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candidates for stretchable electronics, but a significant challenge is Elastomer BN HfOx 10"

their heterogeneous integration into stretchable geometries on soft Drain - B2 o e 1wl

substrates. Here, we demonstrate a strategy for stretchable thin St _ Thin film transistor
film transistors (2D S-TFT) based on wrinkled heterostructures on AN 1o} strain:
elastomer substrates where 2D materials formed the gate, source, 4@ Stretch 3 Zg . 0;{,2
drain, and channel and characterized them with Raman spectros- ‘ 0% — 0%
copy and transport measurements. The 2D S-TFTs had initial 10%L —15%
mobility of 4.9 + 0.7 cm?/(V s). The wrinkling reduced the strain 6&\” Z %? ”

transferred into the 2D materials by a factor of 50, allowing a PN N N N 2 4 0 1 2 3 4 5
substrate stretch of up to 23% that could be cycled thousands of Y
times without electrical degradation. The stretch did not alter the
mobility but did lead to strain-induced threshold voltage shifts by

AV; = —1.9 V. These 2D S-TFTs form the foundation for stretchable integrated circuits and enable investigations of the impact of
heterogeneous strain on electron transport.
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S tretchable thin film transistors (S-TFT) play a central role
in the fields of wearable electronics,' ™ artificial skins,™
human/machine interfaces,””® and soft robotics.”'’ A major
challenge is that typical semiconductor materials like intrinsi-
cally stretchable polymers and 3D deformable thin films pose a
trade-off between electrical and mechanical performance. For
instance, conventional thin-film materials, such as silicon, have
high mobilities but are brittle, fracturing at 1.2% strain."'
Conversely, intrinsically stretchable organic semiconductors
have relatively low electrical mobilities of only 0.08—1.16 cm?/
% s).12

As atomically thin, covalently bonded crystals, two-dimen-
sional (2D) materials have both excellent mechanical and
electronic properties that break this typical trade-off.">'* As a
result, 2D materials are being actively explored for flexible and
stretchable electronics.''® Currently, flexible electronics from
2D materials is more mature, with numerous device
demonstrations such as controls for OLED arrays,'” image
sensors, ® wearable healthcare devices,'” and flexible computa-
tional circuits.””*' Flexible TFTs from 2D such as MoS, on
elastomer substrates exhibit decent substrate dependent
electrical mobilities ranging from 10.8 to 55 cm?/(V s) and
on/off ratios spanning from 10* to 10'°.2%*72* However,
flexible MoS, TFT's exhibit reliable operation only up to <2.1%
of bending induced strain before structural failure.””**~**

A current goal is to enable conformal and stretchable
electronics by realizing stretchable transistors that take full
advantage of the superlative electronic and mechanical
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properties of 2D materials. Generally, stretchability is imparted
through strategies like inducing 3D deformations like
crumpling” ™ or wrinkling,**™** as well as the application
of kirigami, to create strategic cuts that enable thin films to
bend, twist, and stretch.>>** Additionally, stretchability can
also be facilitated by inducing interfacial slip.*>*® These
strategies take advantage of the intrinsic ultralow bending
modulus of 2D materials as well as the low friction at the van
der Waals interface to bring higher levels of 3D deformability
without damaging the material’”*® and have led to stretchable
device demonstrations like deformable electrodes,™ cell
growth platforms,39 electronic skin,*>*! photodetectors,zé’y'29
and strain sensors.”” The implementation of these strategies
has significantly enhanced the strain resistance of 2D material-
based electrodes or phototransistors, achieving tolerances of up
to 129% for slip,36 more than 200% for crumpling,29 and 200%
for kirigami.33 However, bringing these design concepts to
more complex devices like transistors is challenging because
they contain multiple active device layers, which should all
have similar mechanical response. For example, integrating thin
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Figure 1. Structure of 2D S-TFT. (a) Schematic of all patterned device layers of the 2D S-TFT. (b) Optical image and (c) schematic cross section
of the profile parallel to the channel of the initial flat 2D S-TFT on top of the prestretched substrate. (d) Optical image and (e) schematic cross
section of the profile parallel to the channel of the 2D S-TFT after the prestretch has been released.

films of 3D materials such as gold electrodes with 2D
components will lead to a mechanical and thickness mismatch,
nullifying the benefits of the 2D materials.

Current studies have explored strategies including the
application of ion-gel gates,*’ exfoliated h-BN as a dielectric
layer with metallic electrodes,** and graphene as source/drain
electrodes.”® However, the achievable stretchability is still
limited to a maximum of 14.2%, and many of these approaches
are not scalable to independent arrays or circuits. The ideal
solution to address the low fracture strain limit is the utilization
of 2D materials for as many functional layers in the S-TFT as
possible and incorporate design strategies for minimizing strain
in 3D deformed structures.

Here, we propose a strategy for fabricating 2D hetero-
structure S-TFT (2D S-TFT) with an electronic performance
comparable to 2D flexible electronics. We integrate 2D
materials into multiple functional layers, with bilayer graphene
as both the source/drain and gate electrodes and MoS, as the
channel—the only non-2D layers being the HfO, dielectric
and support layers. An improvement to this design that we
considered but determined to be unfeasible would be to
replace the HfO, with hexagonal boron nitride (hBN) which is
well-known to improve the electrical mobility of 2D materials.
However, currently, hBN may be synthesized via exfoliation or
chemical vapor deposition, neither of which can simulta-
neously achieve the high quality, thickness, and size uniformity
needed for this study. We impart stretchability by transferring
the 2D s-TFT onto prestretched polymers and then releasing
to induce wrinkling and incorporate kirigami cuts into the
electrodes.

Figure la is a schematic showing the layers of the 2D S-TFT.
From top to bottom, the 2D S-TFT consists of a bilayer
graphene top gate, a 16 nm thick HfO, gate dielectric layer,
bilayer graphene source/drain contact electrodes, a monolayer
or bilayer MoS, channel, an 11 nm thick HfO, mechanical
support layer, and an elastomer substrate. We used slightly
different designs to optimize for different measurements. For
the Raman measurements, we used monolayer MoS, channels
with length L = 10 ym and width W = 10 um. For transport
measurements, we used bilayer MoS, channels with length L =
4 pm and width W = 30 pym. All layers in the 2D S-TFT
possess kirigami cutouts, adopting line-shaped or diamond-
shaped patterns, which serve to enhance stretchability. The aim
of incorporating bilayer graphene and MoS, into the design

was to enhance the conductivity, even in cases where the
material experiences partial damage due to applied strain.*>*’
See the Supporting Information and Figures S1 and S2 for the
process details. Briefly, we prefabricated the 2D S-TFT on a
sacrificial gold thin film on a SiO, substrate using CVD grown
bilayer graphene and gold assisted millimeter-scale exfoliated
MoS,. We sequentially transferred the 2D layers, used atomic
layer deposition (ALD) to grow the HfO,, and used
photolithography to pattern each layer. Then, we transferred
the fabricated 2D S-TFT onto a prestretched elastomer loaded
into a strain stage. As shown in Figure S3, we then use the
strain stage to systematically release the prestretch, thereby
compressing the initially flat S-TFT and inducing wrinkling.

Figures 1b—e show the optical images and schematic cross
section of the profile parallel to the channel of the 2D S-TFT
(b, c) after transferring onto the prestretched elastomer and (d,
e) after releasing the prestretch to the elastomer. As seen in
Figures 1b,c, after transferring the 2D S-TFT onto the
prestretched elastomer, small wrinkles randomly form on the
channel and electrodes. As seen in Figures 1d,e, upon releasing
the substrate prestretch, the 2D S-TFT forms wrinkles aligned
perpendicular to the strain direction. The compression in the
2D S-TFT is relieved by these out-of-plane wrinkles, which
may then be reversibly flattened by restretching.

We employ three different definitions of strain to capture the
mechanics at every length scale: (1) Substrate strain (gg,)
describes the stretchability of the substrate and is important to
applications. We define &y as the change in length of the
elastomer over its original length before stretching. (2) TFT
strain (eppr) accounts for the amount of substrate strain that
actually gets transmitted into individual devices and is most
relevant for understanding the microscale mechanics. We
define erpy as the change in length of the 2D S-TFT over its
original length, induced by the release of prestretch in the
elastomer. (3) Intrinsic material strain applies to the MoS,
channel (&y,s,), which relates how deformations should affect

the electronic properties. In all cases, positive values refer to
tensile strain, while negative values refer to compressive strain.
Summarized in Figure S3, we analyzed the relationship
between &, and eppr by optically measuring the change in
length of both elastomer and 2D S-TFT and found that Ay
= —0.5A¢y,. Moreover, Figure S4 shows the 2D S-TFT is
capable of withstanding compression of erpy > —17% before
the supporting HfO, thin film starts to fracture, corresponding
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Figure 2. Raman analysis of the strain and doping of 2D S-TFT. (a) Schematic showing the critical stages of fabrication (steps i—iv), with the
interpretation of the corresponding strain state. (b) Raman spectra from the crest of a wrinkle in the MoS, channel for increasing applied
compression &qpr. The Savitzky—Golay algorithm is used to smooth the Raman spectra. (c) Scatter plot of the Eﬁg and A, peak positions. The
dashed grid shows the relative strain and doping values. The reference (blue, i) and pretransfer (orange, ii) data sets are from a Raman map
spanning the whole channel. The progressively compressed data set (green, iii—iv) is composed of point measurements taken at the same position

on the crest of a wrinkle in the channel. (d) Plot of ey, and my,g, versus applied erpr.

erpr = 0%, respectively, and then shift down under increasing

with a prestretch of gy, < 25%. As a result, we kept all
measurements below &g, < 25%, a limit defined by the HfO,
dielectric, not the 2D layers.

ETRT:

We quantify the change in strain and doping in the MoS,

48,49

Figure 2 explores the impact of wrinkling on the intrinsic
strain in the monolayer MoS, channel by using micro-Raman
spectroscopy. Figure 2a illustrates key stages of fabrication of
the 2D S-TFT relevant to the mechanical characterization,
along with the interpreted strain state: (i) exfoliated MoS,
monolayer on SiO, substrate, used as a reference; (ii) the
MoS, monolayer with other active device layers after the 2D S-
TFT has been prepatterned on top of the sacrificial gold
support layer before transfer; (iii) the flat 2D S-TFT after
transfer to the prestretched elastomer substrate; (iv) the
wrinkled 2D S-TFT after releasing the prestretch from the
elastomer.

Figure 2b plots the Raman spectra of the characteristic Eég
and A}, Raman modes of the MoS, as the prestretch in the
substrate is sequentially released by controlled amounts to
induce compression in the 2D S-TFT, erpr = 0% and finishing
at &ppr = —17%. We focused the excitation laser spot on the
same position on the crest of a central wrinkle to ensure
consistent measurements as the morphology changes. The Eig
and Aj; modes start at 387.2 + 0.4 and 405.4 £ 0.2 em™! at

through vector decomposition of the Raman mode shifts.
Figure 2¢ shows a scatter plot correlating the relative Eig and
Ay, peak positions of the MoS, through the 4 steps described
in Figure 2a. Both Raman modes are sensitive to both strain
Entos, and doping s, but shift at different rates, shown in the
sheared grid in Figure 2c, allowing us to extract their relative
contributions at each step.***’ We assumed uniaxial strain and
used MoS, on SiO, (step i, blue) as a reference of the strain
and doping.**** Supporting Information Section 1.2 gives the

formula and Griineisen parameters.
After integration into the 2D S-TFT stack on the sacrificial

gold transfer layer (step ii, orange), the MoS, exhibited a
change in compression of Agys, = —0.86 + 0.06% and an
effective p-doping Amnys, —4.5 X 10" cm™. This
compression and doping were maintained after transfer onto
the prestretched substrate (step iii). Figure 2d plots the change
in &y,s, and my,s, at the crest of a wrinkle versus the applied
compression &ppr from 0% (step iii) to —17% (step iv). Only
2% of the change in strain in device erpy is transferred into the

C https://doi.org/10.1021/acs.nanolett.3c05091
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Figure 3. Transfer and output characteristics of a 2D S-TFT before applying any substrate deformation (a) linear and (b) semilog scale of transfer
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Figure 4. Behavior of the 2D S-TFT under strain. (a) Transfer curve of the 2D S-TFT before and after applying erpr in semilog scale (V= 4 V).
(b) On-current Iy, and leakage current I,; of a second 2D S-TFT at Vi, = 6 V and Vi = 4 V over the course of 2000 cycles of stretch between 0%
and +23%. (c) Calculated gauge factors of the 2D S-TFT under erpr. (d) Vi and ppg of the 2D S-TFT under &gy (top axis shows the

corresponding &)

2D channel at the top of the wrinkle. Simultaneously, the
compression also impacts the effective doping, causing a shift
at a rate of 0.33 X 10'* cm™2/%, from ates, = (=5 + 0.9) X
10" cm™ (p-type) at £ppr = 0% to npges, = (2.5 + 0.8) X 10"
cm™ (n-type) at erpr = —17%. We interpret the initial
compression in the MoS, to be from process-induced strains,
which could be induced by the deposition of the HfO, film,*
or transfer process.‘gl’52 The shift of ey, as the stretch in the
substrate is released indicates a reduction of the compressive
strain. In Figures SS and S6, we perform additional Raman and
photoluminescence (PL) analysis on wrinkled thin films under
compression, which show that the measured trend is consistent
with previous results on 2D materials on thin films under
compression, where wrinkling induces periodic modulation in
strain with tensile strain at the crest of the wrinkle and
compressive strain at the trough of the wrinkle.”"*>>>>*
Taken together, both Raman and PL analyses revealed that
wrinkling reduced the magnitude of strain received by the

MoS, by more than a factor of 50 compared with the strain
being applied to the 2D S-TFT. This allows the 2D S-TFT to
withstand much larger substrate deformations than would
normally be allowed by the fracture strain of the MoS, of
11%.> We hypothesize that the strain induced n-doping can be
caused by tuning of the conduction band edge relative to the
Fermi level,”*>” which we will investigate further through
transport characteristics of the 2D S-TFT.

Figure 3 investigates the electrical transport behavior in the
stretchable 2D S-TFT in the prerelease flat state. Figures 3a
and 3b plot the transfer characteristics of the 2D S-TFT under
different drain—source biases (V) in linear and semilog scales,
respectively. The 2D S-TFT demonstrate n-type behavior,
consistent with the behavior of graphene-contacted MoS,
transistors.”® We note that these devices did not reach the
saturation regime due to the dielectric breakdown for Vy — Vi,
> 6 V. Figure 3c plots the output characteristic of the 2D S-
TET for different Vi, from —2 to 3 V. The output curves show
a symmetric linear relationship between Iy and Vy,, indicating

https://doi.org/10.1021/acs.nanolett.3c05091
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Table 1. Benchmark Data of Stretchability and Mobility for Various MoS, Transistors Have Been Reported in the Literature

channel material (no. of layers)  type of deformation  channel contact/dielectric/gate electrode  stretchability (%)  mobility (cm?/(V s)) ref
MoS, 2 L) stretching graphene/HfO,/graphene 23 4.9 this work
MoS, (1 L) stretching Au/hBN/Au 14 30 44
MoS, (4 L) stretching Au/EDL"/ionic liquid 8 3.39 28
MoS, (3 L) stretching Au/ion-gel/Au S 1.4 43
MoS, (1 L) stretching graphene/ALO;/Pd 4 0.56 45
MoS, (1L) bending Au/ALO;/Au 2.1 SS 20
MoS, (3 L) bending Au/hBN/Au 1.5 45 23
MoS, (1 L) bending Au/Al0,/Au 0.7 10.8 22
MoS, (1 L) bending graphene/hBN/graphene 0.17 21 60
MoS, 2 L) bending Au/ALO,/Au 0.08 16.2 24

“EDL: electrical double layers.

low Schottky barriers. We extracted the critical performance
metrics for thin film transistors: threshold voltage Vi = 2.8 +
0.3 V, subthreshold swing SS = 440 + 36 mV/dec, on/off ratio
I, 0 = 10°, and field effect mobility pupy = 4.9 + 0.7 cm?/(V s).

Figure 4 explores how strain and wrinkling impact the
electrical performance of 2D S-TFT. Figure 4a (and Figure S7)
plot the transfer characteristic of the 2D S-TFT under different
levels of applied strain &rpp from 0% to —11% (corresponding
with a substrate stretch from +23% to 0%) in semilog scale and
linear scale, respectively. Through the entire strain range, the
ON-current maintains a value of I;~10 pA at Vo = § V.
Meanwhile, as shown in Figure S7, the leakage current (Igs)
remains less than 100 pA over the entire strain range, which
indicates that the gate dielectric is effectively resistant to
pinholes under wrinkling. To demonstrate the reversibility of
the wrinkling process, Figure 4b plots the on-current of I, and
I, of a new device under repeated cycling of stretching and
releasing &, from 0% to +23%, measured at Vi, = 6 V and Vg,
=4 V. Over the course of the 2000 cycles, the on-current of I
remained over 107% A while I, remained under 3 X 1071 A,
indicating that the 2D S-TFT channel and gate dielectric
maintain electrical integrity of both the gate and channel
without degradation under repeated strain cycles.

Next we quantify how erpr modifies the electrical perform-
ance of 2D S-TFT. Figure 4c plots the gauge factor versus gate
under different levels of &;y;. The gauge factor is determined
by the formula (R; — R)/(erprR,), where R, is the resistance
with applied ergp and Ry is the initial resistance at erpr = 0%.
Under varying erpy, the gauge factor consistently falls within
the range of —1.8 to +17.9, with the largest gauge factors
occurring at negative gate biases, when the 2D S-TFT is near
the off state. Notably, the gauge factor is considerably lower
than the reported values for flexible MoS, transistors under
bending strain, which range from 200 to 575294 under ranging
from —0.2% to +0.7% intrinsic strain.”>*”%

Figure 4d shows the extracted ppp and Vi values under
different levels of eppr. Table S1 provides the corresponding
extracted values of ppg, Vi, as well as SS, and I, /¢ for different
erpr- Most significantly, Vi decreases by AV = —1.9 V (out of
8 V in the full measurement range) at erpr = —11%.
Meanwhile, the pup; does not significantly change under
compression, with a maximum reduction of only 0.8 cm?/(V
s) at —8% é&rpr, smaller than the variability in the measure-
ment. Similarly, the SS starts at a value of 436 + 36 mV/dec,
and just like mobility, it exhibits only slight changes under &y
of up to —49 mV/dec relative to erpr = 0%. Finally, the I /¢
starts at 1.5 X 10° and decreases by approximately a factor of 3
to 4.5 X 10* under increasing &rpr.

Taken together, pip; and SS do not meaningfully change as a
function of strain. The observed shift in AV = —1.9 V through
transport measurements are consistent with the shift that
would result from a strain induced change in doping observed
in the Raman analysis, which predict a shift of AV, = =1.5V
(see the Supporting Information Section 1.2). The primary
change in all other factors may be explained by the shift in Vi,
which corresponds to a shift in the transfer curve to negative
gate bias. The resulting increase in conductivity leads to the
largest values of gauge factor. Similarly, the effective reduction
in I, /o is a result of the shift of the off state beyond the gate
range accessible without inducing breakdown. We hypothesize
that if the gate dielectrics could withstand larger voltages
before breakdown, then the I, would not significantly
change.

Other studies on strain engineering 2D materials offers
insights into the possible reasons for the Vi shift. For example,
MoS, transistors under strain through techniques like substrate
bending show shifts in the Vi in the range of 1 V at up to
+0.7% strain with a 20 nm thick Al,O, dielectric layer.”* These
shifts are comparable to the values measured here and the
changes in intrinsic strains from wrinkling observed in Figure
2. We attribute the shifts in Vi to increasing electron density
with a decreasing band gap under increasing tensile strain.
However, the samples measured here should have heteroge-
neous strain due to the wrinkling (Figure SS) and thus
heterogeneity in the local conductivity. In that regard, it is
surprising that the results show a trend consistent with strain
engineering in flat devices.

Finally, Table 1 benchmarks the performance of the 2D S-
TFT reported here by comparing the stretchability and g
with the demonstrations in the literature. This table shows that
2D S-TFT demonstrated here are comparable to the state of
the art of stretchable transistors with the highest stretchability
(23%). The mobility (4.9 + 0.7 cm?/(V s)) is not the highest
measured but is respectable, even by the standards of 2D
electronics on hard substrates. There is still significant room
for improvement if the additional challenges of bringing the
devices onto soft substrates could be overcome. For example,
effective removal of processing residue is a challenge when
integrating with soft substrates, which can affect accurate
capacitance estimates, hysteresis, and dielectric breakdown
(see the Supporting Information and Figure S8).

This study introduces a pioneering strategy for the
heterogeneous integration of 2D, soft, and CMOS thin films
that lays the foundation for the development of new kinds of
stretchable logic gates and integrated circuits crucial for flexible
and stretchable electronic applications that require signal

https://doi.org/10.1021/acs.nanolett.3c05091
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processing and computation. Furthermore, these results build a
fundamental understanding of the impact of heterogeneous
strain on the electron transport of 2D semiconductors. In this
study, we demonstrated the development of an S-TFT with
wrinkled 2D heterostructures. The integration of buckling
engineering, kirigami patterning, and the unique bending
properties of 2D materials offers a novel approach for
designing stretchable TFTs, which effectively mitigates the
mechanical fracture of traditionally brittle components, such as
metal electrodes, under large strain and wrinkling. By
incorporating stacked 2D materials in the S-TFT, we have
leveraged the practical application of a low friction 2D
interface at the device level. An ongoing challenge is that the
failure point under strain appears to occur within the ALD
dielectric layers. This implies that further stretchability could
be achieved by substituting these remaining layers with another
2D dielectric material, like h-BN. Looking ahead, while this
work has focused on single devices from MoS,, the fabrication
strategies are fully scalable and agnostic to the specific material.
As such, they could be applied to any 2D material-based
transistors”’ and also be applied to technologies.
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