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F
uture ubiquitous smart electronic sys-
tems are envisioned to afford arbitrary
form factors, robust elasticity, high

speed charge transport, and low-power con-
sumption, a combined set of attributes that
transcendexistingSi-basedelectronics.1!3 Ide-
ally, these smart systems will be integrated
and realized seamlessly on environmentally
friendly flexible or plastic substrates. A major
contemporary challenge concerns the choice
of the semiconducting material suitable for
high-performancefield-effect transistors (FETs)
on a flexible substrate.1,2,4 In the past decade,
organic and amorphous silicon have been
widely explored but their carrier mobilities
(typically e1 cm2/V 3 s) are too low for high-
speed transistors operating at nanosecond
cycles.1,4 More recently, graphene has at-
tracted substantial interest for high-perfor-
mance flexible electronics owing to its high
carrier mobility (>10 000 cm2/V 3 s) and

outstanding radio frequency properties;5!10

however, its lack of a bandgap is a major
drawback since low-power switching or digital
transistors cannot be realized.11 This drawback
has consequently motivated the search for
other layered atomic sheets with substantial
bandgaps such as the semiconducting transi-
tion metal dichalcogenides (TMDs).12,13

Molybdenum disulfide (MoS2) is a proto-
typical TMD that has been attracting rapidly
growing interest owing to its large semi-
conducting bandgap (∼1.8 eV for mono-
layer and ∼1.3 eV for bulk films), which is
ideal for low-power electronics on hard
and soft substrates.12,14!18 In addition, its re-
portedhighcarriermobility (up to200cm2/V 3 s
at room temperature),17 high strength,19

and large surface to volume ratio make it a
compelling semiconductingnanomaterial for
high speed flexible transistors and sensors. Pu
et al. reported a flexibleMoS2 FETwith ion-gel
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ABSTRACT While there has been increasing studies of MoS2 and other two-dimensional (2D)

semiconducting dichalcogenides on hard conventional substrates, experimental or analytical

studies on flexible substrates has been very limited so far, even though these 2D crystals are

understood to have greater prospects for flexible smart systems. In this article, we report detailed

studies of MoS2 transistors on industrial plastic sheets. Transistor characteristics afford more than

100x improvement in the ON/OFF current ratio and 4x enhancement in mobility compared to

previous flexible MoS2 devices. Mechanical studies reveal robust electronic properties down to a bending radius of 1 mm which is comparable to previous

reports for flexible graphene transistors. Experimental investigation identifies that crack formation in the dielectric is the responsible failure mechanism

demonstrating that the mechanical properties of the dielectric layer is critical for realizing flexible electronics that can accommodate high strain. Our

uniaxial tensile tests have revealed that atomic-layer-deposited HfO2 and Al2O3 films have very similar crack onset strain. However, crack propagation is

slower in HfO2 dielectric compared to Al2O3 dielectric, suggesting a subcritical fracture mechanism in the thin oxide films. Rigorous mechanics modeling

provides guidance for achieving flexible MoS2 transistors that are reliable at sub-mm bending radius.

KEYWORDS: MoS2 . flexible transistor . polyimide . graphene . field-effect transistor . transition metal dichalcogenides . mobility .
bending radius . crack formation . critical strain
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gate dielectric that showed high flexibility.16 However,
the low cutoff frequency (∼<1 kHz)16,20,21 of ion-gel
dielectric materials essentially precludes their use in
high-speed flexible transistors and hence, cannot take
advantage of the carrier speed benefits of MoS2. Yoon
et al. adopted wet transfer approach involving the
transfer of prefabricated graphene-contacted MoS2
on SiO2/Si onto a prefabricated polyethylene ter-
ephthalate (PET) substrate with a thick polymer gate
dielectric and ITO as gate metal.18 While it is an
attractive approach for transparent electronics, the
high resistance of graphene and ITO compared to
normal metals limit the prospect of this device struc-
ture for high-speed flexible electronics due to exces-
sive energy dissipation in the lossy electrodes.
In this work, we report the first comprehensive studies

of MoS2 FETs using conventional solid-state high-k di-
electrics on flexible substrates, and provide guidance for
scaling the bendability of this system. Our studies yield
the highest ON/OFF switching ratio (>107), highest mo-
bilities (∼30 cm2/V-s), highest gate control (subthreshold
slope ∼82 mV/decade), and intrinsic gain above 100 on
flexible substrates at ambient conditions. Furthermore, a
study of the device mechanical flexibility reveals robust
characteristics down to a bending radius of 1 mm.
Comparative studies of the two high-k dielectrics (Al2O3

and HfO2) used in this research determine that crack
formation in the dielectric is the failure mechanism. The
crack propagation velocity is substantially reduced in
HfO2 owing to its lower Young's modulus,22!24 which
in addition to its higher permittivity, suggests it is a
superior gate dielectric in terms of both electrical and
mechanical properties particularly under momentary

tensile strain. These results indicate that MoS2 is likely
the most suitable semiconducting material for flexible
electronics and smart systems that require both low-
power and high speed device characteristics.

RESULTS AND DISCUSSION

Because of the present challenge of synthesizing
high-quality continuous layers of MoS2 uniformly
across a substrate,25!27 MoS2 devices were prepared
by mechanical exfoliation from commercial crystals
(SPI supplies) onto the flexible substrate for this study.
Flakes with thickness between 7.9 and 23.5 nm were
selected by optical microscope and confirmed by
atomic force microscope (AFM). Figure 1a shows the
AFM analysis for a MoS2 flake with thickness of around
15 nm. The Raman spectroscopy (Figure 1b) shows the
peak spacing between the E12g and A

1
g vibrationmode

is 25 cm!1, which indicates that the flake has four or
more layers.28 Figure 1c,d shows the schematic depic-
tion and the optical microscope image of the MoS2
device made on polyimide. Figure 1e displays the
photograph of the fabricated flexible sample.
Electrical characteristics of the flexible MoS2 FETs were

then evaluated under ambient conditions. Representative
transfer (ID!VG) characteristics are shown in Figure 2a,b.
The extracted low-field mobility of the fastest device is
30 cm2/(V 3 s) (Figure 2c) using the Y-function method
which is definedas ID/

√
gm (ID is thedrain current,gm is the

transconductance) and is especially suitable for studying
device physics because it excludes the contact resistance
effect on the mobility.29,30 The details of the mobility
extraction are provided in the Supporting Information
(Figure S2 and S3 in the Supporting Information). Our

Figure 1. (a) AFM analysis shows the thickness of a MoS2 flake which is around 15 nm. The height profile of MoS2 flake is
scanned along the dotted line. (b) From the Raman spectrum of the MoS2 flake, the peak spacing between the E12g and A1

g
vibration mode is 25 cm!1 confirming that the MoS2 flake is a multilayer film.28 (c) The schematic depiction of the flexible
bottom gate device structure. (d) The optical microscope picture for the MoS2 device after the S/D patterned by e-beam
lithography. The channel length is 1 μm and the MoS2 flake with thickness of around 10 nm shows dark blue color in the
optical image. (e) The photograph of the flexible sample made on industrial polyimide sheet with cured liquid PI on the
surface (total thickness is ∼102 μm).
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studies of the mobility!thickness dependence reveals
an inverse relation (see Figure S4 in the Supporting
Information), in agreement with a prior study over a
similar thickness range.17 The ON/OFF switching ratio
is more than 107, and the subthreshold slope is ∼82
mV/decade. Output (ID!VD) characteristics shows neg-
ligible Schottky barrier in the linear region, and current
saturation at high fields as shown in Figure 2d. In
addition, the device intrinsic gain (gm/gds) exceeded
100, an important metric for small-signal amplification
(see Figure S5 in the Supporting Information). These
device characteristics represent the state-of-the-art for
MoS2 FETs on flexible substrates, with 4" higher
mobility and >100" greater ON/OFF ratio compared
to a previously reported MoS2 device.

18 These results
are comparable with unpassivated MoS2 FETs realized
on Si substrates,14,31 indicating that its unique electri-
cal properties can be accessed on hard and soft sub-
strates alike which is a welcome benefit for flexible
electronics. Further improvement of the device perfor-
mance can be achieved by mobility enhancement
through passivationwith a high-k dielectric to enhance
the local screening effect and suppress Coulomb scat-
tering as previously reported,14,31!33 and reducing the
contact resistance by using low work function metals,
such as Scandium, to minimize the Schottky barrier at
the contact.17 However, for flexible MoS2, the device
passivation entails further research beyond what has
been achieved on hard substrates, requiring not just
the investigation of dielectric films with high-permittiv-
ity but also consideration of its mechanical properties in

order to ensure no detrimental impact to device flex-
ibility and elasticity as we will elucidate subsequently.
This will involve investigation of the parameter space of
the passivation material including thickness, stiffness,
permittivity and adhesion to the TMD to prevent dela-
mination or early cracking under deformation.
Tensile strain is applied to the devices by convexly

bending the flexible substrate using a home-built
mechanical bending fixture (Figure 3a). Electrical mea-
surements were then undertaken in order to examine
the stability of several device parameters that had
been subjected to the strain condition. The device
parameters include mobility, ON current, and ON/OFF
switching ratio. A study of the mechanical flexibility of
ten devices was conducted in order to arrive at con-
clusions. Owing to the random orientation of MoS2
prepared by mechanical exfoliation, the direction of
the tensile strain cannot be precisely controlled. Or-
ientation measurements of the devices indicate that
they are aligned or typically within 35! of the channel
length direction (the current conducting direction).
The devices were held for 10 s at each bending radius,
and then released for the measurement. The precise
direction of the applied strain is not critical in this
study, because the devices fail due to mechanical
fatigue of the dielectric as evidenced by crack forma-
tion which we will discuss shortly afterward. For our
work and purpose, all our devices were mechanically
bent until device failure was observed which allowed us
to complete our mechanical modeling studies. Future
studies will aim to evaluate the electrical performance

Figure 2. A representative MoS2 FET (W/L = 3/1 μm)madewith Al2O3 as gate dielectric on flexible PI. (a) ID!VG characteristics
in log scale. The ON/OFF current ratio ismore than 7 orders ofmagnitude, and the subthreshold slope (SS) is∼82mV/decade.
(b) ID!VG characteristics in linear scale. (c) The experimental Y-function (=ID/

√
gm) profile showing the characteristic linear

profile for extracting the low-fieldmobility. The extracted low-fieldmobility is 30 cm2/(V 3 s). (d) ID!VD characteristics indicates
negligible Schottky barrier in the linear region, and current saturation at high fields.
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and reliability of the device as a function of the number
of mechanical bending cycles.
Figure 3b!d shows the dependence of the normal-

ized mobility, normalized ON current, and ON/OFF
current ratio on the bending radius respectively. De-
vice characteristics are robust down to a bending
radius of 1 mm for HfO2 dielectric and 2 mm for Al2O3,
whichwe attribute to the high deformability of MoS2,

19

and the relatively low strain placed on the dielectric
thin films. For instance, MoS2 devices on HfO2 retain
functional properties with less than 30% mobility
degradation and 104 ON/OFF ratio after deformation
of 1 mm bending radius. At or below 2 mm bending
radius, MoS2 devices with Al2O3 dielectric show sig-
nificant degradation owing to structural damage to the
dielectric. Similar significant failure was observed for
devices with HfO2 dielectric below 1 mm bending
radius, while between 2mmand 1mmbending radius,
a gradual or soft degradation is observed. The Raman
spectrum of the MoS2 remains unchanged and the
AFManalysis shows thatMoS2with various thickness in
the range of 7.9!20.1 nm remains intact after the
bending test, confirming that device failure is caused
by dielectric failure, but not by damage to MoS2 (see
Figures S6!S9 in the Supporting Information).
To unambiguously identify the mechanism respon-

sible for device failure after severe bending, the gate
dielectric structural integrity was investigated under
varying tensile strains. For this purpose, HfO2 and Al2O3

films are deposited on 26-μm-thick rectangular PI (PI-
2574) strips, with a sample cross-section similar to the

device sample as illustrated in Figure 4a. Without the
Kapton substrate, the thinner 26 umPI affords a greater
range of tensile strain to be studied, and maintained
the same surface property as the device structure. We
did not perform our own measurements of the
Young's modulus of each dielectric material but
materials fabricated in similar conditions aremeasured
to have EHFO2

= 73.4 GPa, and EAl2O3
= 163.3 GPa,

respectively.22 Stretch tests were subsequently done
using a home-built mechanical test fixture in situ under
optical microscope (Figure 4b). The stretch tests re-
vealed formation of channel cracks aligned perpendi-
cular to the stretch direction in the dielectric materials
as shown in Figure 4c. Fracture in dielectrics results in
increased scattering sites which degrades electron
mobility and drive current. Moreover, the growing
density of dielectric cracks lead to increased gate
leakage and subsequent device failure. A quantitative
count of the crack density as a function of the applied
tensile strain can be seen in Figure 4d. The critical strain
and saturation crack density are extracted using an
empirical model that is applicable to this work.34 The
result suggests a slightly higher critical strain for HfO2

(1.72%) compared to Al2O3 (1.69%).We found the crack
density of HfO2 saturates at slightly higher values
(∼10%) compared to that of Al2O3, which is consistent
with the expectations that films with lower strength
(σmax = Eεcr, where εcr

Al2O3 ≈ εcr
HfO2 but EAl2O3

> EHfO2
)

exhibit lower saturation crack spacing.35 We note that
device failure is not determined by saturation crack
density but by the onset of crack formation and

Figure 3. A study of the mechanical flexibility of MoS2 FETs with Al2O3 and HfO2 gate dielectrics. (a) The photograph of the
flexible MoS2 sample at a bending radius of 5 mm on the experimental bending fixture. (b and c) The dependence of the
normalized low-field mobility (VD = 0.1 V) and ON current (VD = 1 V) on the bending radius, respectively. Mechanically robust
devices provide functional electrical characteristics down to a bending radius of 1 mm for HfO2 dielectric and 2mm for Al2O3
dielectric. (d) The ON/OFF current ratio (VD = 1 V) versus bending radius is greater than 104 down to 1 mm bending radius for
HfO2 dielectric. Substantial degradation occurs below 1 mm bending radius owing to the onset of gate dielectric failure.
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the velocity of crack propagation which we elucidate
subsequently.
Time-dependent observation of the crack formation

and propagation reveal that the crack propagation is
substantially slower in HfO2 compared to Al2O3 (two
video recordings are provided as supplementary med-
ia files). The measured average crack propagation
velocity is 4.9 and 28.4 μm/s for HfO2 and Al2O3,
respectively, which is quantitatively consistent with
the exponential relation between crack growth velo-
city V and the energy release rate (G ∼ Eε2, where
εcr

Al2O3≈ εcr
HfO2 but EAl2O3

> EHfO3
) for subcritical fracture

in thin oxide films.23,24 This measurement suggests
that HfO2 dielectric will be more reliable under mo-
mentary deformation while the reliability under stea-
dy-state conditions is expected to be similar.
To reveal the controlling parameters on device

bendability, we perform detailed mechanics analysis
in dielectric thin films accounting for both residual
strain due to thermal process during sample fabrica-
tion and mechanical strain induced by the bending
test. Sample fabrication involved several steps of
thermal process. For example, the liquid polyimide (PI-
2574) is cured at 300 !C on the Kapton substrate and
the dielectric was deposited at 200 !C by ALD. Mis-
match of the coefficients of thermal expansion (CTE) in
the multilayers will induce residual stresses and an
intrinsic curvature to the elastic multilayer stack before
the bending test. The strain in the dielectric layer
corresponding to the residual stress due to thermal
process is named thermal strain, or εt. It can be
calculated by just considering the temperature change

from the initial status to the final status of each layer,36

as illustrated in Figure S11. The detailed calculations
can be found in the Supporting Information. Figure S12
is used to derive the bending strain, or εb. Suppose the
as-fabricated multilayer sample has an intrinsic radius
of curvature R1 at the neutral axis and it is then
mechanically bent to R2, if y is the distance from the
dielectric layer to the neutral axis, the strain in the
oxide layer due tomechanical bending is derived in the
Supporting Information. Total strain (εtot) in the di-
electrics is then the superposition of the thermal strain
and the bending strain, i.e., εtot = εt þ εb, which
corresponds to the total stress in the dielectrics. Ther-
mal strain, bending strain, and total strain are shown
graphically as functions of substrate thickness (ts) and
substrate modulus (Es) at a given bending radius in
Figure S13. It is visually revealed in the plot that
although the εtot curve mainly follows the shape of
the εb curve, the contribution from εt is nontrivial, and
therefore cannot be omitted.
To determine the bendability of the device, i.e., the

minimum bending radius measured from the bottom
of the device before the dielectric layer starts to crack
(rmin), we take the criterion of εtot = εcr for the dielectric
layer, where εcr is the critical crack onset strain as is
measured in Figure 4d. Solving this equation yields the
rmin as a function of the thickness and Young'smodulus
of the substrate (ts and Es), as well as the thickness and
Young's modulus of the dielectric layer (td and Ed). The
result shows very weak dependence of rmin on td or Ed,
but rather quite sensitive to ts and Es. Figure 5a shows
the minimum bending radius, rmin, as a function of the

Figure 4. (a) Test structure for the stretching experiments to elucidate the mechanical reliability of selected gate dielectrics
on flexible PI. (PI 26 μm/Ti 2 nm/Pd 50 nm/Al2O3 or HfO2 25 nm) (b) Photograph of the stretcher test fixture. The stretching
direction was along the x-direction. (c) Optical microscope image of the sample of HfO2 at strain ∼2.5%. The parallel cracks
aligned to the y-direction are due to tensile stress. (d) The dependence of the crack density on tensile strain for Al2O3 and
HfO2. The stretch test shows that the critical crack onset strain is around 1.69% and 1.72%, and the crack density saturates at
145 and 164 mm!1 for Al2O3 and HfO2, respectively.
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substrate thickness ts for a given substrate material,
Kapton (Es = 2.5 GPa). Since there is little effect from
dielectric modulus and thickness, this curve is repre-
sentative of both Al2O3 and HfO2 thin films used in this
paper under steady-state or long-term tensile strain.
The plot reveals that decreasing the substrate thick-
ness is an effective way to enhance the bendability of
the flexible transistor. This is because decreased sub-
strate thickness will shift the neutral axis closer to the
dielectric layer. The linearity of the curve in Figure 5a
arises from the coincidence that we are using Kapton
as the substrate which has the same modulus as the
liquid polyimide. If we fix the thickness of the substrate
to be 76 μm and vary the substrate modulus, the
minimum bending radius is shown in Figure 5b. It is
clear that the softer substrate will offer better bend-
ability. It is because decreased substrate modulus will
also shift the neutral axis closer to the dielectric layer.
As a result, the limiting bending radius of our sample
could be as small as 0.45 mm if ultrathin or ultrasoft
substrates are employed. Dashed lines in both figures
highlight the conditions closest to the current experi-
mental samples. Themodel predicts a minimum allow-
able bending radius of 2.55 mm, which is consistent
with the experimental observation that gradual electrical

breakdown or complete device failure are observed at a
bending radius of 2 mm for both HfO2 and Al2O3 di-
electrics respectively (Figure 3).

CONCLUSIONS

In summary, we report the first comprehensive
studies of MoS2 FETs using conventional solid-state
high-k dielectrics on flexible substrates. Our studies
yield the highest MoS2 device properties on flexible
substrates to date, with ON/OFF ratio greater than 107,
subthreshold slope of ∼82 mV/decade, and low-field
mobility of 30 cm2/(V 3 s). Furthermore, experimental
investigation of the mechanical flexibility reveals that
device characteristics are functional down to a bend-
ing radius of 1 mm for HfO2 gate dielectric. Compara-
tive studies of the two high-k dielectrics (Al2O3 and
HfO2) used in this research determine that HfO2 affords
a slower crack propagation which, in addition to its
higher permittivity, makes it a more attractive gate
dielectric especially for momentary device deforma-
tion. These results indicate that MoS2 is likely the most
suitable semiconducting material for low-power, high
speed devices for flexible electronics, and smart sys-
tems owing to its unique combination of large band-
gap, high mobility, and high strength.

MATERIALS AND METHODS
Material and Device Preparation. We used commercially avail-

able polyimide (Kapton) with a thickness of 76 μmas the flexible
substrate, and spin-coated an additional liquid polyimide film
(PI-2574 fromHDMicro Systems) on the surfacewith a thickness
of 26 μm to reduce the surface roughness. The liquid polyimide
was cured at 300 !C for 1 h. Ti/Pd (2/50 nm) deposited by
electron beam evaporation was used as the bottom gate
electrode, and Al2O3 or HfO2 (25 nm) deposited at 200 !C by
atomic layer deposition (ALD) method as the gate dielectric.
MoS2 devices were prepared by mechanical exfoliation from
commercial crystals (SPI supplies) onto the flexible substrate for
this study. Source/drain contacts were defined by electron
beam lithography, and Ti/Au (2/50 nm) were deposited by
electron beam evaporation followed by the lift off process.

Material Characterization. Renishaw In-Via Raman Microscope
with He!Cd blue laser (442 nm wavelength) was employed for

the Raman spectroscopy of MoS2 samples. A Veeco tapping-
mode atomic force microscope was used for thickness, mor-
phology and surface analysis.
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Figure 5. (a) The predicted minimum bending radius (rmin) as a function of the substrate thickness with substrate modulus
fixed at Es = 2.5 GPa (Kapton). (b) The predicted minimum bending radius as a function of the substrate modulus with
substrate thickness fixed at ts = 76 μm. Curves in (a) and (b) are representative of both HfO2 and Al2O3 films. Decreasing the
substrate thickness or modulus can enhance the bendability of the flexible device. The dashed lines in the figures represent
the conditions closest to the current experimental samples.
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tensile strain modeling. Two videos about the propagation of
cracks in both Al2O3 and HfO2 are also provided. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Hysteresis of MoS2 devices 

The hysteresis of a representative MoS2 device is around 520 mV and 350 mV for VD=0.1 V and 1 V 

respectively. The hysteresis is attributed to the unpassivated surface of devices which are measured in 

ambient atmosphere. 
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Figure S1. Hysteresis of a representative MoS2 device. This is the same device reported in Figure 2 of 

the main text. (a) Vd=0.1V, (b) Vd=1V. 

 

Low-field electron mobility extraction 

The low-field electron mobility was extracted from the transfer characteristics using the Y-function 

method.
1, 2

 This method has the advantage of identifying the low-field mobility without the effects of 

mobility attenuation phenomena that includes the impact of contact resistance (Rc). The method is based 

on the straightforward analysis of the drain current (ID) in the linear region.  
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where µo is the low-field mobility, θ is the effective mobility attenuation factor, Cox is the gate 

capacitance, and W and L are the device width and length respectively. VT is the threshold voltage, and 

VG and VD are the gate and drain voltage respectively. The transconductance (gm) can be derived as 

follows, 
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The Y-function is defined as,1   
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m

D VVV
L
WC

g
IY −== µ     (3)  

which is a linear relation that directly affords extraction of the low-field mobility (from the slope) and 

the threshold voltage (from the x-intercept), since all the other parameters in the expression are known 

from the device and experimental conditions. Figure S2 shows the transfer characteristics and Y-

function for a flexible MoS2 FET (previously described in Figure 2 of the main article). Strong 

agreement to a linear profile is observed. The extracted µo = 30 cm2/V-s, and the threshold voltage is -

1.9 V. The effective mobility attenuation factor is related to the contact resistance via the following 

expression.1 

coxoo R
L
WCµθθ +=     (4)  

where θo is the intrinsic mobility attenuation factor. If the intrinsic mobility attenuation factor was 
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known experimentally, then Rc could be determined directly. In the absence of accurate estimates for θo, 

an upper bound can be placed on the contact resistance in the limit of vanishing θo. In this limit, we 

determine Rc < 33 Ω–cm with the actual contact resistance potentially much less than this value and 

comparable to recent published values for metal contacted MoS2 FETs.3, 4 
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Figure S2. (a) Transfer characteristics for flexible MoS2 FET made with Al2O3 as gate dielectric. This is 

the same device reported in Figure 2 of the main text. VD=0.1 V. (b) The experimental Y-function 

profile showing good agreement with the expected linear profile. The extracted low-field mobility and 

threshold voltage are 30 cm2/V-s and -1.9 V respectively. 

 

Device characteristics with HfO2 as gate dielectric 
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Figure S3. A representative MoS2 FET made with HfO2 as gate dielectric on flexible PI. (a) ID-VG 

characteristics in log scale. (b) ID-VG characteristics in linear scale with an extracted low-field mobility 

of 24 cm2/V-s. Device W/L = 1.25/1 µm. 

 

The thickness dependence to the electron mobility 

Based on our experimental devices within the thickness range of 7.9-21 nm, the maximum mobility 

occurs for a thickness of 7.9 nm, and decreases as the thickness increases. Our devices show the same 

trend of mobility dependence on thickness as the previous report.5 (See Figure S4 shown below). The 

thickness dependence down to very thin MoS2 is not known due to the poor optical contrast in 

identifying thin flakes. The scattered data is attributed to several effects including the variation of 

crystal orientation with respect to the conducting direction, the presence of defects, uncontrolled 

impurity contamination from the exfoliation process, the width and edge morphology of the flakes, etc. 

This issue requires further studies particularly on flexible substrates and will be a focus of future 

comprehensive research. 
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Figure S4. The thickness of MoS2 versus normalized electron mobility. The mobility was normalized to 

the maximum mobility observed within these devices. The thickness was confirmed by AFM analysis. 

The dashed line is a visual guide indicating a general inverse dependence. 

 

The intrinsic gain (gm/gds) 

The intrinsic gain (gm/gds) is above 100 at VD=0.5 V which is extracted in the current saturation region. 
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Figure S5. (a) The intrinsic gain (gm/gds) is above 100 at VD=0.5 V. (b) ID-VD characteristics show that 

the intrinsic gain is extracted in the current saturation region. Device W/L = 3/1 µm. 

 

The Raman spectrum of the MoS2 remains unchanged after the bending experiment 
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Figure S6. The Raman spectrum of the MoS2 remains unchanged after the bending experiment. The 

minimum radius used for the bending test is 1 mm. 

 

The AFM analysis and the optical microscope images of the MoS2 FET after the bending 

experiment 

We confirm that the MoS2 remains intact by AFM after the bending test, and provide several AFM 

images including flakes with thickness in the range of 7.9-20.1 nm which all show the MoS2 remains 

intact. (Figure S7 and S8) It confirms that our devices fail due to excessive leakage current from cracks 

in the dielectric and not by the damage to MoS2. From the optical microscope images, we can also 

observe that clear parallel cracks are formed in the dielectric in all the devices which are responsible for 
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the failure of our devices. (Figure S9) One thing worth noting here is that in some occasions MoS2 

shows buckling after the bending test; however, the MoS2 maintains good mechanical contact to the 

electrodes and there is no evidence of crack or damage to the structural integrity. (Figure S10) 
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(b)(a)
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Figure S7. (a) After bending at bending radius=0.7 mm, the AFM analysis of the MoS2 FET shows 

parallel cracks (marked by arrows) formed in the HfO2. (b) The magnification of the selected device 

area marked in (a) shows that MoS2 remains intact after the bending test, confirming that our devices 

fail by excessive leakage current but not by damage to MoS2. The height profile is scanned along the 

blue line in the top picture, showing that the thickness is 11.3 nm. This AFM analysis is in agreement 

with the Raman spectrum in Figure S6 which indicates no observable change in the MoS2. 
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Figure S8. (a)-(d) After bending at bending radius=2 mm, MoS2 with various thickness ranging from 

7.9-20.1 nm remains intact. The height profiles are scanned along the blue lines marked in the top 

pictures. No clear correlation between the thickness of flake and the bendability is found. Devices on 

both HfO2 and Al2O3 show similar results. 

(a) (b) (c) (d)5 µµµµm 5 µµµµm 5 µµµµm5 µµµµm

 

Figure S9. From optical microscope images, we can observe that clear parallel cracks are formed in the 

dielectric in all the devices, which is responsible for the failure of our devices. (a) (b) Devices with 

Al2O3 as the dielectric (after bending radius=1.5 mm). (c) (d) Devices with HfO2 as the dielectric (after 

bending radius=2 mm). 
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Figure S10. In some occasions, MoS2 shows buckling after the bending test. 

 

Mechanics analysis of strain induced by thermal process and bending test 

The total strain in the dielectric layer (εtot) is a superposition of the thermal strain due to sample 

fabrication (εt) and the mechanical strain due to the bending test (εb). Here gives the detailed derivation 

of both strains. For the purpose of mechanical modeling, we have adopted the following material 

properties: 2.5GPaKapton =E , 34.0Kapton =ν , Cppm/20Kapton
o=α ,6 2.5GPaPI =E , 34.0PI =ν , 

Cppm/50PI
o=α ,7 GPa121Pd =E , 39.0Pd =ν , Cppm/12 o

Pd =α ,8 GPa76
2HfO =E , 2.0

2HfO =ν , 

Cppm/34.9 o
HfO2

=α ,9, 10 and GPa167
32OAl =E , 21.0

32OAl =ν , Cppm/4.8 o
OAl 32
=α ,9, 11 where E is the 

Young’s modulus, ν is the Poisson’s ratio and α is the coefficients of thermal expansion (CTE). 

A. Thermal strain 
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Figure S11 Schematics to calculate thermal strain. (a) The complete multilayer stack with coordinates 

and the temperature history of each layer. (b) Free thermal expansion of each layer assuming no 

constraint between layers. (c) Stresses are applied to every layer to impose displacement compatibility. 

(d) The ultimate configuration of the multilayer stack due to thermal effect. 

We use schematics in Figure S11 to derive thermal strains in elastic multilayer system. Assume 

each layer has different Young’s modulus, thickness, CTE, and overall temperature change (Figure 5a). 

Thermal effect can be analyzed by using the overall temperature change of each layer,12 meaning that 

only the difference between the initial and the final temperature of each layer is relevant. 

Assume each layer of the system experiences an unconstrained differential temperature change, 

resulting differential elongation or shrinkage (Figure S11b). Then layer-wise uniform 

tension/compression is imposed on each of the layers to achieve a displacement compatibility, such that 

the strain in the system is a constant, c, and the net force on the system remains zero (Figure S11c). 
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Then bending occurs due to the asymmetric stress in the layer (Figure 5d). The total strain in the system 

is in the form of  

 
R
tzc b−

+=ε  (S1), 

where c is the uniform strain in each layer we imposed to achieve the displacement compatibility, R is 

the radius of the neutral axis, z is the distance from the top of the substrate (i.e. the bottom layer) to the 

position that we are interested in. The neutral axis of the whole multilayer stack is located at z = tb. 

Then the normal stresses in the substrate and films 
s

σ and 
i

σ are related to the total strains by 

 )(
ssss
TE ∆αεσ −= , )(

iiii
TE ∆αεσ −=  (S2), 

where E  denotes the plane strain Young’s Modulus, α is the thermal expansion coefficient and T∆  is 

the temperature change. The lower script s and i denote the substrate and layer i of the film, respectively.  

Acknowledging the fact that, 1-the resultant force due to the uniform strain component is zero; 2-the 

resultant force due to the bending strain component is zero; 3-the sum of the bending moment with 

respect to the bending axis is zero, we are able to solve all the unknowns, which are c, tb and r: 
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where t donates the thickness of the layer and h is the position of the top surface of the ith layer, i.e. 

∑
=

=
i

k
th

1
ki . 

Then the strain in the dielectric layer due to the normal stress can be found as 

 dd
bd

ddt T
R
tzcT

E d
d

d ∆α∆αεσε −−
−

+=−==  (S6). 

It is actually the strain due to mechanical stress in as-fabricated sample but we call it εt because 

it originated from the thermal process during sample fabrication. Note in this analysis, the initial and 

finial status of each layer is what is relevant for analysis of the thermal effect.   

 

B. Bending strain 
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Figure S12. Schematics to help calculate the bending strain. (a) When the as-fabricated sample is bent 

concavely. (b) When the as-fabricated sample is bent convexly. 

For trivial beam bending problem, the bending induced strain is no more than  

 
R
y

=ε  (S7), 

where y is the distance from the neutral axis to the position we are interested in, and R denotes the 

bending radius of the neutral axis. However, Eq. S7 only holds when a beam is bent from a flat 

configuration to an arc. In the current problem, the as-fabricate sample is already curved (i.e. with a 

finite radius of curvature), we have to derive a new formula for bending strain taking this initial 

curvature into consideration. We assume the layers are perfectly attached to each other and all the cross-

sectional planes remain planes after bending. Figure S12 shows two cases to consider. In both cases, the 
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bending strain by definition is given by 
0

02

L
LL −

=ε  where L’s can be expressed by R’s and θ’s. Noting 

the fact that neutral axis (L1) does not change length during bending, we arrive at the following results 

for Figure S12a 
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and for Figure S12b 
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C. Total strain 

 

Figure S13 Thermal strain, bending strain and total strain shown as functions of substrate thickness and 

modulus. 
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Finally, the total stress-induced strain in the dielectric layer is the superposition of the thermal 

strain and the bending strain: 

 bt εεε +=tot  (S10). 

At a fixed bending radius of r = 2.57 mm (“r” measured from the bottom of the substrate to the origin, 

“R” measures from the neutral axis), the thermal strain, bending strain, and total strain are plotted as 

functions of substrate thickness (ts) and substrate modulus (Es) as shown in Figure S13a and S13b, 

respectively. Several quick conclusions can be derived from the two plots. First, bending strain 

increases monotonically with ts and Es because larger ts or Es is going to induce bigger y and hence 

bigger bε  according to Eqs. S8 and S9. Second, due to the large CTE of the PI-2574 layer, the thermal 

strain/stress in the dielectric layer is always negative, but not monotonic with either ts or Es. Third, at 

given bending radius as small as r = 2.57 mm, although the εtot curve follows the shape of the εb curve 

pretty closely, the contribution from the thermal strain is non-trivial, and therefore cannot be neglected. 

Fourth, the shape of the total strain curve is monotonic, suggesting that the total strain can be reduced by 

reducing ts or Es. 

The total strain is compared to the critical crack onset strain measured in Figure 4 to determine 

the minimum bending radius. Solving the following failure criterion equation 

 crbt εεε =+  (S11) 

will determine the minimum allowable bending radius, i.e. the bendability of the flexible transistor 

system. The results are plotted in Figure 5, suggesting that reducing the substrate thickness or modulus 

will enhance the bendability of the device. For a fixed substrate material, say Kapton (Es = 2.5 GPa), 

Figure 5a depicts an almost linear relationship between rmin and ts. This linearity is a result of numerical 

coincidence. As we change Es, the shape of the curve will get distorted. Our model also predicts that 

when there is no substrate, i.e. ts = 0 or Es = 0, the minimum possible bending radius is going to 
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approach 0.45 mm. In this case, all the functional layers are simply supported by a thin layer of PI-2574 

as illustrated in Figure 1c. 
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