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Abstract
We present a rapid liquid metal printing process
(CLMP) enabling fabrication of high-mobility metal
oxide semiconducting channels in less than 3 seconds.
We use this process to engineer heterostructure TFTs
with channels consisting of 3 nm layers of In2O3 and
Ga2O3      with improved subthreshold slope and
enhanced on-state performance (μave ~ 14 cm2/Vs).
We report the influence of deposition temperature and
speed,      investigating      crystallinity      and      grain
morphology of this class of 2D oxide semiconductors.
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Introduction

adhered by van der Waals forces. These 2D oxides are
highly conductive and highly transparent, making
them ideal materials for building high performance
metal oxide thin film transistors (TFTs). They also
tend to exhibit large plate-like grain morphologies
that correlate with their high conductivity and high
electron mobility as determined by Hall
measurements[2].

This paper builds off our past results by
demonstrating high-performance In2O3 TFTs printed
by roller-based CLMP. Compared to our previous
results on dual-sided liquid metal printing[3], this
process is novel because it requires no post-annealing.
Instead, electrostatic control is achieved via the

Transparent semiconducting metal oxides have combination of ultrathin channels and by varying the
emerged as a dominant class of materials with high
electron mobility (> 10 cm2/Vs) for driving thin film
electronics such as high resolution microdisplays for

deposition temperature. We characterize the
dependence of TFT device characteristics on the
printing temperature and speed, the determining

virtual reality[1]. Vacuum-free, rapid processing         factors in 2D oxide formation. We present a
could open up opportunities for applying high         comparison of different deposition temperatures in a

performance metal oxides in new applications for
large-area and mechanically flexible devices. Printed
metal oxides can offer higher performance than
alternative thin film semiconductors. However, past
printing methods for inorganic electronic materials
have two major drawbacks: 1) Low temperature

plastic substrate-compatible range of 180 – 240 ˚C.
CLMP at these temperatures using liquid gallium as a
precursor produces amorphous GaOx but CLMP
with pure indium metal results in polycrystalline
In2O3 films (Figure 1b) with large grains sizes (Lave =
20 ± 5 nm) relative to their thickness (~3.3 nm by

processing is largely inhibited by incomplete AFM), as shown in the histogram in Figure 1c.
chemical conversion 2) the process times are very Multilayers of the In2O3 exhibit vertically
slow-nullifying benefits over vacuum deposition. overlapping grains displaying Moiré fringes –
Here, we present a roller-based liquid metal printing indicating that the crystallites are stacked during
method for fabricating high-mobility metal oxide deposition rather than crystallized through their
channel materials at low temperatures and at thickness.
unprecedented single-second time scales.

Results and Discussion
We present our method for high-mobility oxide
semiconductor fabrication known as continuous
liquid metal printing (CLMP) that can be operated in a
roll-to-roll format at speeds greater than 10 cm/s.
Here, we apply this method to generate single layer
as well as heterostructure oxides for use as
semiconducting channel materials. Figure 1a depicts
our continuous oxidation process for producing large-
area 2D oxides in nanoscale layers just 3 nm thick in a
total process time of less than 3 seconds [2]. In this
process, a pure molten metal meniscus is
spontaneously oxidized in air while transferring the
solid oxide skin to a target substrate where it is

Our studies of these channels by XRD (Figure
2a) indicate increasing crystallinity with increasing
deposition temperature from 180 - 240 ˚C, but similar
grain size (~ 7-8 nm) as estimated by the Scherrer
equation. Interestingly, intermediate deposition
temperatures (200 and 220 ˚C) heavily favor the
(222) orientation of cubic bixbyite In2O3 while the
180 ˚C and 240 ̊ C conditions exhibit grains with both
(222) and (400) orientations. Increasing deposition
temperature to 240 ˚C also changes the oxygen
stoichiometry of the film, increasing the percentage
of M-O stoichiometric bonding compared with
oxygen deficient bonding resulting from oxygen
vacancies, as determined by XPS.

Increasing the CLMP deposition temperature
from the optimal 200 ˚C condition to 240 ˚C results
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in positive shifts to the turn on voltage (Von) as well > 300 ˚C. Our process is well within the limits of as
lower on-current and wider hysteresis loops plastic substrates, as demonstrated in our previous
(Figure 2b) for substrate-gated TFTs with top work using CLMP to print flexible TCOs[2].
contacts. We also note that increasing the CLMP
deposition speed from 5 cm/s to 10 cm/s reduces the
channel thickness to ~ 2 nm while reducing speed to 2
cm/s produces thicker channels (~ 4 nm) with more
negative Von and poor subthreshold characteristics.

We leverage CLMP to print heterostructures
consisting of stacks of 2D metal oxides (In2O3 and
Ga2O3) as a tool to control the electrostatics of these
devices without lengthy post-annealing.
Heterostructure TFTs consisting of a 3 nm Ga2O3

layer capping a 3 nm In2O3 channel (Figure 2c) yield
devices with 4X steeper subthreshold slope (SSave ~
250 mV/dec) (Figure 3a) than those with single layer
In2O3 channels (SSave ~ 1000 mV/dec). The Von is
shifted positively by the heterostructure, achieving
enhancement mode operation rather than depletion
mode. Additionally, the Ga2O3 capping layer results in
a moderate improvement to the average linear
mobility, reaching 14 cm2/Vs compared with 12
cm2/Vs     for single     layer In2O3       channels. In
combination with the steeper SS and near 0 V Von,
these observations suggest that Ga2O3 is an effective
material for passivating In2O3’s back-channel defects.

2D oxide heterostructures provide an effective
mechanism for engineering enhancement mode
operation in liquid metal printed In2O3 TFTs that
otherwise tend to exhibit highly conductive channels
with negative turn on voltages as deposited [4]. The
GaOx capping layer is also observed to slightly
decrease the optical bandgap (3.73 to 3.69 eV) and
increase the work function (30 meV). These could
also be consistent with our hypothesis that it
passivates In2O3 back-channel defects that contribute
to the high density of deep states in ultrathin In2O3[5].

The main technological advantage of our CLMP
process is its ability to deposit semiconducting 2D
oxides directly from a spontaneous oxidation of
liquid metal without need for vacuum equipment.
Figure 3c compares the process time and temperature
reported for other high mobility printed and solution-
processed metal oxide transistors. Our work is
highlighted in the yellow symbols, showing a thermal
budget of just 200 ˚C with a total process time of less
than 5 seconds, approximately 2-3 orders of
magnitude faster than competing methods that
require lengthy anneals, often at higher temperatures

Conclusion
In summary, we present a strategy for rapidly
fabricating ultrathin metal oxide heterostructure
channel TFTs at low-temperatures by continuous
liquid metal printing. We investigate the impact of
process temperature on the crystallinity of these
channel materials and identify their impact on
transport in these devices. This ability to control the
electrostatics of these channel materials without
oxidative post-annealing opens possibilities for
manufacturing large area devices such as flexible
lightweight displays at low cost with high-volume
printing.
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