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ABSTRACT

Semiconducting transparent metal oxides are critical high mobility materials for flexible
optoelectronic devices such as displays. We introduce the Continuous Liquid Metal Printing
(CLMP) technique to enable rapid roll-to-roll compatible deposition of semiconducting two-
dimensional (2D) metal oxide heterostructures. We leverage CLMP to deposit 10 cm?-scale
nanosheets of InOx and GaOx in seconds at a low process temperature (T < 200 °C) in air,
fabricating heterojunction thin film transistors with 100X greater Lon/lofr, 4X steeper subthreshold
slope, and a 50% increase in mobility over pure InOx channels. Detailed nanoscale characterization
of the heterointerface by XPS, UV-Vis, and KP elucidates the origins of enhanced electronic
transport in these 2D heterojunctions. This combination of CLMP with the electrostatic control
induced by the heterostructure architecture leads to high performance (uin up to 22.6 cm?/Vs)
while reducing the process time for metal oxide transistors by greater than 100X compared with

sol-gels and vacuum deposition methods.
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Semiconducting metal oxides are critical materials for pushing the technological limits of
emerging optoelectronic technologies such as flexible lightweight displays, transparent circuits,
photodetector arrays, and gas sensors.'™ InOx possesses a wide band gap and a high electron
mobility, resulting in a highly conductive transparent channel material with a low number of
thermally activated carriers.® Alloying with zinc and gallium can also transform degenerate InOx
into an amorphous channel material for fabricating stable, enhancement mode thin film transistors
(TFTs).”® The excellent bias-stress stability and mobility (> 10 cm?/Vs) of quaternary metal oxides
such as IGZO has led to their integration in fast switching OLED flat panel displays.>’ The
semiconducting properties of oxide semiconductors such as InOx can also be electrostatically
controlled by reducing the channel thickness, as quantum confinement effects widen the bandgap
and reduce the free carrier concentration.®!® These tunable electronic characteristics, in
combination with the improved strain tolerance that ultrathin films exhibit, make InOx an excellent

candidate for flexible metal oxide-based electronics.’-!1:12

Vacuum based processes such as sputtering and atomic layer deposition (ALD) are the
current industry standard for the deposition of metal oxide channel materials such as InOyx.>3!3
However, sputtering and ALD require high capital expenditures, have lower material utilization,
and present limitations for areal uniformity and substrate size. Solution processing InOx is
compatible with printing processes, is a relatively low cost means of manufacturing, and can yield
high mobility, ultrathin films.!#'¢ Unfortunately, a tradeoff exists between performance and
thermal budget, as higher annealing temperatures are required to remove residual solvent

contaminants and defects.!*!7

Liquid metal printing is an emerging vacuum-free, solvent-free,
scalable method that offers the ability to deposit crystalline films in-air at low temperatures (< 200
°C).!%1LI8 This method operates based on Cabrera-Mott oxidation, which is responsible for the
formation of an oxide skin on the surface of liquid metal, which can readily be adhered to a target
substrate via van der Waals adhesive forces.!! Previously, we printed large area, 2D nanosheets
that can be rapidly fabricated via continuous rolling deposition, making this approach a
breakthrough in the scalable production of metal oxide semiconductors.'® Since the introduction
of liquid metal surface oxide synthesis by Zavabeti ef al. in 2017, In2O3, HfOz2, Al203, Ga203, SnO,
TeO2, ITO, IAO and 1ZO have been demonstrated via liquid metal printing to fabricate TFTs, UV

photodetectors, gas sensors, inverters, amplifiers, dielectrics, and touch capacitive sensors.
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Recent reports of ultrathin channel TFTs demonstrate the importance of the passivation of
the backchannel for achieving high mobility and good operational stability.?>2> Heterostructure
channels integrating layers with dissimilar work functions can also result in band bending due to
Fermi level pinning at the heterointerface.?* This phenomenon, referred to as modulation
doping,'32426 has been utilized to increase the carrier concentration in heterojunctions between
InOx, SnOx, ZnOx, AlOx and GaOx.'>!6:18:2426 [n our recent work (Ye et al.), we applied this effect
to increase carrier concentration (>10?° cm=) and conductivity (>600 S/cm) through the fabrication
of a layered InOx / GaOx superlattice using continuous liquid metal printing (CLMP).!® However,
the electrostatic control offered by these heterointerfaces can also be utilized for improving InOx
TFT performance through enhancement of the free carrier concentration, as shown previously for
InOx / ZnOx heterojunctions.!>?* A remaining challenge for heterostructure TFTs is capturing the
advantages of higher mobility while controlling the turn on (Von) voltage towards the goal of
enhancement mode operation. Achieving this requires the precise nanoscale thickness and
electronic transport control that 2D oxides provide, which has previously been challenging with

sputtering and solution-processing.'?

Herein, we present rapid CLMP of 2D InOx and InOx / GaOx heterostructure TFTs in air in
less than 6 seconds, using a maximum temperature of 200 °C. Devices were fabricated and
measured with no additional post-deposition annealing. Passivation of the InOx backchannel by
GaOx deposition is demonstrated to yield vastly improved switching characteristics such as a 3x
improvement in subthreshold slope (SS), reduced off current and enhancement mode operation.
We explore the use of a rapid in-air plasma treatment to modify the electronic properties of this
heterostructure. The addition of surface plasma treatment to the heterointerface is shown to yield
a modulation doping effect, as indicated by Burstein-Moss band gap widening of the optical band
gap, a 50% increase in mobility, a negative shift in Von, and an increased binding energy position
of the In-3d core XPS peak position. This work highlights the impressive processing advantages
of the CLMP process and demonstrates the resultant high-performance heterojunction bilayer

channels for next-generation TFTs.

Figure 1 shows facile deposition of ultrathin metal oxide nanosheets using our roller-based
printing technique. In Figure la, the substrate is plasma-treated to remove organic contaminants

and to promote adhesive bonding between the surface and metal oxide. The desired metal is placed



on the surface of the substrate, where it melts spontaneously, given that the substrate temperature
is greater than the melting temperature of the metal. Figure 1b demonstrates the continuous
deposition of an ultrathin metal oxide film, which has no inherent length limitation due to the
millisecond scale regenerative Cabrera-Mott surface oxidization of the liquid metal that is being
pushed in front of the roller. This method of oxide deposition makes this process a potentially
high-impact, roll-to-roll compatible semiconductor technique. The final step is shown in Figure
lc, where microscale metal inclusions are easily removed using a silicone wiper. Additional details

regarding CLMP deposition can be found in the experimental methods section of the SI.

a) b) c)

Air Plasma

Molten Metal

Multilayer

Figure 1. A schematic of the Continuous Liquid Metal Printing process showing (a) the surface cleaning and
metal melting, (b) roller-based metal oxide deposition, and (c) metallic inclusion removal.

Figure 2 presents data collected from InOx and InOx / GaOx heterostructure films with no
interfacial treatment between the InOx and GaOx layers. XRD of these CLMP films show that they
exhibit the InOx cubic bixbyite structure for both pure InOx and heterostructure InOx / GaOx films
as shown in Figure 2a. No GaOx peaks were detected, indicating the amorphous nature of this
layer. The crystalline structure of these 2D films as deposited at 200 °C with no thermal annealing
is unique to the liquid metal printing method.!® Figure S1 presents the fitted curves to the InOx
(222) and (400) peaks. The peak widths, intensities and positions are similar for both InOx and
heterostructure films, indicating that the deposition of GaOx has no effect on the crystallinity or
texture of the InOx layer beneath it. Given that the entire deposition procedure for these films is
completed on the order of seconds, conservation of the InOx crystalline structure during GaOx

deposition is unsurprising.
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Figure 2. (a) XRD (* indicates a substrate peak), (b) transmittance, and (c-d) large area AFM characterization
of CLMP InOy and InOy / GaOy heterostructures. (e-f) TFT device architecture schematics of InOx and

heterojunction devices and (g) a representative transfer characteristic comparison with respective Iy curves
faded.

Figure 2b show the ultrahigh transmittance of InOx and heterostructure films. With an
average transmittance in the visible range of greater than 98%, these films are highly compatible
with transparent electronic applications. The high transmittance is generally owed to the wide band
gaps of InOx and GaOx. Their 2D nature also bolsters the transmittance of these thin films. Large
area AFM scans in Figures 2¢ and 2d reveal a step height of 3.2 nm for CLMP InOx, 6.2 nm for
heterostructure films, and the uniformity that the printing process delivers. Figure S2 shows the

surface roughness of 0.1 nm on the top of the InOx layer, which aids the in fabrication of a smooth
InOx / GaOx interface.

These films were integrated into bottom gate TFT devices with single layer and
heterostructure channel architectures shown in Figures 2e and 2f, respectively. Figure S3 shows
the XPS survey scan of heterostructure films, which confirms the presence of a GaOx layer on top
of the InOx. Figure 2g shows the transfer characteristics of representative InOx and heterostructure
devices, which possess approximately median statistical values of critical device parameters such

as SS, Von, lon/lofr and mobility. A significant performance enhancement is realized with the



heterostructure architecture. A notably improved SS, off-current and positive shift in the turn on
voltage are displayed. Interestingly, the shift in turn on voltage and difference in subthreshold
slope can be corroborated with the transmittance scans presented in Figure 2b. For A <450 nm,

InOx exhibits a slightly higher absorption than heterostructure stacks.

To elucidate the consistency of the CLMP printing process, extensive characterization of

batches of InOx and heterostructure TFTs are presented in Table 1, where N=20 for all entries.

Table 1. Transistor performance summary for InOx, heterostructure and heterostructure with
plasma CLMP transistors

Channel SS (mV/dec) Von (V) (Linear) log10(Xon/Totr) Wo (cm?/Vs)
InOy 1000 £310 -35+7.5 52+05 12.3+£4.6
Heterostructure 230+ 80 -23+3.0 7.0+ 0.4 13.5+5.0
Heterostructure

w/ Plasma 1020 =290 -36+8.6 58+0.5 17.5+2.9

Transfer curves demonstrating inter-device repeatability for InOx and heterostructure devices are
presented in Figure S4. The subthreshold slope is improved by more than 4X with the addition of
a GaOx backchannel layer. The devices also shift from depletion mode operation to enhancement
mode operation, increasing their utility in circuit-level applications. Furthermore, the on-off ratio
1s augmented by nearly two orders of magnitude, which stems from a reduction in the off-current
as shown in Figure 2f, revealing the improved efficiency of these devices in low power
applications. The sole difference in the processing and production of these InOx and
heterostructure devices is the addition of the GaOx capping layer, further indicating that the
explanation for their improvement is passivation of the InOx backchannel defects. Given the
ultrathin dimensions of these films (3 nm), a strong dependence of the electronic TFT behavior on
the InOx back-channel surface states is expected. The GaOx passivation is also demonstrated to
reduce the degree of variation of the SS and Vo, within the devices, which is explicitly presented
in the form of histograms in Figure S5. A small improvement in mobility is also realized for these

devices, which could correspond to the reduction in defects at the back-channel.

To further probe the physical properties of the InOx / GaOx heterojunction, a rapid 2 s in-

air plasma treatment of the InOx backchannel was applied before the deposition of the GaOx
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Figure 3. Output curves of (a) plasma-treated heterostructure and (b) InOx devices scanned from Vgs = -40
V to 20 V in 15 V steps. (c) Batch mobility comparison of CLMP TFTs, where N = 20. (d) Tauc plots
demonstrating optical Eg extraction from UV-Vis measurements. XPS characterization and deconvolution of
(e) In-3d and (f) O-1s peaks for InOx/GaOx heterostructures and pure InOx. In the O-1s peak deconvolution,
purple corresponds to stoichiometric M-O bonding, green to oxygen deficient M-O bonding, and orange to
M-OH bonding.

capping layer to create the samples and devices characterized in Figure 3 and row 3 of Table 1.

Figure S6 clarifies the processing of the heterostructures and plasma-treated heterostructures.

Figures 3a and 3b show the TFT output of plasma-treated heterostructures and pure InOx devices,

respectively. The heterostructure devices demonstrate a 3X increase in the output current. Figure

S7 displays the transfer characteristic of heterostructure w/ plasma and pure InOx devices, where

a comparable trend is observed. The transfer characteristic displays the similar turn on potential of

these two device architectures, showing the tuning effect towards depletion mode operation of

plasma-treated InOx / GaOx heterostructure devices.

Figure S7 also provides representative

transfer characteristics of heterostructures without plasma, and pure InOx devices with

backchannel plasma exposure but no GaOx capping layer. The backchannel plasma is shown to

decrease the on current of pure InOx device and induce a slight positive shift in the Von.



Figure 3¢ presents a batch mobility characterization of TFTs with heterostructure channels
treated with plasma vs. TFTs with single layer InOx channels. The addition of the GaOx layer
provides a mobility enhancement of 50 %, leading to a high average pin of 17.5 = 2.9 cm?/Vs as
well as a significant reduction in device variability. Here, the coefficient of variation (CV) is
reduced by 2.3X for heterostructure devices. To uncover the origin of the improvement in mobility
for these structures, the optical band gap energy was extracted via a direct bandgap Tauc plot fit
(Figure 3d) from UV-Vis absorption measurements (S8). An increase in the optical band gap for
heterostructures treated with plasma (InOx/ GaOx) compared with pure InOx is revealed, indicating
a Burstein-Moss shift in the InOx that is consistent with a higher free carrier concentration. A slight

decrease in the optical band gap without the use of plasma at the InOx / GaOx interface is observed.

The XPS signals for InOx and InOx / GaOx heterostructure films reveal details of the
composition and electronic structure of these materials. Figure 3e shows the In-3ds2 and In-3d53.2
peaks located at 444.6 and 452.1 eV, respectively. Plasma-treated heterostructure films display a

positive shift of 0.2 eV for the binding energy of the heterostructures, which indicates an increase

Table 2. Summary of XPS peak fitting results of InOx and heterostructure channel materials

Material M-O (Stoichiometric) (%) M-O (O Deficient) (%) M-OH (%)
InOx 66 18 17
Heterostructure 60 23 16
InOy w/ Plasma 67 15 19
Heterostructure w/ Plasma 62 19 19

in the Fermi level in these samples. This binding energy shift is often correlated with an increase
in carrier concentration as a result of modulation doping.'>'7-?426 To further examine chemical and
electronic structure, the Ols peak is deconvolved in Figure 3f. The peak is broken down into
stoichiometric metal-oxygen (M-O) bonding (530 eV), oxygen deficient substoichiometric (M-O)
bonding (531 eV), and metal-hydroxide (M-OH) bonding (532 eV). A summary of the results of
this deconvolution is presented in Table 2. To target the film composition instead of the substrate
signal, the InOx films utilized for this measurement are two layers thick. In the case of

heterostructures, a measured signal is expected to be received from both the GaOx and InOx layers.



CLMP InOx is dominated by stoichiometric M-O bonding, whereas heterostructures possess a
higher percentage of oxygen deficient M-O bonding, indicating that the GaOx layer is more oxygen
deficient than InOx. Based on previous results such as the improved on current and shift in the In-
3d, we expect that the defective GaOx is responsible for the observed electronic enhancement.'®
We also note that plasma-treated samples possess a higher concentration of M-OH bonding, which
is the case for both pure InOx and heterostructure films. The in-air plasma jet used in this study is
known to entrain water vapor from the atmosphere and has been observed to generate OH

radicals?’, which could be responsible for our observations of the hydroxide content of these films.

Table 3. Summary of experimentally measured work function, PESA defect ionization energy,
and optical band gap of InOx and GaOx films and their heterostructures

PESA Defect Ionization
Material Work Function (eV) Energy (eV) Optical Band Gap (eV)
Heterostructure 4.34 + .01 4.85+.05 3.69 +.03
Heterostructure w/ Plasma  4.11 + .01 4.53 £.05 3.82+.03
InOy 4.30 £ .01 4.75 £ .05 3.73+£.03
GaOy 4.11 £ .01 4.57 .05 4.87%.03

Table 3 presents the work functions (WF), PESA defect ionization energies (IE) and optical
band gaps of InOx, GaOx, InOx / GaOx heterostructures, and interlayer plasma-treated InOx / GaOx
heterostructures as acquired by Kelvin probe (KP) measurements, photoelectron spectroscopy in
air (PESA) (Figure S9) and UV-Vis?®? respectively. Row 1 shows that the InOx / GaOx
heterostructure exhibits a similar but slightly larger WF and defect IE, and a similar Eg when
compared to pure InOx. The PESA defect IE measurements are expected to correspond to subgap
defect levels, as has been observed in other works.3? This observation is consistent with the transfer
characteristics shown in Figure 2g, where the subthreshold slope is improved and turn on voltage
is shifted positively. One explanation for these results is that, in this case of the heterostructure,
the GaOx effectively passivates InOx backchannel defects. These defect states may otherwise play

an important role in increasing the subthreshold slope and decreasing the Von.

Row 2 of Table 3 shows that the addition of plasma treatment to the InOx / GaOx interface
leads to a significantly lower WF (-0.23 eV) and defect IE (-0.32 eV), corresponding to a higher
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Figure 4. A comparison of processing temperature, processing time and mobility for InOx thin film
transistors fabricated by multiple deposition methods including sputtering, sol-gel processing, ALD, and
liquid metal printing. u refers to the linear field effect mobility with units of cm?/Vs.

Fermi level in the InOx and thus, a larger free electron concentration. This result is consistent with
the higher output current shown in the I-V characteristics in Figures 3a-3b and the increase in
optical band gap energy shown by UV-Vis absorption. Rows 3 and 4 show that the WF and defect
IE of GaOx are ~0.2 eV smaller than that of InOx. Since GaOx has a smaller work function than
InOx, when these two materials are put in contact, the heterointerface has the potential to produce
a modulation doping effect.?® Our hypothesis is that interlayer plasma treatment between InOx and
GaOx facilitates the modulation doping effect in this heterostructure. Recent observations by
HRTEM of a van der Waals gap between layers of 2D oxides'! could suggest one possible

mechanism to explain effective modulation doping at the plasma-treated InOx / GaOx interface.

To put the results of this study in context as a scheme for rapid fabrication of high mobility
transistors, Figure 4 highlights the processing time, temperature and resulting TFT mobility of
liquid metal printing compared with ALD, sol-gel processing, and sputtering.!0-13-18.22.25.31-43 | MP
is compatible with ultra-rapid processing times (< 6 seconds) when compared to the other three
methods, but offers the ability to form high mobility (petr > 10 cm?/Vs) channels comparable to
vacuum-deposition. Sol-gels require high temperatures and 100-1000x longer times than CLMP

11



to drive elimination and condensation reactions to completion. Without sufficient annealing,
contaminants such as carbonaceous impurities and precursor residues such as nitrogen and chlorine
detract from their performance. Typically, a temperature of 250 “C or higher is required to
complete this transition and achieve high performance sol-gel oxide TFTs.** Sputtering offers low
temperature processing capability, but due to the fact that is a vacuum process, a post anneal is
often necessary to induce crystallization and adjust stoichiometry to yield the desired electrical
characteristics for thin film transistors. ALD can match the ultrathin thickness that LMP films
possess but has drawbacks when it comes to processing time and temperature. ALD’s cyclic
growth is inherently limited by chamber purge times, and high temperatures are required to fully
decompose precursors and eliminate residual carbon. Similar to sputtering, a thermal anneal is
often utilized to achieve a crystalline film with the desired stoichiometry. Ultimately, the
combination of low-temperatures and rapid processing can allow LMP to become a breakthrough
technology for inorganic electronics in terms of reducing semiconductor fabrication time and

improving compatibility with flexible substrates.

To the best of our knowledge, this work is the first report of 2D oxide heterostructures for
switching devices. We demonstrate the utility of our novel CLMP metal oxide fabrication
technique to yield high performance electronic devices. These 2D films are rapidly printed in air,
at low temperatures, and do not require any post-deposition treatment to be integrated into high
mobility TFTs. We demonstrate the synergy of an InOx / GaOx backchannel interface by achieving
low subthreshold slope, enhancement mode devices with high on-off ratios. Our characterization
of the heterointerface by KP, XPS, and UV-Vis points to the finding that the GaOx passivation
layer could reduce the number of surface defects on the InOx backchannel. Furthermore, the
tunability of this interface is operated via a rapid in-air plasma treatment to also achieve depletion
mode TFTs with a mobility improvement of ~50%. We demonstrate the enhancement of InOx
through GaOx modulation doping, which is supported by UV-Vis, -V measurements, and XPS.
The work presented in this study is one of the most rapid, low-cost and low thermal budget
productions of InOx TFTs to date, establishing CLMP as a promising commercial approach to

flexible electronics and flat-panel display fabrication.

12
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