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ABSTRACT

Combining low-dimensional layers of dissimilar metal oxide materials to form a heterojunction structure offers a potent strategy to improve
the performance and stability of thin-film transistors (TFTs). Here, we study the impact of channel layer thicknesses on the operating charac-
teristics of In2O3/ZnO heterojunction TFTs prepared via sputtering. The conduction band offset present at the In2O3/ZnO heterointerface
affects the device’s operating characteristics, as is the thickness of the individual oxide layers. The latter is investigated using a variety of
experimental and computational modeling techniques. An average field-effect mobility (lFE) of >50 cm

2 V�1 s�1, accompanied by a low
threshold voltage and a high on/off ratio (�108), is achieved using an optimal channel configuration. The high lFE in these TFTs is found to
correlate with the presence of a quasi-two-dimensional electron gas at the In2O3/ZnO interface. This work provides important insight into
the operating principles of heterojunction metal oxide TFTs, which can aid further developments.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0126935

Recently, new dynamics initiated a wide range of research and
innovations beyond the traditional shrinkage of feature sizes in com-
plementary metal-oxide-semiconductor (CMOS) technology, involv-
ing the development of alternative materials and processes. Oxide
semiconductors are considered as one of the most integral material
families to drive developments in a wide variety of modern applica-
tions such as the internet of things (IoT), artificial intelligence (AI),
robotics, self-driving cars, and energy harvesting devices.1–4 High
interest in oxide electronics is driven by their success in the display
industry5 and by their attractive properties such as low processing
temperatures, scalable manufacturing, optical transparency (>80%),
and compatibility with flexible and printed electronics. Since the dem-
onstration of high mobility electron gas systems in epitaxially grown
AlGaN/GaN and GaAs/AlGaAs,6,7 the quest for practical

implementations of similar systems with other materials and simpler
processing schemes has been ongoing. For example, the existence of
2DEG in oxide-based materials, such as ZnO/ZnMgO, has been widely
investigated.8–11 In addition, In2O3, ZnO, and Ga2O3 heterointerfaces
have been realized via solution-processing that features a high mobility
quasi-two-dimensional electron gas (q-2DEG) formed at the heteroin-
terface.12–14 The impact of the channel film thickness on thin-film
transistor (TFT) performance has been reported for single layer metal
oxides, including ZnO, In2O3, IGZO, and ITGO as well as for the het-
erojunction a-IGZO/a-IGZO-high Indium content system.15–22 In
general, these devices’ threshold voltage (VTH) tends to shift to more
negative potentials when the channel thickness increases due to the
increase in the number of free carriers, whereas the effect of the field
effect mobility (lFE) varies with the thickness of single layers, where it
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improved in ZnO TFTs with thicker films and showed a degenerate
behavior for the In2O3 film thicker than 11.5nm, which still deserves
more investigation. For a-IGZO, the mobility remained independent
for the single layers and gradually improved for the heterojunction of
a-IGZO/(a-IGZO-high In-content) with a thicker top layer of a higher
indium content.

Here, we fabricated In2O3/ZnO heterojunction TFTs via sputter-
ing and studied the effect of the individual layer thicknesses on the
electron distribution within the channel and its impact on the electrical
performance of the resulting TFTs. By combining a complementary
gamut of material/device characterization and simulation tools, we
demonstrated optimally designed In2O3/ZnO heterojunction TFTs
with an average electron mobility of > 50 cm2 V�1 s�1. This value is
significantly higher than those obtained for TFTs based on the individ-
ual In2O3 and ZnO layers.

We fabricated metal oxide TFTs using heavily doped silicon
(Siþþ) as the bottom gate featuring a 50-nm-thick SiO2 gate dielectric
with a geometric capacitance (Ci) of 69.06 nF/cm2. The In2O3/ZnO
heterojunction channel was grown using radio frequency (RF) sputter-
ing at a 0.1 Å/s deposition rate with a gas-flow ratio of 10:05 and 20:00
Ar:O for In2O3 and ZnO, respectively. Both sputtering targets are 3 in.
in diameter, 99.9% purity, 1/8 in. thick, and bonded to a 1/8 in. OFHC
backing plate. The gas flow pressure was set to 5 mTorr, and targets
were pre-sputtered for 15min. Each layer was annealed at 200 �C for
1 h in ambient air following deposition. A 60-nm-thick aluminum
layer was thermally evaporated to form the top source and drain elec-
trodes (S–D) via a shadow mask. In addition to single layers of In2O3

and ZnO with thicknesses between 5 and 30nm, different In2O3/ZnO
heterojunctions with varying layer thicknesses were fabricated and
studied [Fig. 1(a)]. Individual oxide layers with thicknesses below
5nm have not been considered due to the difficulty in growing contin-
uous layers. The microstructural properties of the In2O3/ZnO hetero-
junctions were studied using cross-sectional high-resolution
transmission electron microscopy (HR-TEM). As shown in Fig. 1(b),
the In2O3/ZnO heterojunction is polycrystalline with a well-defined
interface between the two metal oxides. Analysis of the TEM images
reveals that the In2O3 layer features a lattice d-spacing of �3 Å, which
corresponds to the [222] crystal plane. This was additionally con-
firmed by grazing incident diffraction (GID) [Fig. 1(c)] to be the most
dominant plane in the In2O3 film. The ZnO layer shows a lattice spac-
ing of �2.6 Å, corresponding to the [101] crystal plane of the hexago-
nal wurtzite structure [Fig. 1(c)].

To understand how the thickness of each layer impacts the heter-
ojunction characteristics, we modeled the electron density using
COMSOL MultiphysicsV

R

simulation software. Figures 2(a)–2(f) show
the simulation results for different In2O3/ZnO heterojunction configu-
rations from Fig. 1(a) at equilibrium. The various physical parameters,
such as Fermi energy level (EF) and electron density (Ne), used in
modeling were adopted from our previous studies.23,24 Combining
In2O3 and ZnO results in an increase in the electron density across the
interface. Interestingly, a higher electron concentration resides in
In2O3 at the heterointerface’s vicinity. This interface forms a type-II
heterojunction where electrons migrate from the conduction band of
ZnO to that of In2O3, leading to the formation of a q2DEG.12 For a
more quantitative view of the different situations, we extracted the
electron density gradient along the two layers of each sample, starting
from the ZnO top surface [following the dashed line in Fig. 2(a)].

Figure 3 shows the electron density profiles across the In2O3/
ZnO heterojunction extracted from the data in Fig. 2 from the top sur-
face of the channel to the bottom. A sharp increase in Ne at the hetero-
junction is observed and coincides with the precise position of the
heterointerface. The peak value ofNe across all heterojunctions consid-
ered remains comparable and around 2.8� 1018 cm�3 [Fig. 3(a)].
Importantly, Ne reaches a maximum within the In2O3 side [Ne(In)] of
the interface. In contrast, the minimum values exist on the ZnO side
close to the heterointerface [Fig. 3(b)].

Interestingly, the value of Ne within the bulk of the ZnO layer
[Ne(Zn)] increases with increasing ZnO thickness. This is not the case
for In2O3, where [Ne(In)] remains relatively constant for all heterojunc-
tions considered [Fig. 3(b)]. The electron concentration at the top
ZnO surface (depth¼ 0nm) and at the bottom of In2O3 (i.e., maxi-
mum depth), denoted bulk values below, are summarized in Fig. 3(c).
While the bulk Ne(In) remains relatively constant, Ne(Zn) steadily
increases and reaches a value of �1018 cm�3, which is the starting
parameter value considered for ZnO in modeling. We attribute this to
the electron migration from ZnO to the In2O3 layer. In the case of the
5 nm ZnO, this electron transfer process removes the majority of elec-
trons and Ne(Zn) reaches a minimum value [Fig. 3(c)]. As the thickness
of ZnO increases, Ne(Zn) appears to saturate at a maximum value. A
similar but opposite effect is observed when the thickness of In2O3 is
varied with ZnO remaining constant at 5 nm [Fig. 3(d)]. Here, Ne(In)

appears to reach its highest value when In2O3 is 5 nm. This finding is
not surprising considering the smaller volume of the ultra-thin In2O3

layer, which accepts all electrons transferred from the ZnO’s conduc-
tion band. As the In2O3 layer gets thicker, the transferred electrons

FIG. 1. (a) Schematic of the transistor architecture and the thickness variations of
the studied In2O3/ZnO heterojunction channels. (b) Cross-sectional TEM of an
In2O3/ZnO (5/7 nm) heterojunction deposited atop the Siþþ/SiO2 wafer. (c) Grazing
incident diffraction (GID) data for 20-nm-thin ZnO and In2O3 films.
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remain close to the heterointerface and do not diffuse further into the
bulk. As a result,Ne(In) remains relatively unaffected.

Next, the electrical characteristics of TFTs based on single layer
In2O3, ZnO, and heterojunction In2O3/ZnO channels were measured
under an inert atmosphere. Representative transfer characteristics (i.e.,
drain current, ID vs gate voltage, VG) for all TFTs measured in satura-
tion (a drain voltage, VD, of 20V) are shown in Fig. 4. All devices
exhibit an n-channel behavior with varying performance that depends
on the channel configuration. The statistical data of the corresponding
lFE and VTH for both the single layer and heterojunction TFTs are
summarized in Fig. 5 and Tables S1 and S2 (the supplementary mate-
rial). TFTs based on 5-nm-thin In2O3 show uniform performance
with VTH � 3V and lFE � 32 cm2 V�1 s�1. In transistors featuring
thicker In2O3 channels, the concentration of free electrons increases,
which shifts the VTH to �11 and beyond �20V for 10 and 30nm-
thick In2O3 channels, respectively. It is worth noticing that single-layer
In2O3 TFTs exhibit a more significant variation in their performance
compared to optimized heterojunction devices.

This wide variation in the conductivity in the bulk In2O3 has
been attributed to the higher concentration of the oxygen vacan-
cies.25 On the other hand, ZnO single layers show average lFE of

FIG. 2. Electron density distribution (color bar in units of log[cm�3]) of the hetero-
junction channel, modeled at equilibrium for In2O3/ZnO thickness variations of 5/5
(a), 10/5 (b), 30/5 (c), 10/10 (d), 5/10 (e), and 5/30 nm (f). Note that each panel’s
height corresponds to the sum of the individual layer thicknesses.

FIG. 3. Extracted electron density profiles across the In2O3/ZnO bilayer heterojunction from top (top ZnO surface) to bottom (bottom of the In2O3 layer). (a) The evolution of Ne
across heterojunctions featuring three different ZnO layer thicknesses, while In2O3 remains fixed to 5 nm. (b) Evolution of Ne across three heterojunctions featuring three differ-
ent In2O3 layer thicknesses, while ZnO remains fixed to 5 nm. (c) and (d) The electron densities in the “bulk” of the individual layers corresponding to the samples considered
in (a) and (b), respectively.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 233503 (2022); doi: 10.1063/5.0126935 121, 233503-3

VC Author(s) 2022

https://www.scitation.org/doi/suppl/10.1063/5.0126935
https://www.scitation.org/doi/suppl/10.1063/5.0126935
https://scitation.org/journal/apl


1.6 cm2 V�1 s�1 and VTH� 5V for both 5 and 10 nm channel thick-
nesses, while lFE slightly decreased for a 30 nm ZnO channel due to
the increased density of trap states, which is manifested as an
increase in the subthreshold swing, SS (Tables S1 and S2). Overall,
ZnO single layers show more consistent and uniform results than

In2O3 [Figs. 5(a) and 5(b)], suggesting that ZnO has a higher toler-
ance than In2O3 against ambient exposure. The latter has been quan-
titatively studied by Lany et al., which found that the surface carrier
sheet density for In2O3 dominates the conductivity of the 150-nm-
thick epitaxial film.25

With the exception of the 30/5nm In2O3/ZnO TFTs, all heterojunc-
tion devices show an average saturation lFE in excess of 50 cm2 V�1 s�1

(maximum value > 60cm2 V�1 s�1), on/off ratios of �108, and negligi-
ble operational hysteresis. Higher lFE values have been observed before
in the solution-processed In2O3/ZnO TFT12,13 and were attributed to the
q-2DEG formed at the In2O3/ZnO heterojunction. The peak values of Ne

determined via simulations in Figs. 2 and 3 support the existence of the
q-2DEG confined in the vicinity of the heterointerface in agreement with
previously reported experimental findings of higherNe.

12,13

The VTH of TFTs based on fixed 5-nm-thin In2O3 at the bottom
and a top layer of ZnO with varying thicknesses of 5, 10, and 30 nm
shifts gradually toward a more positive VG [Fig. 5(b), the bottom plot]
in a similar trend observed for the single layers ZnO-based TFTs [Fig.
5(b), the top plot]. Just like in the case of single-layer TFTs, an increase
in the bottom In2O3 thickness leads to strong VTH shifts toward nega-
tive bias in In2O3/ZnO heterostructure TFTs. To some extent, this can
be counterbalanced by increasing the thickness of ZnO atop. Analysis
of the data of TFTs with 10/5 and 10/10 nm In2O3/ZnO channels
reveals that the average VTH moves toward zero. However, these TFTs
exhibit wide parameter spreads where the VTH fluctuates from þ3 to
�6V within a single batch of devices [Fig. 5(b), the bottom plot]. We
attribute this to the presence of stoichiometric/structural defects in the
thicker oxide layers and to the poorer quality of the formed

FIG. 4. The transfer characteristics of (a) the single layer TFTs based on ZnO or
In2O3 at different thicknesses and (b) the heterojunction In2O3/ZnO TFTs with differ-
ent thickness variations. All devices were measured at VD¼ 20 V with a channel
width W of 1 mm and a channel length L of 30lm.

FIG. 5. (a) Statistical overview of saturation mobility extracted from 10 to 20 devices fabricated in three different batches each with different channel lengths for single layer
channel TFTs based on ZnO and In2O3 (top plot) and In2O3/ZnO heterojunction TFTs (bottom plot). (b) Corresponding threshold voltage (VTH) of the same set of devices based
on single layer channels (In2O3, ZnO) and the In2O3/ZnO heterojunction TFTs.
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heterointerface. Higher uniformity is realized at 5/5 and 5/10 nm of
In2O3/ZnO devices, respectively. The best parameter uniformity is
obtained when the thickness of the top ZnO layer is set between 5 and
10 nm. The layer also serves as additional protection against oxygen
and moisture in the air and other impurities that could react with the
channel and lower its stability.

To summarize, we have shown that the presence of a higher con-
centration of free electrons at the In2O3/ZnO interface is related to the
high electron mobility measured in these heterostructure TFTs.
Although the electron concentration in the channel in these devices
appears to be largely independent of the thicknesses of the In2O3 and
ZnO layers employed, the threshold voltage was found to be strongly
affected, allowing for an optimization of the individual layer thickness.
The optimal metal oxide thicknesses were identified to be 5 nm
for In2O3 and between 5 and 10nm for the ZnO layer atop.
Heterostructure TFTs with an optimized channel design were shown
to exhibit the highest lFE of>50 cm

2 V�1 s�1, an on/off ratio of�108,
and the lowest device parameter spread.

See the supplementary material for the summary of key operating
characteristics of single-layer and heterojunction channel TFTs featur-
ing sputtered ZnO and In2O3 semiconducting layers of varying
thicknesses.
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