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Table 1. Extracted Device Parameters for the InAs XOI RF Transistor Presented in Figure 3
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Figure 4. RF characteristics of self-aligned InAs XOI MOSFETSs on mechanically flexible substrates. (a) Photograph of self-aligned flexible InAs XOI
MOSFETSs fabricated on a polyimide substrate. Inset: schematic of the device. (b) Ins—Vg characteristics of a flexible device measured under various
curvature radii at Vpg = 0.1 V. The average I,,,/I 4 ratio is ~100 and the average I,,/W is ~0.04 mA/Um at Vg = 0.1 V. (c) Normalized on-state
conductance (G/G,) and maximum transconductance (g,/gmo) as a function of curvature radius. (d) Measured S-parameters for a device (dual
channel with L = 75 nm, W = 50 JUm) from 100 MHz to 20 GHz. The transistor is biased at Vg5 = —2.3 V and Vg = 0.6 V for maximum
performance. (e) As-measured (dash) and de-embedded (solid) h,, and U derived from the S-parameters from 100 MHz to 20 GHz. The de-

embedded current gain cutoff frequency is 105 GHz.

PI-2525) onto a silicon handling wafer, resulting in a film
thickness of ~12 Pm. Subsequently T-gate MOSFETs are
fabricated using the process scheme described above, followed
by deposition of a parylene passivation layer (thickness, S00
nm). Finally, the PI substrate is detached from the handling
wafer after the fabrication is completed.'>*® It is important to
point out that parylene passivation layer is used in order to
encapsulate the devices to avoid the delamination of the InAs
membranes from the substrate or the shortage between the gate
and source/drain during the peel-off process.

An optical photograph of a PI substrate with self-aligned
InAs RF MOSFETs is shown in Figure 4a. The device
schematic is also shown. The devices show excellent mechanical
robustness with minimal performance change under various
curvature radii down to 4.8 mm (Figure 4b). The normalized
on-state conductance (G/G,) and maximum transconductance
(gm/gmo) as a function of curvature radius are shown in Figure
4c, where g, and G, are the transconductance and on-state
conductance in the relaxed state. The results indicate that the
performance change is within 11% under all bending conditions
tested. Furthermore, RF characterizations (Figure 4d,e) from
100 MHz to 20 GHz show that the flexible InAs MOSFET has
an impressive de-embedded f, of 105 GHz.

For practical mixed-signal integrated circuits, most of the
modules such as digital signal processing (DSP), analog-to-
digital converter (ADC), digital-to-analog converter (DAC),
and IF-band amplifiers are typically operating at moderate
frequencies (a few hundred MHz to low GHz). While power
amplifiers (PA) and RF front-end such as low-noise amplifier
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(LNA) and mixer may require a few transistors that can be
operated at faster speeds (a few GHz to tens of GHz). In the
future, one can envision flexible electronic systems based on a
few InAs XOI MOSFETs on a small-area that are
heterogeneously integrated with low-cost-material-based tran-
sistors on large-area substrates. This represents a high-
performance yet cost-effective approach. Furthermore, our
XOI platform is also universal to all types of III—V material
systems. Therefore, despite the relatively low breakdown field
and power handling capability of InAs due to its small bandgap,
it is possible to heterogeneously integrate multiple III-V
materials on the same substrate for different applications. For
instance, it would be attractive to have an integrated system
with InAs XOI transistors in the high-speed RF front-end such
as low-noise amplifiers and mixers, and GaN>” XOI transistors
in components such as the power amplifiers.

In summary, RF performance of InAs XOI MOSFETs is
explored through the use of self-aligned device geometry.
Compared with graphene, which is another 2D material that
has been widely studied for RF applications, the ultrathin III-V
membranes used in this study exhibit comparable frequency
response on Si substrate and in the meantime offer higher I,/
Iz Although for RF applications, the requirement on I,,/I g is
more relaxed as compared to digital applications, low I./I ¢
still limits the possible applications such as high efficiency
power amplifiers. Our well-established XOI platform, coupled
with the self-aligned device design, could provide a viable and
simple approach to enable heterogeneous integration of high-
speed III-V transistors with silicon CMOS. It could also serve
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as a foundation for ultrahigh speed flexible electronics for large
bandwidth wireless communication applications.

B ASSOCIATED CONTENT

© Supporting Information

Details about the self-aligned XOI MOSFET fabrication
process (S1); contact resistance and intrinsic transconductance
Zmi (S2); effect of contact anneal (S3); on-chip open/short de-
embedding for intrinsic RF performance (S4); and small signal
RF modeling to extract the device parameters from the
measured S-parameters (S5). This material is available free of
charge via the Internet at http://pubs.acs.org.
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S1. Details about the self-aligned XOI MOSFET fabrication process

The fabrication process for the self-aligned XOI MOSFET is illustrated in Figure S1. The
GaSb source wafer with 15-nm-thick InAs and 60-nm-thick Aly,GaygSb sacrificial layer grown
by molecular beam epitaxy (MBE) is patterned and etched into microribbons using previously
reported process conditions.! The AlGaSb layer is then selectively wet etched using NH4OH
solution to achieve freestanding InAs active layers, which are subsequently transferred onto the
target substrate using a PDMS slab. On top of the transferred InAs microribbons, Ti/Au (5/35 nm)
probing pads are first patterned using photolithography and lift-off processes. T-shaped gate is
then patterned using electron beam (e-beam) lithography with a bilayer e-beam resist of
Poly(methyl methacrylate) (PMMA) and copolymer P(IMMA-MAA), which has higher exposure
sensitivity than PMMA. The gate stack is subsequently formed using a lift-off process with 10
nm of high-x ZrO, dielectric deposited by low-temperature (130 °C) atomic layer deposition
(ALD) and 110 nm of Al deposited using e-beam evaporation. As a final step, an opening
window 1is patterned across the channel region using e-beam lithography and 20 nm Ni is
deposited to allow the formation of self-aligned S/D contacts due to the shadow effect from the

T-shaped gate.
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Figure S1. Schematic illustration of the self-aligned XOI MOSFET fabrication process.
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S2. Contact resistance and intrinsic transconductance g,

Ips-Vgs curves saturate at Vg larger than -0.5 V, which is resulted from the source/drain series
resistance. The total output resistance (Rsp) is calculated to be ~1.8 kQ-um for all V'pg biases (gray
dashed lines in Figure S2a). The series resistance works like a source degeneration resistor and
reduces g, of the transistor. By excluding the effect of the source/drain series resistance, we can
deduce the intrinsic transconductance (gy,;) of the transistor using the relation gni = gw/(1-gmRs-
gaRsp). In this relation, gy, values are taken from Figure 2d, Rs = 900 Q-um is one half of Rgp, and
gaq 1s the output conductance (Figure S2b and c), which is obtained by taking derivative of the
output (Ips-Vps) characteristics shown in Figure 2b. Using the above values, g, under various Vgs
biases are extracted as shown in Figure S2d. The maximum g, at Vps = 0.5 V is ~3 mS/um, which
is much higher than the extrinsic value of 0.39 mS/um. This indicates the potential of further
improvement of our device performance by reducing the contact resistances. If a device
transconductance close to gy, is experimentally achieved, the self-aligned XOI MOSFETs can

potentially be operated at above-terahertz regime.
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Figure S2. (a) Ips—Vgs characteristics of a self-aligned InAs XOI MOSFET showing the near-saturation of the
current at Vs > -0.5V. (b) Output conductance gps as a functional of Vps. (¢) gps as a function of Vg evaluated at
Vbs = 0.5 V. (d) Intrinsic transconductance g, as a function of Vg evaluated at Vps=0.5 V.
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S3. Effect of contact anneal

We have studied the contact resistance of Ni-InAs junction as a function of InAs thickness
using transmission line method (TLM)?, with and without thermal annealing at 300 °C for 1 min.
The devices explored in this work have gate-first structure as opposed to S/D-first. As a result, Ni
S/D contact annealing cannot be performed due to the gate stack degradation. In the future,
gate/gate dielectric materials with higher thermal budget can be selected and the annealing process
can be further optimized to reduce the contact resistance of the self-aligned T-gate transistors in

order to further improve the experimental g,.

1500 . . T . .
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A A
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0 10 20 30 40 50 60
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Figure S3. Contact resistance as a function of InAs thickness before and after annealing in N, environment at
300 °C.
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S4. On-chip open/short de-embedding

We have performed an open/short de-embedding in order to remove the parasitic capacitances
and inductances of the probing pads. The de-embedding is done by on-chip probing measurements,
where the open/short structures are fabricated together with the device-under-test (DUT), and with
exactly the same dimensions. The optical microscope images for the short and open structures are
shown in Figure S4b and c, respectively. The as-measured S-parameters of the device, open, and
short are converted to Y-parameters, and the intrinsic Y-parameters of the DUT are deduced using

the following equation
YDUTfIntrinsic = ((YDUT - Yopen )71 - (Yshart - Yopen )71 )71
The intrinsic S-parameters are then in turn converted back from the intrinsic Y-parameters, which

are used to deduce the de-embedded /,; and U of the transistor.

OPEN

freq (100 OMHZ to 40 00GHz)

Open 511 == Short 511
Open 522 = Short S22

Figure S4. Open/short de-embedding. (a) As-measured S;; and S,; of the open and short structures. (b,c) Optical
microscope images of the on-chip open (b) and short (c) structures used for the de-embedding.
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SS. Small signal RF modeling to extract the device parameters from the measured S-

parameters

In order to provide insight into the device performance over the measured frequency range, a

n-model is established to create a small-signal equivalent circuit for the InAs XOI RF transistor

as shown in Figure S5. To extract the component values in the model, the measured S-parameters

are converted to Y-parameters first and the following equations are used to extract each

component value:

Yin=yYutyiz
Yout = Y221y12
gm =—Re(y21)

Cod = —Im(y12)/2nf
Cin = Im(yin)/2wf
Rin = 1/Re(yin)
Cos = Cin/(1+1/01%)
Ry = Rin/(1+0in”)
Oin = Im(yin)/Re(yin)
Cas = Im(your)/2nf
Ras = 1/Re(your)

RNQS = I/ng

R and Ry are extracted from the DC Ips—Vgs characteristics and Rngs models the quasi-static

behavior of the transistor due to distributed channel resistance. The extracted component values

are summarized in Table 1 of the paper.
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Figure S5. Small-signal equivalent circuit model for the InAs XOI RF transistor.

The RF measurement results show that f.x is lower than fr considerably, which is
primarily due to high loss from the gate resistance. The gate resistance to the first order can be
estimated based on the dimension of the T-gate geometry and the conductivity of the material. In
this specific design, the gate finger is 80 pm with a foot length, tip length, and gate height equal
75, 244, and 110 nm, respectively. If a bulk conductivity of 28.2 nQ2'm is used for aluminium, the
calculated gate resistance is around 128.6 €, which is close to the extracted gate resistance from
the S-parameter measurements as shown in Table 1. It is important to note that f.x can be

significantly improved in the future if a multi-finger layout is employed.
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