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Abstract— In this work, we demonstrate atomic-layer-
deposited (ALD) single-channel indium oxide (In2O3) gate-
all-around (GAA) nanoribbon field-effect transistors (FETs)
in a back-end-of-line (BEOL) compatible process. A maxi-
mum on-state current (ION) of 19.3 mA/µm (near 20 mA/µm)
and an on/off ratio of 106 are achieved in an In2O3 GAA
nanoribbon FET with a channel thickness (TIO) of 3.1 nm,
channel length (Lch) of 40 nm, channel width (Wch) of 30 nm
and dielectric HfO2 of 5 nm. Short-pulse measurements
are applied to mitigate the self-heating effect induced by
the ultra-high drain current flowing in the ultra-thin chan-
nel layer. The record high drain current obtained from an
In2O3 FET is about one order of magnitude higher than
any conventional single-channel semiconductor FETs. This
extraordinary drain current and its related on-state perfor-
mance demonstrate that ALD In2O3 is a promising oxide
semiconductor channel with great opportunities in BEOL
compatible monolithic 3D integration.

Index Terms— Indium oxide, amorphous oxide semicon-
ductor, gate-all-around nanoribbon transistor, BEOL com-
patible, atomic layer deposition.

I. INTRODUCTION

AMORPHOUS oxide semiconductors are widely inves-
tigated and applied as thin-film transistor channels for

display applications over the past decades [1], [2], [3].
Very recently, they are explored for back-end-of-line
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(BEOL) compatible transistor channels for monolithic 3D
integration [4], [5], [6], [7]. Among these materials, atomic
layer deposited (ALD) In2O3 shows excellent transport prop-
erties with mobility beyond 100 cm2/V · s and its field-effect
transistors (FETs) exhibit remarkable performance including
large on-state current (ION) over 2-3 mA/µm in both depletion
and enhancement-mode operation, on/off ratio up to 1017, sub-
threshold swing (SS) as low as 63 mV/dec, and high stability
in H2 environment [8], [9], [10], [11], [12], [13], [14]. Mean-
while, the ALD technique offers wafer-scale film synthesis,
accurate thickness control, smooth surface, high conformity
and uniformity on 3D structures and a low thermal budget
process below 300 ◦C [9], [10], [11], [12], [13], [14].

In this work, scaled single-channel In2O3 nanoribbon FETs
with gate-all-around (GAA) structure and various channel
length (Lch) of 40 nm – 1 µm and channel width (Wch)
of 30 nm – 1 µm are fabricated under BEOL compatible
conditions. On-current (ION) is enhanced to 4.3 mA/µm at
drain voltage of 1 V in a device with Lch of 40 nm and Wch
of 1 µm compared to the previous bottom or top-gated ALD
In2O3 FETs [9], [13]. To resolve the self-heating issue due
to the ultrahigh current in the ultrathin channel, the channel
width scaling and short-pulse measurements are applied. The
self-heating effect is mitigated significantly after these two
approaches and a maximum ION of 19.3 mA/µm is observed
at a drain voltage of 1.7 V in a 30 nm wide nanoribbon FET
by pulsed I-V measurements. This extraordinary drain current
density is the highest ever obtained from a single-channel
transistor [14].

II. EXPERIMENTS
Fig. 1(a) and 1(b) show the device schematic of a single-

channel In2O3 GAA FET in 3D model and cross-section view
in source/drain direction respectively. A fabrication process
flow is presented in Fig. 1(c). The device fabrication started
with solvent cleaning of p+ Si substrate with 90 nm thermally
grown SiO2. Then, 10 nm Al2O3 was grown by ALD at
175 ◦C to obtain a smooth surface and a bi-layer photoresist
lithography process was applied for the sharp lift-off of
Ni by electron-beam evaporation as the bottom gate metal.
Next, 5 nm HfO2 bottom dielectric was grown by ALD at
200 ◦C, using [(CH3)2N]4Hf (TDMAHf) and H2O as Hf and
O precursors. 3.1 nm In2O3 was grown by ALD at 225 ◦C
with (CH3)3In (TMIn) and H2O as In and O precursors. N2
was used as carrier gas at a flow rate of 40 sccm and the
base pressure is 1500 mTorr. The film thickness was confirmed
by transmission electron microscopy (TEM) and ellipsometry.
Channel isolation was done by dry etching (BCl3: 15 sccm;
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Fig. 1. Device schematic of an In2O3 GAA nanoribbon FET with TIO
of 3.1 nm and dielectric of 5 nm HfO2 in (a) 3D model (b) cross-section
view in S/D direction. (c) Fabrication process flow of the In2O3 GAA
nanoribbon FETs. (d) EDS cross-section image of an In2O3 GAA FET
with Lch of 40 nm.

Ar: 60 sccm; pressure: 0.6 Pa) and Ni was deposited to serve as
the source/drain electrodes, patterned by electron beam lithog-
raphy. A top dielectric of 5 nm HfO2 was then grown by ALD
at 200 ◦C to wrap the whole In2O3 channel followed by 5 min
O2 annealing at 250 ◦C. Finally, the gate metal was surrounded
by e-beam evaporation of 40 nm Ni with dry etching first to
connect the top and bottom gates. Fig. 1(d) shows the energy
dispersive x-ray spectroscopy (EDS) cross-section image of
an In2O3 GAA FET with Lch of 40 nm. As can be seen,
single layer In2O3 with channel thickness (TIO) of 3.1 nm is
surrounded by 5 nm HfO2 dielectric and 40 nm Ni gate stack.
3.1 nm thick In2O3 layer was chosen to realize the record
high drain current of the devices. Even thicker In2O3 layer
leads to the fact that the devices cannot fully pinch-off since
the thickness is beyond the maximum depletion width of the
In2O3 layer. Notice that the whole fabrication process has a
BEOL compatible low thermal budget of 250 ◦C.

III. RESULTS AND DISCUSSIONS

Fig. 2(a) and 2(b) present the transfer and output character-
istics of a typical In2O3 GAA FET with Lch of 1 µm and Wch
of 1 µm. Well-behaved switching characteristics with on/off
ratio over 104 and a clear drain current saturation at large
drain voltage (VDS) are observed. ION reaches 500 µA/µm at
VDS of 2.5 V. All ION are simply normalized by Wch since
the channel thickness TIO is much smaller than Wch. The gate
leakage current (IG) is at the level of 10−9 mA/µm and the
on/off ratio is limited by the off-state current (IOFF) that can
be probed. Further increasing negative gate bias will lead to
the dielectric hard breakdown of 5nm HfO2. Fig. 2(c) and
2(d) show the transfer and output characteristics of a short
channel In2O3 GAA FET with Lch of 40 nm and Wch of
1 µm. A maximum ION of 4.3 mA/µm is achieved at VDS
of 1 V. Further increasing VDS results in the unstable devices
due to ultrahigh current density induced Joule heating in the
nanometer-thin In2O3 channel [13], [15]. VT is near constant
for devices with different Lch and maximum transconductance
(gm) exceeds 103µS/µm due to 5 nm thin HfO2 dielectric. The
relatively negative VT is attributed to the large electron carrier
concentration in the channel and the Fermi level (EF) located

Fig. 2. (a) Transfer and (b) output characteristics of a typical In2O3 GAA
nanoribbon FET with Lch of 1 µm and Wchof 1 µm, showing saturation
at large VDS. (c) Transfer and (d) output characteristics of a typical
In2O3 GAA FET with Lch of 40 nm and Wchof 1 µm, showing maximum
ION of 4.3 mA/µm at VDS = 1 V. The worse gate control in the short
channel device such as degraded drain-induced-barrier-lowing (DIBL)
and sub-threshold voltage (SS) are due to the short-channel effect. Gate
leakage current (IG) of In2O3 GAA FETs with (e) Lch of 1 µm and Wchof
1 µm and (f) Lch of 40 nm and Wchof 1 µm.

highly above the conduction band edge (EC). Further lowering
In2O3 thickness will enhance the bandgap due to the quantum
confinement effect and shift EC toward EF. The reduction of
carrier density results a positive shift of VT and a decrease of
drain current, which can be considered as a tradeoff between
channel thickness and maximum drain current [8].

Channel width scaling of the In2O3 ribbon is also inves-
tigated. Fig. 3(a) illustrates a false-color top-view scanning
electron microscope (SEM) image of a fabricated GAA In2O3
nanoribbon FET with a Wch of 50 nm. Similar electrical
measurements are performed and the extracted ION versus Wch
of different devices from 1 µm down to 30 nm is plotted in
Fig. 3(b) with SS of 100-120 mV/dec. It is surprising that
ION becomes approximately three times larger as the channel
narrows with no obvious VT shift. Two factors are accounted
for such current enhancement. First, the electric field induces
a higher carrier density at the channel edge due to the GAA
geometry and the edge gradually takes a larger portion of the
conductance in the channel width scaling. Etched In2O3 ribbon
edges might lead to a charge neutrality level (CNL) located
even deeper inside the conduction band, thereby enhancing
edge conduction. Second, better heat dissipation is realized
due to a larger perimeter to area ratio in a narrower ribbon.
Fig. 3(c) and 3(d) present the transfer and output characteris-
tics of an In2O3 GAA nanoribbon FET with Lch of 40 nm and
Wch of 30 nm. A maximum ION of 11.4 mA/µm is achieved
at a VDS of 1 V. The narrow ribbon structure leads to the
enhanced on-state performance as shown in Fig. 3(d) and also
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Fig. 3. (a) False-color top-view SEM image of an In2O3 GAA nanoribbon
FET with Wchof 50 nm. (b) ION and VT of the In2O3 GAA nanoribbon
FETs under channel width scaling from 1 µm down to 30 nm. Each point
is from at least 3 devices. (c) Transfer and (d) output characteristics of a
typical In2O3 GAA nanoribbon FET with Lch of 40 nm and Wchof 30 nm,
showing maximum ION of 11.4 mA/µm at VDS = 1 V. (e) IG of In2O3
GAA FET with Lch of 40 nm and Wch of 30 nm.

the improved off-state performance as shown in Fig. 3(c) due
to the GAA structure and a better gate control, in contrast to
the off-state performance of a wider channel device presented
in Fig. 2(c).

To further probe the potential of the device performance,
a pulsed I-V measurement is implemented. A data averaging
time of 500 ns, VGS and VDS pulse width of 1 µs and
pulse period of 100 ms are set to minimize the self-heating
effect and improve device reliability. Fig. 4(a) and Fig. 4(b)
present the pulsed transfer and output characteristics of an
In2O3 GAA nanoribbon FET with Lch of 40 nm and Wch
of 30 nm. A record high ION of 19.3 mA/µm is achieved at
VDS of 1.7 V, demonstrating the remarkable current carrying
capacity of ALD In2O3. The off-state current in the transfer
curve is limited by the resolution of the pulsed I-V setup
while a real on/off ratio over 106 is shown in Fig. 3(c) in
DC measurements. The thermal time constant of this scaled
device is around tens of nanoseconds since the two sets of
data measured by DC and pulse setup can merge perfectly,
indicating the thermal equilibrium state is achieved within the
pulse width of 1 µs.

DFT simulations of a 3.0 nm thick slab of single crys-
tal In2O3 were performed to study its electronic proper-
ties [16], [17]. Fig. 4(c) shows the band structure of the
conduction states. In2O3 has simple electronic bands, with a
single zone-centered band up to 0.5 eV, in contrast to most of
III-V compound semiconductors such as GaAs which possess
a satellite band near EC. High electron density in In2O3
enables EF to occupy high energy states in the conduction

Fig. 4. Pulsed I-V results of (a) transfer and (b) output characteristics
of an In2O3 GAA FET with Lch of 40 nm and Wchof 30 nm, showing
maximum ION of 19.3 mA/µm. (c) DFT band structure of 3.0 nm thick
In2O3 slab, with the lowest conduction band having an effective mass of
0.19 m0. (d) Ballistic current density and average electron velocity versus
carrier density, from DFT simulation of In2O3 slab.

band, where the majority of the conducting electrons have high
band velocity. Fig. 4(d) presents the ideal ballistic transport
properties, including the ballistic current density and average
electronic velocity, versus carrier concentration. The ultra-high
drain current is a product of high electron density and high
average band velocity [17]. First, EF in the 3.1 nm-thick
In2O3 is located deeply in the conduction band, being different
from Si or other conventional semiconductors, so that a high
carrier density around 4×1013 cm−2 can be achieved. Second,
a single conduction band in In2O3 with relatively low effective
mass of 0.19 m0 and density of states leads high EF located
in conduction band once high carrier density is populated.
It leads high band velocity at EF and beneficial high average
band velocity. The velocity increases rapidly with high carrier
concentration is illustrated by the pink curve in Fig. 4(d).
A velocity >3×107 cm/s can be achieved with carrier density
at the level of 4 × 1013 cm−2. These two factors lead to a
record high ION of 20 mA/µm. Note that this simulation only
provides a qualitative guidance of device performance, since
it considers an ideal single crystal of In2O3 and the ballistic
transport limit. The real devices are much more complicated
with an amorphous oxide channel, a channel length longer
than the mean free path and non-negligible interface and bulk
defects. In addition, further investigation on device reliability
is still needed so as to make ALD In2O3 a competitive can-
didate as a channel material in practical BEOL applications.

IV. CONCLUSION

In summary, single-channel In2O3 GAA nanoribbon FETs
are demonstrated in a BEOL compatible process. A record
high ION of 19.3 mA/µm is achieved through short-pulse
measurements, channel width scaling and improved heat dissi-
pation in smaller devices. This work demonstrates a surprising
result in the field of electronic materials and devices that such
an amorphous oxide semiconductor can offer the record high
current density. ALD In2O3 as a novel channel material shows
great promise in monolithic 3D integration.
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