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1. MoS; film properties, growth conditions, SiO2/Si substrate preparation

MoS: was synthesized by CVD growth as described in prior work.?"? The SiO2/Si substrates were
pretreated by hexamethyldisilazane (HMDS) vapor to provide a hydrophobic surface for the
subsequently applied seeding promoter (PTAS, i.e. perylene-3,4,9,10 tetracarboxylic acid
tetrapotassium salt dissolved in DI water and dried on a hot plate) on the edges of the chip, which
prevents spreading towards the chip center. The same substrate treatments were applied for the growth
of the other TMDs. The MoS: growth from solid precursors (MoOs and S) then forms large single
crystal triangles with sizes in the order of tens of microns which coalesce into a continuous film in the

chip center, and non-continuous areas closer to the chip edge (see Fig. 1 in previous work?’).

Although the MoS: film can essentially be characterized as a monolayer film, some small multilayer
islands and overgrowth are present at grain boundaries or nucleation sites. Supplementary Fig. 1 and 2
display Raman and photoluminescence (PL) mapping of a multilayer region and grain boundary,
respectively, each surrounded by monolayer MoS.. As visible from the peak positions, the Raman peak

separation is increased in these multilayer regions suggesting a thickness of about 2-3 MoS: layers.*®

The amount of overgrowth and multilayers can vary depending on the location on the sample (edge vs.
center) and between growths. This is further quantified by optical image analysis performed on samples
used for flexible devices based on the transfer process described in this work. Supplementary Fig. 3a,b
shows examples where unpatterned MoS; was transferred together with contacts (for Type A devices)
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Supplementary Fig. 1 | Raman and photoluminescence (PL) mapping of an MoS, multilayer
island surrounded by monolayer MoS; on SiO>/Si. a, Optical image of mapped area. b, PL peak
height. ¢, PL peak position. d, Raman E’ peak height. e, Raman E’ peak position. f, Raman A1’ peak
height. g, Raman A1’ peak position.

from the center of the chip (a) and from the chip edge (b). The threshold brightness analysis of these
images indicates a multilayer coverage of 8-19%. For another example of Type B devices during

processing (located in chip center), we find that the multilayer coverage can be as high as 34 %

Optical microscope image PL peak height PL peak position

multilayer - 2 1.835

S0 0 o N o o AN o

overgrowth -« -
1.2 3 4 5 6 7 8 9 101 1.2 3 4 5 6 7 8 9 1011
Raman E’ peak height Raman E’ peak position Raman A;’ peak height Raman A;’ peak position
d 75 1 f 110
384.8
o 2 100
65 s O
60 4 90
3844 5
55 6 80
50
384.2 7 70
45 8
384
40 9 60
2 ym 0 2 um
— 35 383.8 — 50
20 1"
1.2 3 4 5 6 7 8 9 10 11 1.2 3 4 5 6 7 8 9 101 1.2 3 4 5 6 7 8 9 101 1.2 3 4 5 6 7 8 9 10 11

Supplementary Fig. 2 | Raman and photoluminescence (PL) mapping of an MoS; grain
boundary surrounded by monolayer MoS; on SiO>/Si. a, Optical image of mapped area. b, PL
peak height. ¢, PL peak position. d, Raman E’ peak height. e, Raman E’ peak position. f, Raman A1’
peak height. g, Raman A1’ peak position.
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Supplementary Fig. 3 | Optical analysis of mono- vs. multilayer regions of MoS;. a, Continuous
MoS: film in chip center of a Type A device after transfer, scale bar: 50 um. b, Non-continuous MoS:
region in chip edge of a Type A device after transfer, scale bar: 50 um. ¢, Etched MoS: film of a Type
B device before transfer, scale bar: 20 um. d, Etched MoS: film of a Type B device after transfer,
scale bar: 20 pum.

(Supplementary Fig. 3c,d). Thus, for micron-scale devices we can assume that the channel will be
mostly composed of monolayer MoS: (including multilayer islands), while most nanoscale channels

will likely be monolayers with the occasional chance of continuous bilayers in the channel gap.
2. Surface analysis before and after transfer

To investigate the surface morphology of the MoSz covered regions before and after transfer, we
performed atomic force microcopy (AFM). We find that the as-grown MoS: has a root-mean-square
(rms) roughness of 0.18 — 0.45 nm depending on growth run and sample location, which is comparable
to or slightly larger than the nominal SiO2 roughness (Supplementary Fig. 4). In addition, we have also
measured the roughness after transfer and capping with 35 nm Al2Os (evaporated Al seed layer +
atomic-layer deposition as described in Methods), which yielded a roughness of 0.39 nm on the MoS:
covered region and 0.44 nm where MoS: was etched prior to transfer. This confirms that the extremely
smooth MoS; surface is preserved even after transfer. In addition, the AFM reveals that the height
difference between MoSz and Au surfaces is less than 2 nm which confirms that the 45 nm thick
contacts are embedded in the substrate and topography is effectively eliminated. This is further
visualized in the cross-section SEM image after completed device fabrication in Supplementary Fig. 5,

where Al203 and Au cover the contacts and channel without any “steps” in surface topography.
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Supplementary Fig. 4 | Atomic Force Microscopy (AFM) of a, a single MoS: triangle on SiO2/Si
with a root mean square (rms) roughness of 0.18 nm measured in region of light blue dashed box, b,
an MoS: on SiO2/Si region of coalescing grains with rms roughness of 0.45 nm for MoS: (light blue
dashed box) and 0.23 nm for the bare SiO2 surface (white dashed box), and c, the MoS2 and Au
structures on polyimide after transfer and alumina capping (on the entire area) with rms roughness
of 0.39 nm on the region with MoS: (light blue dashed box) and of 0.44 nm on the region where
MoS: was etched (green dashed box).
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Supplementary Fig. 5 | Scanning-electron microscopy (SEM) cross-section of a ~100 nm long
channel MoS: transistor, colorized version of Fig. 3a. Red dashed lines show the source and drain
electrodes are embedded in the PI, and no “steps” in surface topography can be discerned.

3. Optical microscope images for WSe; and MoSe; before and after the transfer process

Supplementary Fig. 6a,c displays the hexagonally shaped WSe2 and MoSe: crystal grains grown on
SiO2/Si substrates after the patterning of source/drain metal contacts, and before the transfer. As visible
here, the Au contacts are on top of the TMDs. When the polyimide (PI) is applied on top, it uniformly
covers and embeds the contacts. After releasing the PI together with metals and TMDs from the SiO2/Si
substrates (main text Fig. 1b), the substrate is flipped over as visible in the numbering (“10”) when
comparing Supplementary Fig. 6a,b. This also leads to a reversal of the material stack, where the TMDs

are on top of Au/PI or PI, as visible in Supplementary Fig. 6b,d.
4. Raman spectroscopy and Photoluminescence measurements before and after transfer process

The different TMDs were monitored with Raman spectroscopy and photoluminescence (PL)

throughout the transfer process to investigate any changes in material properties. Supplementary
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Supplementary Fig. 6 | Microscope images of WSe, and MoSe, with patterned Au metal
electrodes. a, WSez on SiO2/Si before transfer. b, WSe2 on polyimide (PI) after transfer. ¢, MoSez
on SiO2/Si before transfer. d, MoSez on PI after transfer.

Fig. 7a-f display the spectra for MoSz, WSe2 and MoSe: before and after transfer. Because we have
deposited and patterned metal contacts before the transfer, released all materials together, and flipped
the flexible PI substrate, we were able to measure the TMDs after transfer on the metal surface and on
the PI surface.

We observed that the measurements directly on PI (without a metal in between the TMD and P1) have
a broad background signal, which is absent on the SiO2/Si substrates and on Au surfaces. This
background signal is in the range where we expect the vibrational modes of the TMDs, and there is,
for instance, a significant overlap with the PL energy maximum of monolayer MoS: (Supplementary
Fig. 7b). The Raman and PL measurements for bare PI (on Si) are shown in Supplementary Fig. 7g,h
for comparison. Because of this background signal, the MoS2 Raman and PL peaks are buried and not
visible in our measurements on Pl. However, the peaks of WSe2 and MoSe: on the PI surface can be
resolved (Supplementary Fig. 7c-f). We note that a Raman laser with shorter wavelength could
possibly help to reduce the background signal from P1 and improve detection of TMDs.®° Further, the
insertion of Au between PI and the TMD suppresses this background signal and enables the detection
of the Raman signature of all three TMDs.
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Supplementary Fig. 7 | Raman (left column) and photoluminescence (right column) spectra.
a,b, MoSz. ¢,d, WSez. e,f, MoSez. g,h bare polyimide (PI) on silicon.



We find that the PL peaks for WSe; and MoSe: can be detected on Pl and Au/PI despite the strong PL
quenching that is known to appear on Au surfaces.®*34 The PL peak energies of MoS2, WSez and MoSe:
are ~1.86 eV, ~1.59 eV and ~1.54 eV, all indicating monolayer thickness.?*¢® While these results
were consistent for MoSz and WSe2 across the substrate, we found that MoSez had areas with
monolayers and bilayers (~50%) (Supplementary Fig. 8), where the PL peak is shifted towards
~1.50 eV and its intensity is significantly reduced. The noticeable spread in PL energies for MoSz can
be attributed to a variety of effects such as nanoscale bilayer regions?”?® or small local variations in
strain or doping. For MoSez, however, we find two sets of PL energy peak positions, which indicate

that some areas mainly consist of monolayers and some mainly of bilayers (~50% each).2%6*

Changes in the Raman and PL spectra before vs. after transfer can be interpreted as strain release
effects or phonon interactions with the bottom surfaces (PI or Au), as will be discussed in the following.
For MoS:2 on Au, we find that the E” peak shifts by about -1.8 cm™ and its full-width-half-maximum
(FWHM) increases, whereas the A’1 peak does not change discernably (see Supplementary Fig. 9),
which has been observed for non-transferred Au/MoS: stacks and thus cannot be correlated with the
transfer process. Possible mechanisms for this E’ peak shift and broadening can be tensile strain
induced from the Au deposition®% or electron-phonon interactions due to Au plasmons.®®” For WSez,
the changes in the Raman and PL spectra are small (Supplementary Fig. 10). The minor shifts in the
PL peak position and Raman E’ peak of about +0.02 eV and -0.1 to -0.2 cm™, respectively cannot be
consistently correlated with any strain release during transfer,®® and may be related to small effects
from interactions with the substrate.%® It is difficult to deduce any strain effects from PL and Raman
for MoSez, due to small changes and existence of mono- and bilayers adding uncertainty to the Raman
and PL analysis. Still, the results suggest the possibility of slight strain changes in tensile and

compressive directions on Au/PI and PI surfaces, respectively (see Supplementary Fig. 11).7%72

a 6000 b c
7000 MosS, WSe, 12001 MosSe,
6000 {on SiO/Si 3%9%076n sioysi T .| ON SIOSI
55000 5 4000 s 900 mainly
24000 213000 2 600 monolayer
2 3000 2 2
k] o 2000 o
= 2000 c £ 300
1000 = 1000
0 0 0
1.5 1.6 1.7 18 19 2 21 1.3 14 15 16 1.7 138 1.3 14 15 16 1.7 138
Photon energy (eV) Photon energy (eV) Photon energy (eV)

Supplementary Fig. 8 | PL measurements before transfer of a, MoSz, b, WSe: and ¢, MoSex.



Overall, the FWHM of the Raman and PL peaks for all the TMDs do not increase except on Au
electrodes, where previously discussed plasmonic effects could be the leading cause. This indicates
that the disorder, which would be affected by crystal grain size or defect density, in the materials is not
increased throughout the transfer process.”™ This conclusion is also supported by the good electrical
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Supplementary Fig. 9 | Averaged Raman (over ~5 spots on the same chip) a, peak positions and
b, Full-width-half-maximum (FWHM) of MoS: before transfer (as-grown, on SiO2/Si substrate)
and after transfer (on Au/Pl).
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Supplementary Fig. 10 | Averaged (over ~5 spots on the same chip) a, Raman and b,
photoluminescence (PL) peak positions of WSez before and after transfer. Averaged full-width-half-
maximum (FWHM) for c, the Raman and d, the PL measurements.
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Supplementary Fig. 11 | a, Averaged Raman (over ~5 spots on the same chip) and b,
photoluminescence (PL) peak positions of MoSe:z before and after transfer. Averaged full-width-
half-maximum (FWHM) for c, the Raman and d, the PL measurements (~10 spots across two
chips). Note, missing data e.g., for the Raman Ei2c peak on Pl means that these peaks could not be
detected on that particular surface.

properties, which are comparable on the materials after transfer with those before transfer (i.e. on rigid
Si02/Si substrates) from previous studies using the same CVD material type.?’-%%
5. Mobility, Gate Capacitance, and Threshold Voltage Extraction

We performed the extraction of the extrinsic field-effect mobility preext and threshold voltage Vr from

the gm maximum based on the following equation (valid for small drain-source voltages Vos):

dlp UFEextCoxVDsW

gm_ = )

- Vgs L

where the Ip plotted vs. Ves can be fitted linearly to obtain preext. Furthermore, the intercept with the
Ves axis yields V1.”> The channel width W and the channel length L are given by the device geometry.

The gate oxide capacitance per unit area (Cox) is determined by connecting source and drain of the
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Supplementary Fig. 12 | Measured capacitance-voltage (C-V) characteristics of flexible TMD-
FETSs. Typical C-V for a, MoS2 FETs and b, MoSez and WSe; FETS, where the calculated Al20s3
capacitance density and equivalent oxide thickness (EOT) represent average values (~5 devices). Lov
is the overlap length between the gate electrode and the source/drain electrodes.

transistors to ground, and applying a voltage to the gate electrode. We then perform small-signal
capacitance-voltage (C-V) measurements where the direct-current (dc) voltage is swept while applying
an alternating-current (ac) voltage with an amplitude = 100 mV and frequency = 20 kHz. The results
for Al20z gate dielectrics (including 1.5 nm Al seed layer) deposited in 300 cycles (MoS2 FETs) and
200 cycles (WSe2 and MoSez FETS) are shown in Supplementary Fig. 12a and b, respectively.

As all transistors are n-channel devices, we estimate the capacitance of the Al2Os gate dielectrics at
positive bias voltage (when the channel is in accumulation) by dividing the measured capacitance
(Supplementary Fig. 12) with the overlap area of the gate with the source, drain, and semiconductor
channel.®® For MoS: FETs the extracted Cox = 0.21 puF cm or an equivalent oxide thickness (EOT)
~16.4 nm, and for WSez and MoSez FETs we obtain Cox = 0.32 uF cm™ or EOT ~ 10.8 nm. Estimating
the relative dielectric constant er from Cox and the Al2Oz thickness obtained by ellipsometry, we find er
~ 7-8, which is in the expected range.”””® Note, the ellipsometric thickness of 200 cycles and 300 cycles
of atomic-layer deposited (200°C) Al203 measured on silicon is around 22 nm and 35 nm, respectively.
However, for the transistor capacitance the 1.5 nm oxidized Al seed layer adds to the overall thickness,
while the optical lithography and lift-off process of the top (gate) electrode exposes the Al2Os to the
basic photoresist developer which can etch the material, thus slightly reducing its thickness.

6. Flexible MoS; Field-Effect Transistors of Type A

Supplementary Fig. 13 displays a top-down optical microscope image and the electrical characteristics
of a flexible MoS: field-effect transistor (FET) of Type A with 4.7 um channel length. The device

exhibits an extrinsic field-effect mobility preext ~14.2 cm?V-1s, on-current Io ~ 5.5 A um™ at a drain-
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Supplementary Fig. 13 | MoS; field-effect transistors (FETSs) of Type A. a, Top-down optical
microscope image, white dotted line marks the outline of the MoS: area. b, Measured transfer
characteristics. Red and blue lines represent drain current, Ip. ¢, Output characteristics.
source voltage Vos = 1 V, threshold voltage Vr = 3.9 V, minimum subthreshold swing SS ~ 1.7 V dec™
and on/off ratio ~3.6x10°. Note that pire.ex: and Io have been corrected for current spreading, which is

described in Section 15 below.

7. Flexible MoS; Inverter based on Type B device fabrication process

The fabrication process for Type B devices further facilitates the realization of circuits because MoS:
is already defined before gate dielectric deposition and the second metallization, which simplifies
connecting bottom and top metallization layers. For instance, these are useful for practical circuits,
where the gates and source/drain contacts of some transistors need to be connected (see inset of
Supplementary Fig. 14a). Supplementary Fig. 14 shows the characteristics of a proof-of-concept

flexible inverter realized with two n-type MoS: transistors.

-Gain (VIV)

Vi, (V)

Supplementary Fig. 14 | Flexible inverter with Type B MoS; transistors. a, Transfer
characteristic of the inverter. Inset shows the schematic circuit diagram with transistors T1 (Weh/L =
20/39.7 um) and T2 (Weh/L = 300/4.7 um) b, Gain of the inverter shown in a. Inset shows an optical
microscope image of the inverter after fabrication.
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Supplementary Fig. 15 | Hysteresis in flexible transition metal dichalcogenide field-effect
transistors. a, MoSz (Type A). b, MoS: (Type B). ¢, WSez (Type A). d, MoSez (Type A).

8. Hysteresis

Comparing hysteresis®’ for Type A and Type B devices, we find similar maximum values of ~1.2 V for
MoS: FETs, which indicates that the additional etch step before transfer does not deteriorate the TMD
interfaces (Supplementary Fig. 15a,b). The WSe2 FET displays low hysteresis ~0.1 V (Supplementary
Fig. 15c), and the MoSe2 FET has maximum hysteresis of ~1.6 V (Supplementary Fig. 15d).

9. Bending of flexible TMD FETs

Flexible electronics need to remain unaltered when mechanically deformed, for instance, by bending
the substrate. While the ductility of materials matter for the maximum strain that flexible electronics
can sustain,” the easiest way to minimize impacts of strain on flexible electronic devices is to minimize

the substrate thickness. The strain at a given bending radius can be approximated as:®

. d
strain = —,
2r
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Supplementary Fig. 16 | Mechanical bending of flexible TMD-FETs. a, Photograph and
microscope image (scale bar: 200 um) of the measurement setup where the FETs are bent to a tensile
radius of 4 mm. Measured transfer characteristics of b, WSez (Type A), ¢, MoSe2 (Type A) and d,
MoS: (Type A). All show no significant changes on substrate bending at the 4 mm radius.

where d is the substrate thickness and r is the radius of curvature. Thus, by minimizing d to a few
micrometers, the strain at common bending radii on the order of millimeters is minimized. We show
this by using a ~5 um thick PI substrate and bending it to a radius of 4 mm, which results in ~0.063%
of strain. Consequently, the electrical characteristics of the TMD FETs remain visually unaltered in

this condition as shown in Supplementary Fig. 16.

For a detailed quantitative evaluation, we have further analyzed transistor parameters such as drain
current Ip, threshold voltage VT and transconductance gm (see Supplementary Fig. 17). Average Ip and
gm changes remain within 10% of the flat state values and absolute Vr shifts are mostly < 0.5 V. Given
that the applied strain is low even at r = 4 mm, we conclude that no systematic correlations of strain
with device performance parameters can be deduced from these results and we successfully confirmed

the bending stability of our devices.
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Supplementary Fig. 17 | Quantitative analysis of TMD transistors under bending to a radius
of 4 mm. For MoS;, MoSe, and WSe», displayed values represent the average and standard
deviation of 12, 6 and 3 devices, respectively. a, Maximum drain current Io under bending
normalized by its value in flat condition. b, Threshold voltage shift V1 pent — V7 flat. ¢, Maximum
transconductance gm normalized by its value in flat condition.

10. SEM images of transistor channels fabricated with electron-beam lithography (EBL)

We verified the channel dimensions in our transistors by performing scanning-electron microscopy

(SEM), which reveals the channel lengths and widths even after the top gate metal is deposited.

Supplementary Fig. 18 shows two exemplary Type B devices with channel lengths of ~60 nm and

~400 nm. Note that the surface consists of Au across the whole area displayed since everything is

covered with the top gate. Nevertheless it is possible to discern the edges where the MoS:2 has been

etched. The MoS: etch mask consists of 2 um wide metal leads (left and right) and photoresist covering

the 1 um wide channel region, which results in no discernable edge across the MoS2 on Au and the

MoS: in the channel. This is consistent with the absence of “steps” in surface topography from the

SEM cross-sections (Supplementary Fig. 5) and AFM images (Supplementary Fig. 4). In our EBL

process, the intended channel length was 50 nm, and after evaluating Supplementary Fig. 18a, we
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e e
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Supplementary Fig. 18 | SEM top-view images of Type B transistors. a, Device with a channel

length ~60 nm. b, Device with a channel length ~400 nm.
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Supplementary Fig. 19 | Optical material analysis of MoS; throughout an electron-beam
lithography (EBL) process involving spin-coating and stripping of poly(methyl methacrylate)
(PMMA). a, Raman spectra. b, Photoluminescence spectra.

estimate its actual length is 63 = 7 nm. Analyzing 9 devices with sub-micron channels we find that on
average the channel length is ~12 nm longer than intended in our device layout. Thus, we have
corrected our extractions and evaluations on devices fabricated by EBL by AL = +12 nm. Similarly,
we applied AL = -0.3 um for devices fabricated by optical lithography based on SEM measurements.

11. Electron Beam Lithography on top of MoS;

Previous reports have indicated that MoS2 could be damaged by highly energetic electron beams which
cause strain and defect formation.®184 We investigated this for our EBL process (details in the Methods
section) performing Raman and PL measurements before and after the electron beam exposure and
development of the poly(methyl methacrylate) (PMMA) layer that was used for the lift-off of the later
deposited source/drain metal. Supplementary Fig. 19 displays exemplary Raman and PL spectra, while
Supplementary Fig. 20 provides the analysis of Raman and PL peak center shifts as well as the changes
in the intensity and FWHM of the PL spectra. We found negligible differences in the Raman spectra.
The slight reduction in the PL intensity (Supplementary Fig. 19b) occurs independently of the exposure
to the electron beam, and may be caused by PMMA residues or minor effects from processing and
aging of the material. Thus, we conclude that here we do not cause significant damage during the EBL
process, which may have been due to our 200 nm thick high molecular weight (950K) PMMA layer
on top that should reduce the impact energy and dosage of electrons that hit the MoSz. The other

parameters of our EBL process and the device fabrication can be found in the Methods section.
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Supplementary Fig. 20 | Averaged optical material analysis of MoS; during electron-beam
lithography (EBL) with spin-coating and stripping of poly(methyl methacrylate) (PMMA). a,
Raman A’ peak center. b, Raman E’ peak center. ¢, Averaged full-width-half-maximum (FWHM)
of the Raman peaks. d, Photoluminescence (PL) peak center. e, PL peak height. f, PL FWHM.

12. Temperature Rise Estimates

We estimate the MoS: and PI substrate temperature rises in a short-channel (L ~ 82 nm, Wc = 2 pm)
Type A MoS:2 device. This particular “hero” device was chosen because it achieved the highest power
dissipation, and is therefore expected to reach the highest temperatures during device operation. The
operating point simulated is Ves = 16 V, Vbs= 1.2 V and Io = 1.225 mA, which corresponds to the
highest power (1.47 mW) demonstrated in Fig. 3f. In order to account for interface thermal resistances
and various heat paths and current spreading, we perform 3D steady-state thermal finite element
method (FEM) simulations, with the device geometry shown in Supplementary Fig. 21a. The 5 um
thick PI substrate is attached to a heat sink at To =~ 20°C via photoresist (SPR 3612, Shipley), which
serves as the thermal interface material. For simulations, a thermal contact resistance of 0.1 K-cm*W
was assumed at the bottom of the PI substrate (typical of contact resistances in device packaging®),
although the exact value has little effect on simulated peak temperatures in this case, because its
contribution to the total thermal resistance is much less than the thermal resistance of the PI substrate
and the device thermal circuit. The thermal conductivities of the materials used in the simulations and

the thermal boundary resistances (TBR) of material pairs are given in Supplementary Table 1.



17

Thermal Thermal

Material conductivity Material interface bOL_mdary

(WK1 reS|sétance

(Km4/GW)
MoS,% 20 (in-plane) MoS: — polyimide®’ 100
Polyimide (P1)® 0.2 MoSz — Au® 67
Au® 150 MoS: — Al205% 67
ALD Al,03°% 2.5 AuU/Ti — ALD Al,0:°% 20
Au — polyimide® 400

Supplementary Table 1: Nominal values of material thermal properties in the simulations. Some
thermal boundary resistance (TBR) values not available in literature were approximated by TBRs for
pairs of similar and/or better-studied materials, using the larger estimates to model a worst-case
scenario. Actual values can vary depending on the material/interface quality and deposition conditions.
For Au, the thermal conductivity of films with comparable thickness (not bulk) is used.*® For PI and
Al203, the thermal conductivities above room temperature (in the 100-200°C range) are used.

To estimate the temperature rise, we first obtain the current distribution in the device. With Vps < Vs
— V1, the device was assumed to be in the linear region, where the MoS: film is characterized by a
uniform sheet resistance and the current density is symmetric about the center of the device. With an
assumed contact resistance of 400 Q-pm and a contact transfer length of 50 nm (in this “hero” device),
2D electrical simulations were performed as described in Supplementary Section 15 to account for
current spreading, and a mobility of 25 cm?V1s™ was found to yield the correct device current. The
power dissipated per unit area in the channel and across the contact interface were calculated from the
simulated current densities and potential drops across the contact-MoS: interfaces. This power

distribution was then used in the thermal simulation with the complete 3D geometry.

With the nominal thermal properties specified in Supplementary Table 1, the Supplementary Fig. 21
shows the 2D temperature rise distributions (b) in a vertical device cross section, (c) within the MoS:
film and (d) immediately below the MoS: film, showing temperatures in the upper surface of the PI
substrate and the Au contacts. We determine a peak temperature rise AT ~ 361 K in MoSz and 291 K
in PI (The difference between the two is due to the TBR between MoS: and P1.). Because TBRs across
interfaces depend strongly on materials and the interface quality, the TBRs in the actual device might
differ from the values given in Supplementary Table 1. Thus, we performed sensitivity analysis of the

peak MoS; and PI temperature rise on the TBRs (for all interfaces), in Supplementary Fig. 21e,f.

Supplementary Fig. 21e shows that peak device temperatures are most sensitive to channel-gate
insulator (MoS2-Al203) and gate insulator-top electrode (Al.O3-Ti/Au) TBRs, which indicates that

TBRs that control heat flow into the gate stack have the greatest influence. This also indicates the heat
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Supplementary Fig. 21 | Thermal simulations. a, Simulated Type A device geometry. Inset: closer
view of the channel, with the top gate stack not shown. b, Cross section of temperature rise along
the direction of current flow. Note the gate has significant overlap with the source/drain. c, Top view
of temperature rise in the MoSz channel, where the highest temperatures occur. d, Top view of
temperature rise at the top of the Pl substrate and Au contacts, just below the MoS2 channel. e, The
variation of the device peak temperature rise as a function of the TBR of each material pair. f, The
variation of the highest temperature rise in the PI substrate as a function of the TBR of each material
pair. In e and f the horizontal dashed lines indicate the peak temperature rise, and the intersection of
each curve with this line occurs at each nominal TBR value.

generated in the device spreads (at first) mainly through the gate stack, which has substantial overlap

(~10 pm) with the source/drain electrodes. As the heat sink is at the bottom of the PI substrate, after

spreading via the gate insulator and top gate, the heat flows back down into Pl via MoS: and the Au

contacts. We note that only ~10% of the heat flows from MoS: directly into the PI (the channel-

substrate TBR), thus even if the PI surface were severely compromised (e.g. due to heating during



19

device operation), the device could continue to function by dissipating heat into the gate and contacts.
The PI glass transition temperature®” is 360°C and the decomposition temperature is 620°C. Thus, for
the nominal properties in Supplementary Table 1, these devices have additional headroom to operate
at higher power, thanks to heat spreading through their gate and source/drain electrodes.

13. Additional Type A Device Data and Overall Variability

The variability of Io for Type A devices shows a similar distribution compared to devices of Type B
(compare Supplementary Fig. 22a with Fig. 3d). The transfer characteristic of the device with the
highest on-current is displayed in Supplementary Fig. 22b. The shortest channel lengths which we
realized were ~60 nm and an exemplary electrical characteristic and scanning-electron microscopy

cross-section are shown in Supplementary Fig. 22c.

In Supplementary Fig. 23 we display the Vr histogram for all MoS2 devices measured. Academic
fabrication and growth variations (e.g., variations in S vacancy concentration®®) cause V- variability,

which could be much improved with industrial process optimization (beyond the scope of this work).
14. Drain current vs channel length in flexible MoS, FETs and Modeling

The drain current Ip that is obtained when probing a short-channel FET typically has contributions
from the channel resistance Rch and contact resistance Rc, which makes the accurate extraction of the
intrinsic mobility pre difficult. Furthermore, since short-channel devices can be contact dominated, an
estimation of Rc is also important. Taking into account Reh and equal source and drain Rc we can

estimate the overall resistance Rt (all normalized by device width W, in units Q-m) as follows:

102 102
a W =2 pum 102 Vps =0.1V C Vps =0.1V
W, = 120 pm
° 1
~ 10 10’
< o o < <
= 10’ o o S 490 =
o — .
£ oo ©8 °© o © - £ 10° - ORISR
o ) o 1 L=82nm L =62 nm [ Sisesaiig
o 10 WC=2pm Wc=2pm
o W, = 120 pm W, =6 pm
0 -2 -
10 10 10
40 100 700 -5 0 5 10 15 -12-8 -4 0 4 8 1216 20
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Supplementary Fig. 22 | MoS; Type A transistors. a, Drain current Ip vs. channel length at a drain-
source voltage Vps = 0.1 V and an overdrive voltage Ves — VT =8 V. b, Ip vs. Ves of the device with
the highest on-current (also see Fig. 3f). ¢, Electrical characteristic of a Type A flexible MoS: field-
effect transistor with the shortest channel length of ~60 nm. Inset shows a scanning electron
microscopy cross-section of such a ~60 nm channel. Scale bar: 200 nm.
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Supplementary Fig. 23 | Threshold voltage (V) variability of all flexible MoS; FETSs. VT ex-
tracted with the linear extrapolation method. Most data are for EOT ~16.4 nm and some data for
EOT ~13.7 nm (black). The different colors indicate separate growth and fabrication runs. We
measured~100 Type A and Type B devices, and the geometry, process flows or channel length did
not discernably correlate with any Vr changes.

In the linear transistor operating region (at small Vbs), Reh can be approximated as

Vosy oL
Ip trECox(Vas—Vr)’
where Ip, L, pre, Cox, Ves and Vr are the drain current, channel length, intrinsic field-effect mobility,
gate oxide capacitance per unit area, gate-source voltage and threshold voltage, respectively. Hence,
taking into account Riwt when measuring the drain current (Iomeas) While applying a voltage between

drain and source (Vos,appt), We obtain the following for 1o,meass (normalized by W, unit: Am™):

I _ VDS,appl _ VDS,appl

Dmeas — - L
’ Reot 2Rc+——FF———
T urECox(Ves—VT)

Thus, we have an expression for Ibmess Where the denominator has two competing components which
limit the maximum Ip,meas that can be obtained. Further, we can find that for ultra-scaled transistors in
the limit L — 0, the maximum Ipmeas is fully limited by Rc. In contrast, at long channel devices (here,
L > 10 um) the Rc no longer has significant impact and Ibmess is mainly defined by pre, given the

electrostatics and carrier concentration are fixed (Cox, Ves and Vr constant).

In the following, we use this model to identify lower and upper bounds for Rc and pre based on our
experimentally obtained results in flexible MoS2 FETs with channel lengths ranging from ~10 um
down to ~60 nm. For that we extract Ibmess at Vos = 0.1 V (Fig. 3d) at an overdrive gate voltage (Vov =
Ves — V1 = 8 V) using a V1 extracted from a linear fit of gm vs Ves. In addition, our model needs Cox,

which in this case is 0.21 pF cm™ or EOT ~16.4 nm (Supplementary Fig. 12a). With that, we can use
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Rc and pire as fitting parameters. We obtain upper bounds for Rc = 2.3 kQ pum and pire = 27 cm?V-1s?
for Type B devices. Taking into account also the best Type A devices, the upper bounds become Rc =
0.25 kQ pum and pre = 30 cm?V-s? indicating a remarkably reduced Rc for the Type A device at L
~82 nm. Furthermore, it becomes evident that at channel lengths of ~10 pum the devices are dominated
by pre as changes in Rc do not significantly impact Ip (dotted blue and solid black lines converge in
Fig. 3d). This gives us the opportunity to fix the pre range at L ~10 um and then subsequently fit Rc to
the highest data points at the smallest channel lengths, where Rc has a larger impact then pre, which
gives us an estimate for the best Rc. We performed the fitting at Vos = 0.1 V (Fig. 3d) to ensure that
the devices are in the linear operating regime. We show in Fig. 3c,f that the devices with the highest
Io display effects of self-heating and velocity saturation even below Vps values that would warrant
channel pinch-off, which can be commonly observed for sub-100 nm channel length in MoSz FETs."%
However, this does not impact our model because we only use it at low Vps. The model can also be

used to predict the extrinsic field-effect mobility pireext. The above equations can be modified to:*°

_ HFE
HUFE,ext 4 wrECox(Vgs—Vr)2Rc *
' L

We used the same input parameters (Rc and pre) for preext as for our Ip fitting. The result shown in

Fig. 3e agrees with our extracted pre ext based on the maximum gm method, confirming our calculations.

15. Correction for Lateral Current Spreading in Type A FETs

In all our TMD FETSs of Type A, where the semiconductor width is greater than the electrode width,
fringe currents can contribute non-negligibly to the total measured current depending on a number of
factors including contact width and spacing, contact resistance and semiconductor mobility. In order
to provide an accurate extraction and comparison of Io and preext for Type A devices and estimate the
fringe current effects, we define a dimensionless correction factor:

Ip

CF =
Wilpp

where Ip is the total current (in pA), W is width of the contact and semiconductor overlap, and Ipp is
the width-normalized current (in uA um™) in a FET with the same electrical parameters (sheet and
contact resistances) but a channel geometry without current spreading. For FETs without a well-
defined patterned channel, CF > 1, reflecting the contribution of fringe currents. In the linear regime

of the transistor, given Rc, pre and bias voltages; Ipo,1o can be calculated as Vos-W™:Rior?, with Reot
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calculated as defined in the previous section. Io depends on the device and contact geometry as well:
we estimate it using 2D finite element method (FEM) simulations using COMSOL Multiphysics to

calculate the current distribution. With CF so obtained, width-normalized corrected currents are then

11 D,meas

Ipcorr = ﬁ W

In FEM simulations, the transistor is assumed to be in the linear region of operation with Vps <« Ves -
V1, so the semiconductor sheet resistance is assumed to be the same everywhere (except where the

semiconductor overlaps with contacts), and given by

1

R, = .
o trgCox (Vgs — Vr)

For purposes of calculating this current distribution, the contacts are assumed to be edge contacts'®
with a contact resistance per unit width of Rc. The edge contact assumption is equivalent to contacts

with current transfer length?* Lt < 50 nm.

The two unknown electrical parameters that influence CF are pire and Rc. However, for devices without
a patterned channel, it is not straightforward to extract these directly from electrical data while
simultaneously correcting for fringe currents: a range of CF are possible for different combinations of
pre and Rc. For the lower end of this range, we assume an Rc = 250 Q um (best prior reported results
for CVD MoS: with Au contacts),?® and fit pire to get the measured Io. For the upper CF estimate, we
assume pre about 2-fold higher than in our best devices (for CVD MoS: a similar value to best prior
results on silicon)? resulting in pre = 56 cm?V1s for MoSz, 5 cm?V-s for MoSe2 and 10 cm?V-is?
for WSez, then fit Rc to get the measured Ip. The range of CF calculated this way yields a range of

Ip.cor and Preext, Which is illustrated as vertical bars in e.g., Figs. 3d and 3e.

An example for the current spreading correction is displayed in Supplementary Fig. 24 for an 82 nm
long MoS2 FET. The FEM simulation result displays the current flow paths for two different scenarios
of fitted Rc/ure (Supplementary Figs. 24c,e). It is visible that the spreading is more pronounced for the
scenario with higher pre and higher Rc. In Supplementary Figs. 24d and f, the respective Ip
distributions with a hypothetical channel width = electrode width are shown which yield Ip,1o. For this
device, we reported in the main manuscript the average values for these two bounds, which is
~466 pA um™. Finally, Supplementary Fig. 24g displays the current distribution in the y-direction
(perpendicular to the channel) at the channel center (defined as x = 0), which visualizes the current

spreading effect for the two different fitting scenarios.
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Supplementary Fig. 24 | Numerical current spreading
simulations. a, Top view of a Type A device. The regions in gold
indicate where the drain and source electrodes are in contact with
the semiconductor film. b, Top view of a Type B device. c, The
simulated current distribution in a Type A device with 2 pm
contact width, 82 nm contact spacing, Ves — VT =10V, Vps = 1
V, Rc =250 Q um, pre = 26.8 cm?V-'s™t. The resulting current is
1.225 mA, with Ip,cor = 506 HA pm™ (CF = 1.211). This set of
Rc and pre yields the upper bound of our estimated range of Ip,corr

values. d, The current distribution in the corresponding Type B device with the same electrical
parameters as in ¢. The width-normalized current is equal to Ipcor = 506 PA pm™. e, The simulated
current distribution in a Type A device with 2 pm contact width, at the same bias conditions as in ¢ but
with Rc = 821 Q pum, pre = 56 cm?V-1s. The resulting current is also 1.225 mA, with Ip,cor = 426
HA um™ (CF = 1.438). This set of Rc and pre yields the lower bound of our estimated range of Ipcor
values. f, The current distribution in the corresponding Type B device with the same electrical
parameters as in e. The width-normalized current is equal to Ipcor = 426 uApm™. g, The current
density midway between the contacts (x = 0) as a function of the y-coordinate. Red and blue curves
correspond to the Type A devices ¢ and e, respectively.
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Reference Synthesis Thickness Length | e OF MFeext Io at Vos = 1V
method (nm) (nm) (cm?V-is?h (A pm™)
Kwon etal. ** | exfoliated 30-80 7000 44.8 4.1
Changetal. ** | exfoliated 7.9 1000 30* 13
Yoonetal. *® | exfoliated | 3.075 (5 layers) 4000 4.7 0.3
Leeetal ' exfoliated | 1.845 (3 layers) 800 29 NA
Salvatore et al. * | exfoliated 3.5 4300 19 1.3
Yoo et al. exfoliated 66.5 8300 83.5 3
Songetal. *° | exfoliated 79.3 22600 141.3 1.2
Chengetal.*® | exfoliated | 1.845 (3 layers) 116 NA 48**
Chengetal. ¥ | exfoliated | 1.845 (3 layers) 68 NA 135%**
Ma et al. > exfoliated 18.3 17500 | 15.5+15.9 0.32
Chang et al ¥/ CVD 0.615 (1 layer) 750 31* 66
Amani et al. ! CVD 0.615 (1 layer) 13000 18.9* 0.2
Shinde et al. *2 CVD 0.615 (1 layer) | 4000 6.7 +20 2.2
Woo et al. % CVD 1.538 (2.5 layers) | 10000 9 1.4
Park et al. CVD 1.23 (2 layers) | 4000 17.4 0.13

Supplementary Table 2: Literature values for flexible MoS: field-effect transistors used to generate
Figs. 4a,b. The synthesis method denotes whether the material was mechanically exfoliated or grown
by chemical vapor deposition (CVD). * indicates that in these cases the field-effect mobility pre was
extracted by the y-function method and contact resistance Rc is excluded. For the other cases the
method was either not specified or the transconductance gm maximum method was used which results
in an extrinsic Ure (LrFeext). The drain current Ip is in most cases specified at a drain-source voltage Vos
=1V, unless labeled: ** Vps = 2 V, *** Vps not specified.

Reference Channel Length on/off IpatVos =05V
material (nm) ratio (LA um™)

Park et al. *®° graphene 140 15 248
Yehetal. *® graphene 200 8.8 516
Zhai et al. % single-crystal silicon (c-Si) 150 6x10’ 369
Shahrjerdi et al. 3 single-crystal silicon (c-Si) 30 2x10° 714
Wang et al. >’ InSnO (ITO) 160 7x108 34
Minzenrieder et al. *® InGaZnO (1GZ0) 160 7.1 119
Cheng et al. %6 MoS: 116 2x10° 48*

Cheng et al. 18 MoS: 68 10° 135**

Supplementary Table 3: Literature values for flexible field-effect transistors with channel lengths <
200 nm used to generate Fig. 4c. The drain current Ip is in most cases specified at a drain-source voltage
Vbs = 0.5V, unless labelled: * Vbs = 2V, ** Vps not specified.

17. Estimation of the transit frequency

The scope of this work has been to demonstrate nanoscale flexible TMD transistors with high dc
performance. The top gate, fabricated after release of the flexible substrate, is currently still limited by
available process accuracy for alignment and feature size in the optical lithography on the ultra-thin
flexible substrate. This leads to a large overlap area, and hence high overlap capacitance, which will



25

limit the ac device performance. The reduction of parasitic overlaps will be addressed in future work.
Nevertheless, to evaluate the potential of our devices for high frequency applications, we calculated
the expected transit frequency fr of our transistors with highest performance. We have used the
extracted preext at Vos = 1V, which lumps together material parameters (ure) and other device
parasitics (Rc), and hence we can estimate fr, based on the following equation (adapted from other
works*010y:

— .uFE,ext VDS Cox Wch
ZﬂLch Ctot

fr

where Crot is the total capacitance and other variables were previously defined (see Supplementary
Section 14). Crwt has several components: 1) the total gate oxide capacitance including overlaps (Coxtot),
2) the parasitic capacitance from the sidewall of the gate (Csice), and 3) the fringing parasitic
capacitance from the top surface of the gate (Ciop).

Ctot = Cox,tot + Z(Cside + Ctop)
Coxtot, Cside and Ciop are then estimated as follows:4%-101.102

Cox,tot = Cox(Lcthh + LOUWC)

2 \K?
My

Weepe L+ L
C<0 rln[1+ ch ov]
T tox+tgate

C chofrl
. = ————(n
side T

Ctop =

where K = 1 + tgate/tox With tgate as the gate metal thickness and tox as the gate oxide thickness, o as the
vacuum permittivity, er as the relative gate oxide permittivity, Lov is the gate-source/drain overlap
length (see inset of Supplementary Figure 25) and other variables were previously defined.

Thus we calculate fr as a function of Lov, which is displayed in Supplementary Figure 25 taking the
corresponding dc data from the devices shown in Fig. 3c,f. Initially, we assumed similar device
geometry as in our Type B devices with our measured Cox = 0.21 pF cm™?, & = 8, tox = 35 nm (see
Supplementary Section 5), tgate = 65 NM, Wen = 1 um and Wc = 2 um. The inset sketches the different
geometrical parameters in top view. The resulting fr is displayed in red. We find a strong dependence
on Lov for large overlaps > 0.1 um where the parasitic overlap capacitance dominates. A general
improvement in fr can be expected when Wen is increased to a value equal to Wc (blue lines, and arrows
in Supplementary Figure 25b). In addition, decreasing the gate oxide thickness will only lead to higher
fr if gate-source/drain overlaps are minimized (< 0.1 um, green dashed lines, and arrows in
Supplementary Figure 25a). We have estimated here the case for reducing our Al2Os gate dielectric
thickness to 5 nm, which would lead to a lower &r due to interface effects and Cox would become ~ 1
UF cm2.77198 The maximum fr estimated after these modifications reaches ~26 GHz, and could be
increased slightly more by reducing tgate Which for instance would lead to ~27 GHz for tgate = 15 nm.
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Supplementary Fig. 25 | Calculated transit frequency fr as a function of gate-to-source/drain
overlap length Loy. The calculation was done based on dc characteristics shown in a, Fig. 3c and b,
Fig. 3f. The inset in a sketches the geometry used for the calculations.

These results indicate that the first priority should be minimizing Lov which could be done by advanced
lithography techniques or fabrication tricks (like self-alignment!®*). However, it should be noted that
an underlapped device structure, which avoids parasitic overlap capacitance overall could significantly
increase the access resistance (and Rc)*’ without a stable and reliable TMD doping technology. Thus,
a careful optimization of the device geometry will be necessary. Nevertheless, our estimation of
maximum fr of ~7 GHz and ~27 GHz for the two selected devices demonstrate the potential of high
frequency operation in flexible MoS: transistors.
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