer means that the top layer contributes to the stiffness of the
membrane. This conclusion is supported by nanoindentation
experiments on graphene—MoS, heterostructures, which
showed a residual friction between layers leading to a higher
effective Young’s modulus.*” We adapted models on bending
and folding of 2D materials and heterostructures to model the
mechanics of the multiple interfaces but found that the bubbles
at the interface and the roughness in the CVD-grown graphene
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Figure 4. (a,b) Scanning photocurrent microscopy maps of the 15% biaxially crumpled graphene—WSe, phototransistor shown in Figure 3 for (a)
zero drain bias and (b) 1 V drain bias. The positions of the graphene electrodes and WSe, channel are annotated on the maps. (c,d) Photocurrent
maps of a second graphene—WSe, phototransistor under 1 V drain bias (c) before and (d) after crumpling under 15% biaxial compression. Laser
power is 100 yW. The scale bar is 10 ym. (e,f) Band diagrams of the crumpled phototransistor corresponding to panels (a) and (b), respectively.

make quantification of the interface mechanics challenging and
not meaningful. Nonetheless, this result shows that the 2D
layers remain conformal to each other through Iarge
deformation, indicating that the heterostructure should
maintain good electronic performance under large compres-
sion. Shown in Figure S5, to investigate the effect of different
material—substrate combinations on the crumple morphology,
we also analyzed MoS, on VHB and WSe, on PDMS under the
same compression. We found that all 2D-substrate combina-
tions yielded similar wavelengths of folds.

Next, in Figures 3 and 4, we quantify the optical response of
a crumpled phototransistor. Figure 3a shows an optical image
of a 15% biaxially crumpled graphene—WSe, heterostructure
on VHB, with graphene on top of WSe, used as the
phototransistor. Figure 3b shows the photoluminescence
(PL) spectra (532 nm excitation) of monolayer WSe, before
and after crumpling. The PL peak energy has a shift of less
than 2 meV between unstrained and under 15% substrate
compression. In comparison, straining 2D materials on flat
substrates”>™*° or suspended membranes*” lead to large shifts
of the optical transition, for example, 48 meV/% strain in
monolayer WSe,.** These strain induced shifts are also
observed in micron scale multilayer delamination buckling*®
or controlled monolayer wrinkling where the material remains
laminated on the substrate under compression.”® The small
peak shift measured here show that the crumpling induces
<0.05% average strain in the 2D material. This agrees with the
morphology data and demonstrates that the large out-of-plane
deformations from crumpling and delamination of WSe, from
the substrate prevent strain buildup under substrate
compression. Additional optical characterization results of
WSe,, MoS,, and graphene before and after the crumpling
process are provided in Figure S6.

To characterize the photoresponse of the phototransistor,
we used two measurement modes — global illumination and
scanning photocurrent microscopy. First, to make electrical
contacts, we used a probe station and directly placed the
electrical probes on the patterned graphene pads. In global
illumination, we measured the photoresponse using a 2 mm
spot from a 520 nm diode laser, providing uniform light
intensity over the ~20 pgm X 40 pm active area of the entire
device. To investigate the local photoresponse in the

phototransistor, we used scanning photocurrent microscopy
(SPCM), wherein the laser is focused into a ~1 gm spot and
rastered over the device to produce a spatially resolved map of
the photoresponse. Together, these techniques give the
effective performance of the phototransistor and unravel the
underlying electronic band diagrams defining the device
behavior. The measurement setup is described and shown in
Figure S7.

In Figure 3c—f, we characterize the global photoresponse of
the crumpled phototransistor. Figure 3c shows the photo-
current versus drain voltage under global illumination for fixed
laser intensities from no illumination (dark) up to 6.9 mW/
cm® Here, photocurrent is defined as the dark current
subtracted from the drain current under illumination.
However, the dark current is very small, so photocurrent &~
drain current. The photoconductivity of the phototransistor
increases nonlinearly with the drain bias. Similar behavior
occurs in graphene-contacted WS, photodetectors on a hard
silicon oxide substrate*” and indicates that the conductivity is
limited by Schottky barriers at the graphene electrodes.®
Figure 3d shows the dynamic photoresponse of the crumpled
phototransistor as a function of time while turning the
illumination on and off. For this measurement, drain bias
voltage is fixed at 20 V, and we vary the laser intensity from 1.6
to 6.9 mW/cm?. The device demonstrates switching behavior
as photocurrent increases under illumination (ON state) and
goes down under the dark condition (OFF state). Just as in
previous studies on flat phototransistors, there is a fast
switching on and off due to the photoconductive effect and a
slow change in the photoresponse due to photodoping.®">

Figure 3e,f shows the photocurrent and photoresponsivity,
respectively, as a function of laser intensity at fixed drain
voltages. The photocurrent versus laser intensity follows a
power law relation I, < P while the photoresponsivity scales
as R oc P*~ ! where P is the incident laser intensity and a =
0.62 =+ 0.02. Because of this scaling law, the photoresponsivity
increases at low laser intensity, reaching a maximum
photoresponsivity of 20 A/W at 20 V bias with a laser
intensity of 4 yW/cm® This value is large compared to the
photoresponsivity observed in silicon-based photodetectors or
organic photodetectors, which show a photoresponsivity on
the order of ~100 mA/W,*" demonstrating the applicability of
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the crumpled 2D heterostructure devices as highly sensitive
photodetectors. While the crumpled heterostructure photo-
transistor is a novel structure, flat phototransistors from
TMDCs are well studied in the literature and show a huge
range of photoresponsivities (107> to 10° A/W)>"**7>7 and of
the scaling exponent (@ = 0.29 — 1.06)***77°! depending on
the material type, whether it is a monolayer or a multilayer,
substrate, and contact material. Most relevant, in photo-
transistors of monolayer TMDCs on silicon oxide, the scaling
was found to depend on the doping level, as controlled
through the electrostatic gate."”>® At low doping, the scaling is
linear and becomes sublinear at higher doping, falling to a =
0.7.57°8 Though the exact mechanism is still under debate, this
change in scaling is often attributed to the gate-dependent
screening of trap states present in the MoS, or WSe, channel
or at the interface between the channel and substrate.”"**
Importantly, the crumpled devices have no gate, so the charge
density is determined purely from the intrinsic doping due to
material quality, environmental interaction, and residual strain.
As a result, the magnitude of the scaling informs on the doping
state of the phototransistor channel and reveals that WSe, is
doped to near a band edge.

In Figure 4, we examine the spatially resolved photocurrent.
Figure 4a,b shows photocurrent maps at 0 and 1 V drain bias,
respectively, at 100 W laser power of the same photo-
transistor studied in Figure 3. At zero bias, the phototransistor
displays an asymmetric photocurrent isolated to the graphene
contacts with a responsivity of up to 0.08 uA/W. At 1 V bias,
the photocurrent is distributed through the monolayer WSe,
channel with a responsivity of 1.3 uA/W, a magnitude
consistent with the power scaling measured in Figure 3. The
voltage-dependent and asymmetric behavior at zero bias is
comparable to that of Cr/Au (Ti/Au) contacted WSe, (MoS,)
phototransistors on a SiO,/Si substrate®® and is typically due
to separation of excitons at the Schottky barrier at the contacts.
The sign of the current gives the relative work function and
direction of band bending at the graphene—WSe, junctions.

Figure 4c,d shows additional photocurrent maps under bias
of a second phototransistor before and after crumpling under
15% compression. All the photocurrent maps display spatial
fluctuations in the magnitude of the current along the channel
of about a factor of 2, even before crumpling, suggesting that
the inhomogeneity primarily comes from sources unrelated to
strain, such as multilayer patches or inhomogeneous contact
resistance. Meanwhile, Figure 4c,d shows that, after crumpling,
the active area of the phototransistor shrinks and the
photoresponsivity increases by about 20% on average. Previous
studies on flat, strained phototransistors have shown that the
strain-induced band gap modulations discussed above lead to
effective changes in photoresponsivity by 2—3 orders of
magnitude where the strain ranges from —1.44 to 0.48%.*
Meanwhile, a biaxial crumpling of >250% in graphene
increases the optical extinction by a factor of 12.5 over flat
graphene'® due to densification per unit area. Taken together,
these factors easily explain the changes in signal magnitude. In
this context, the small changes in the photoresponse observed
in the 15% biaxially crumpled device show that the residual
strain after crumpling and densification per unit area are not
enough to dramatically alter the device behavior.

Figure 4ef shows the band diagrams of the crumpled
phototransistor under 0 and 1 V drain bias as inferred from the
global and local photocurrent measurements. External laser
excitation generates an electron—hole pair in the WSe, layer,

which travels in the direction of the electrical field present. In
Figure 4e, the electrons and holes follow the direction of the
built-in electrical field near the graphene—WSe, junctions
giving opposing photocurrent signals at the junctions. In
Figure 4f, the electron and hole travel according to the
direction of the externally applied electrical field. In both
situations, the spatial fluctuations in the band gap and doping
are large enough to alter but not dominate the device behavior.
These results indicate that while the large deformations lead to
a spatially inhomogeneous response, crumpled 2D hetero-
structures maintain the functionality of their flat analogs, with
potential for strain resilient electronics.

B CONCLUSIONS

In summary, we demonstrated a new concept of devices based
on crumpled van der Waals heterostructures. We investigate
the crumpling morphology of the heterostructure and the
device behavior of a phototransistor based on a graphene—
WSe, heterostructure. The 2D membranes relieve the applied
compressive stress through delamination from the substrate,
and the interface between the 2D layers is maintained through
large deformations. Yet, because the stress in the membrane is
relieved through the crumpling, the heterostructure maintains
good electronic performance under strains large enough to
fracture or dramatically alter the electronic structure of a flat
device. Next steps include resolving how heterostructures will
behave under dynamically variable strains, and how reversible
the crumpling process is, and applying the same concept to
more complex heterostructures, such as logic devices like
transistors. There have been hundreds of demonstrations of
devices based on 2D heterostructures, so this device concept
could be generalized, leading to the potential for high-mobility,

yet deformable integrated circuitry for wearable electronics.
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