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Introduction: We present a strategy to reduce the high free electron concentrations in continuous liquid metal printed 
(CLMP) indium oxide (InOx) thin films by doping with Ga to achieve improved off-state behavior at a low, flexible 
substrate-compatible processing temperature of 180 °C. By trace doping of the precursor metal alloy with Ga, we 
produce CLMP indium gallium oxide (IGO) with varying Ga concentrations to achieve IGO TFTs with near-zero Von 
and ~5X improved subthreshold slope (SS) compared to pure InOx devices. IGO devices also exhibit enhanced bias 
stress stability, highlighting their potential application in next-generation flexible display technologies. 
Results and Discussion: Our CLMP process is scalable to large, flexible substrates for roll-to-roll processes with 
deposition speeds beyond 10 m/min, with many advantages over traditional vacuum technologies. As seen in Fig. 1a, 
liquid metal on a heated substrate spontaneously generates an oxide skin which is exfoliated to a target substrate via 
a roller. Van der Waals forces ensure the film adheres to the substrate, with resulting metal oxide films exhibiting 
plate-like grain morphologies and thicknesses of ~3 nm [1,2]. CLMP InOx TFTs printed at low temperatures exhibit 
a high free electron concentration, resulting in depletion-mode operation with extremely negative turn-on voltages 
(Von < -50 V). It has been shown that Ga doping to form ternary IGO can improve off-state behavior and lead to near 
0 Von [3]. Recent studies observed that surface oxides of liquid metal alloys are dominated by the metal with the lowest 
redox potential [4,5]. We have characterized the tendency for gallium oxide (GaOx) to dominate the resultant CLMP 
film when printing with Ga:In alloys as determined by x-ray photoelectron spectroscopy (XPS) in Fig. 1b. Even at 0.1 
wt.% Ga in the the alloy, the resulting film is composed of majority GaOx, which was amorphous and inactive. With 
a 0.001 wt.% Ga alloy, we fabricated In0.91Ga0.09Ox films. The presence of (222) and (400) cubic bixbyite In2O3 peaks 
in x-ray diffraction (XRD) scans of this IGO film (Fig. 2a) indicate a comparable crystal structure to pure CLMP InOx 
films, with grain sizes of ~6 nm for both. No Ga2O3 peaks were detected, indicating doping of Ga into the InOx. 
 Substrate-gated (100 nm SiO2) top-contact (Au) TFTs were fabricated using CLMP deposited InOx and IGO 
films printed at 180 °C in less than 2 s. To achieve a conductive channel for high-performance TFTs, two layers of 
IGO were printed to form a ~6 nm thick channel. Representative transfer characteristics (Fig. 2b) show a large 
improvement in Von (+20 V) and a 5X improvement in SS for IGO devices over pure InOx. The lower conductivity of 
IGO films (187 S/cm) vs InOx (215 S/cm) as measured by a four-point probe suggest the lowering of the free carrier 
concentration as a result of Ga-doping, explaining the push towards enhancement-mode operation. Reduction of the 
free carrier concentration improves the off state and Ion/Ioff up to 106. Representative output curves of IGO TFTs (Fig. 
2c) show better current saturation than previously reported for InOx printed at low temperatures [6]. The incremental 
linear and saturation mobility vs. VGS was extracted for IGO devices (Fig. 3a), reaching a peak at a moderate gate 
bias. For applications in flat panel displays and back-end-of-line (BEOL) circuits, bias stress stability is crucial. 
Negative bias illumination stress (NBIS) was applied to IGO and InOx TFTs with a VGS = -40 V for 3 h (Fig. 3b). 
After 3 h, the threshold voltage (Vth) of the InOx TFT had shifted -15 V, whereas the IGO TFT shifted slightly negative 
but returned to around the original Vth. With enhanced bias stress stability, our 2D IGO channels would outperform 
pure InOx in flexible displays. Post-annealing of IGO TFTs further improves the SS to 570 mV/dec and increases Von 
even closer to enhancement-mode operation. Fig. 3c shows a comparison between an IGO device as-deposited at 180 
°C, with no post-annealing, vs after annealing for 4 h at 250 °C. While the off-state current is slightly improved, the 
Ion/Ioff ratio is not significantly affected, highlighting the ability to fabricate high-performance IGO channels without 
requiring a post-annealing step. Due to the low processing temperature of 180 °C, these CLMP IGO TFTs can be 
fabricated on a variety of flexible polymer substrates, such as polyimide or PET. Fig. 4 illustrates the compatibility of 
the CLMP process with the maximum working temperatures of common flexible substrates. The low thermal budget 
and high processing speed of IGO TFTs demonstrated in this work make them ideal for high-throughput roll-to-roll 
fabrication of flexible thin film circuits. 
Acknowledgements: This work was supported by the NSF Electronic and Photonic Materials program (Award 
#2202501) and the NSF Electronics, Photonics, and Magnetic Devices program (Award #2219991). We thank John 
Wilderman at UNH for his assistance in XPS measurements. 
References: 
[1] A. B. Hamlin et al., 2D Materials and Applications, 6, 1 (2022). [2] Y. Ye et al., Functional Materials, 32, 33 (2022). [3] J. H. 
Park et al., Japanese Journal of Applied Physics, 50, 8R (2011). [4] A. Zavabeti et al., Science, 358, 6361 (2017). [5] Z. J. Farrell 
et al., Chemistry of Materials, 35, 3 (2023). [6] A. B. Hamlin et al., Nano Letters, 23, 7 (2023). 

20
24

 D
ev

ic
e 

R
es

ea
rc

h 
C

on
fe

re
nc

e 
(D

R
C

) |
 9

79
-8

-3
50

3-
73

73
-8

/2
4/

$3
1.

00
 ©

20
24

 IE
EE

 | 
D

O
I: 

10
.1

10
9/

D
R

C
61

70
6.

20
24

.1
06

05
58

1

Authorized licensed use limited to: Dartmouth College Library. Downloaded on August 21,2024 at 14:23:20 UTC from IEEE Xplore.  Restrictions apply. 



 
Fig. 1 (a) Continuous liquid metal printing (CLMP) process for rapidly depositing 2D semiconducting metal oxides. 

(b) Metal oxide film composition vs alloy composition as determined by XPS for various concentrations of Ga. 

 
Fig. 2 (a) XRD spectra of InOx and IGO films fabricated at 180 °C, peaks matching cubic In2O3 reference. b) Transfer 

characteristic comparison between InOx and IGO thin film transistors fabricated via CLMP at 180 °C. (c) Output 

characteristic of IGO TFT with VGS stepped from -20 to 60 V in 16 V increments, inset of device architecture. 

 
Fig. 3 (a) µlin and µsat vs VGS for a representative IGO TFT. (b) NBIS shift in threshold voltage. (c) Transfer curve 

comparison between as-deposited, unannealed IGO fabricated at 180 °C versus after annealing 4 h at 250 °C in air. 

 
Fig. 4 Maximum process temperatures of flexible polymer substrates versus the temperature ranges of liquid metal 

printing and sol-gel processes for fabricating metal oxides (HS denotes heat-stabilized). 
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