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ABSTRACT

Oxide semiconductors have recently emerged as promising back-end-of-line compatible channel materials for monolithic 3D integration,
addressing limitations such as scalability and thermal constraints in conventional semiconductors. However, increasing the carrier
concentration in oxide semiconductors to enhance mobility often leads to conductive behavior, hindering gate control. Here, a transistor
structure was demonstrated that enabled a degenerate indium oxide (In2O3) channel thin-film transistor to operate in enhancement mode.
By forming a p–n junction between a degenerate In2O3 and a heavily doped p-type Si (pþþ-Si) substrate, the local carrier concentration in
the In2O3 was suppressed, lowering the Fermi level relative to the conduction band edge and establishing a homojunction potential barrier in
the channel. This maintained the off-state at equilibrium and allowed enhancement-mode operation. With a 6-nm-thick degenerate In2O3

channel, the transistor achieved a field-effect mobility (lFE) of 52.7 cm
2/V s and a threshold voltage (Vth) of þ3.6 V. These findings demon-

strated that local carrier suppression via electrostatic modulation was an effective strategy for achieving enhancement-mode transistors in
high-mobility degenerate conductive metal oxides.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0296134

Conductive oxides (COs), such as In2O3, SnO2, and In–Sn–O,
have been extensively studied as channel materials for thin-film tran-
sistors (TFTs) owing to their high conductivity and process compati-
bility.1,2 However, their intrinsically high carrier concentrations limit
gate controllability. In bulk In2O3, the charge-neutral level (CNL) lies
above the conduction-band minimum (EC),

3 pinning the Fermi level
(EF) and leading to degenerate conduction and increased off-state leak-
age. To address this limitation, cation substitution approaches, such as
In–Ga–Zn–O, have been widely used to reduce carrier concentration
while maintaining mobility in oxide TFTs.4–6 To enhance mobility for
high-frequency and back-end-of-line (BEOL)-compatible applica-
tions,7,8 cation composition modification9 and heterojunction channel
designs10,11 were explored but often caused negative Vth shifts and
depletion-mode operation. Channel-thickness scaling of In2O3 enables
enhancement-mode operation via bandgap widening but typically
sacrifices carrier concentration and mobility.12–14

In this study, we propose an approach that introduces a local
potential barrier along the conduction path of a degenerate CO chan-
nel in a thin-film transistor, which enables enhancement-mode opera-
tion while maintaining higher mobility characteristics. The barrier was
realized by placing a local carrier-suppressed (CS) region along the
channel, which created a homojunction potential barrier. Specifically,
when a pþþ-Si made contact with the n-type In2O3, forming a p–n
junction, it suppressed the local carrier concentration in the adjoining
In2O3 channel. A potential barrier then formed at the boundary
between this CS region and the neighboring degenerate In2O3, block-
ing current flow until a positive gate bias was applied, similar to the
off-state barrier in a conventional MOSFET. We refer to this architec-
ture as a carrier-suppressed semiconductor field-effect transistor
(CSFET). The design suppresses leakage currents and achieves
enhancement-mode operation while still using a degenerate CO chan-
nel, offering a pathway to optimize device performance. Experimental
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results showed that a 6-nm-thick degenerate In2O3 channel TFT with
a Vth of �3.8V operated in enhancement mode with a positive Vth of
3.6V and a DVth of þ7.4V when the CSFET structure was applied,
while maintaining a high lFE of 52.7 cm2/V s. This was achieved not
by any compositional variation or physical treatment to the metal
oxide channel. The results demonstrate the significant potential of the
proposed CSFET structure to address enhancement-mode operation
challenges of high mobility COs, paving the way for its application in
future advanced electronic devices. To investigate the carrier suppres-
sion characteristics at the In2O3/p

þþ-Si junction and identify the
ranges of In2O3 film thickness (tInO) and n-type carrier concentration
(ne) that enable enhancement-mode operation, we theoretically evalu-
ated the junction profile with both TCAD simulations and an approxi-
mate one-dimensional electrostatic junction model. The required
In2O3 band structure parameters were extracted from ultraviolet pho-
toelectron spectroscopy and a Tauc plot (see Fig. S1). In2O3 exhibited
an electron affinity (vInO) of 4.38 eV, a bandgap of 2.9 eV, and the EF
was positioned 0.04 eV above the EC. Assuming an electron effective
mass of 0.3me at 300K,

15–17 the degenerate In2O3 channel yielded an
estimated carrier concentration of�1� 1019 cm�3. The offset between
the CNL and EF was attributed to oxygen vacancies formed during
post-deposition annealing.18

For p-type Si with vSi of 4.05 eV and a doping concentration of
5� 1019 cm�3, the EF was located near the valence-band maximum
[see Fig. 1(a)]. Density functional theory calculations indicated
that enhancement-mode operation in In2O3 required an EC � EF of
�0.37 eV, corresponding to a suppressed carrier concentration of
�2.5� 1012 cm�3. Applying this criterion to the CS region established
a homojunction along the conduction path, enabling enhancement-
mode operation, as illustrated in Fig. 1(b). Applying the previously

extracted parameters to the n-type In2O3/p
þþ-Si junction, simulations

showed that tInO that satisfied the threshold condition ofEC� EF
� 0.37 eV was approximately 6.6 nm. For tInO¼ 6nm, EC� EF was
calculated to be 0.80 eV at the junction interface and 0.46 eV at a
distance of 6 nm, yielding an ne of 1.5� 105 cm�3 at the junction and
7.7� 1010 cm�3 at 6nm away [see Fig. 1(c)]. Carrier suppression
increased with decreasing tInO and ph/ne, while thicker channels relaxed
toward bulk-like behavior, as shown in Fig. 1(d).

In a one-dimensional electrostatic junction model, the maximum
EC � EF at the In2O3 interface was limited to �0.87 eV by the work-
function difference between pþþ-Si and In2O3. For a 6-nm-thick
In2O3 layer, quantum confinement increased EC by only�0.02 eV and
had a negligible impact on carrier concentration (see Fig. S2). The
parameters used in all simulations and junction models are provided
in Table S1. In the CSFET, the In2O3 channel was defined across a
dry-etched window formed in a 50-nm-thick SiO2 layer on a pþþ-Si
substrate. Within this window, the In2O3 film directly contacted the
pþþ-Si, forming an In2O3/p

þþ-Si junction that served as the CS
region. The overall fabrication steps are described in supplementary
material Text S1, where the CSFET-specific dry-etched window forma-
tion was discussed. The In2O3 channel layer was subjected to post-
deposition annealing at 400 �C in air, resulting in a nanocrystalline
In2O3 phase (see supplementary material Fig. S3 and Text S2).

To assess whether the dry-etched SiO2 window introduced
geometry-related issues in the CS region, the window geometry and
surface characteristics were examined by cross-sectional SEM and
AFM analyses. As illustrated in Fig. 2(a), the SiO2 dry-etching process
defined a localized window exposing the pþþ-Si surface. Cross-
sectional SEM images obtained immediately after SiO2 reactive-ion
etching, prior to photoresist removal [Fig. 2(b)], revealed the initial

FIG. 1. Band alignment and carrier-
suppression simulation of the In2O3/
pþþ-Si junction. (a) Isolated energy
bands of In2O3 and pþþ-Si. (b)
Equilibrium band diagram showing
the enhancement-mode criterion of
EC � EF � 0.37 eV in In2O3. (c)
Calculated EC � EF profile for a
6-nm-thick In2O3 layer (ne¼ 1
� 1019 cm�3). (d) EC � EF at the
point farthest from the junction as a
function of In2O3 thickness and ph/
ne ratio.
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sidewall profile. After photoresist removal, a SiO2 sidewall with an
angle of approximately 40� relative to the substrate surface was
observed, indicating the absence of an abrupt geometrical discontinu-
ity at the window edge and suggesting that continuous oxide deposi-
tion along the sidewall was feasible without step-coverage concerns.
Following oxide channel deposition, the resulting In2O3/p

þþ-Si junc-
tion configuration is schematically shown in Fig. 2(d). AFM analysis of
the surfaces [Figs. 2(e) and 2(f)] showed that the root mean square sur-
face roughness (Rq) of In2O3 deposited on the SiO2 sidewall
(0.661 nm) was comparable to that on planar SiO2 (0.630 nm) and Si
(0.414 nm) regions, indicating relatively uniform surface morphology
without pronounced roughness variation or localized geometrical
irregularities near the CS boundary. Taken together, the SEM and
AFM observations indicated that the etched-window geometry was
unlikely to introduce step-coverage issues or geometry-induced elec-
tric-field crowding.

The cross-sectional illustration and the optical microscope image
of the fabricated In2O3/p

þþ-Si junction, prior to Al2O3 gate dielectric
layer deposition, are shown in Fig. 3(a). The current–voltage (I–V)
characteristics revealed a typical rectifying behavior indicating the for-
mation of a p–n junction, as shown in Fig. 3(b). The capacitance–volt-
age (C–V) measurements were carried out to determine the height of
the In2O3 homojunction energy barrier created by the local carrier
suppression, as shown in Fig. 3(c). The energy barrier height (/Bi) was
derived using the relationship 1/C2¼ 2(/Bi þ Vr)/(q�eS�NC�A2), where
Vr, q, eS, and A are the applied reverse bias voltage, elementary charge,

permittivity of the semiconductor, and junction area, respectively. This
relationship describes the dependence of the capacitance on /Bi and
Vr. The results indicate an x-intercept of approximately 0.48 eV, which
we interpret as the highest possible energy barrier height along the
equilibrium p–n junction pathway in In2O3.

19 Candidate barriers
included the homojunction barrier, the Schottky barrier at the metal–
semiconductor junction, and the conduction band offset at the In2O3/
pþþ-Si junction. The capacitance at the homojunction was�104 times
lower than that of the p–n junction, so it dominated the series capaci-
tance, and the p–n junction barrier contribution could be neglected.
Band alignment calculations also confirmed this conclusion. Based on
the work function of W (4.55 eV)20 and vInO (4.38 eV), the theoretical
maximum Schottky barrier was calculated to be 0.17 eV. The conduc-
tion band offset between In2O3 and bulk Si, derived from their electron
affinities (with Si at 4.05 eV), was 0.33 eV. Since both the 0.17 and
0.33 eV values were lower than the measured 0.48 eV, this strongly
suggested that the observed energy barrier corresponded specifically to
the homojunction barrier. Carrier suppression then reduced the ne in
In2O3 from the initial 1� 1019 to 3.6� 1010 cm�3, representing a
nearly 9 orders of magnitude reduction. The derived ne was similar,
within an order of magnitude, to the previously calculated value of
7.7� 1010 cm�3. At equilibrium [point D in Figs. 3(b) and 3(d)], an n-
type In2O3 that underwent carrier suppression separates the degener-
ate In2O3 and pþþ-Si, forming a p–n junction. Under reverse bias
[Vp¼�1V, Vn¼GND; point E in Figs. 3(b) and 3(e)], a reverse cur-
rent that saturated at around 10nA was observed. It seemed unlikely

FIG. 2. Fabrication and structural characterization of the In2O3/p
þþ-Si junction. (a) Schematic of the SiO2 dry-etched window exposing the pþþ-Si surface. Cross-sectional

SEM images obtained (b) before and (c) after photoresist removal, showing a SiO2 sidewall angle of �40�. (d) Schematic of the In2O3/p
þþ-Si junction after In2O3 deposition.

AFM topography images of the post-deposition surface (e) on Si and planar SiO2 and (f) along the SiO2 sidewall.
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that this was electron drift current from Si to In2O3 since the bulk
pþþ-Si had an extremely low electron concentration. Similarly, hole
drift current from In2O3 to bulk pþþ-Si was also improbable due to
the extremely low concentration of holes in the oxide semiconductor,
where the valence band is composed of localized 2p orbitals.21 Thus,
band-to-band tunneling of electrons below the valence band of pþþ-Si
to the conduction band of In2O3 was a plausible explanation for the
saturated reverse bias current.22 If carrier suppression was not present,
we can expect a much higher reverse bias current since the empty con-
duction band states in the In2O3 would have been accessible to the
holes from the pþþ-Si without additional energy.23 Under forward
bias [Vp¼þ1V, Vn¼GND; F in Figs. 3(b) and 3(f)], a significant
energy barrier of over 2 eV would prevent holes from pþþ-Si to be
injected into In2O3. Thus, the forward bias current was due to electron
diffusion from In2O3 to bulk pþþ-Si, overcoming the homojunction
barrier via high electric field and thermal energy assistance.24

However, this mode of bias will not be present during CSFET opera-
tion and should not contribute to the device current.

The simplified circuit diagram, schematic cross section, and opti-
cal micrograph of the fully fabricated In2O3 CSFET device are pre-
sented in Fig. 4(a). The circuit highlights the CS region by assigning an
auxiliary node VCS to that part of the channel. This notation distin-
guishes the CSFET from a conventional top-gate TFT, whose channel
lacks a CS region. In the optical microscope image, the degenerate
In2O3 layer on SiO2 and the 20� 20lm2 area that contacts pþþ-Si
and defines the CS region could be seen. The effect of regional carrier
suppression on Vth shift was clearly demonstrated in the transfer char-
acteristics shown in Fig. 4(b). Current saturation was observed in the

output characteristics shown in the inset of Fig. 4(b) as VD increased,
indicating channel pinch off and suggesting that carrier suppression
had induced semiconducting behavior in the CO channel. The conven-
tional reference top-gate In2O3 TFT exhibited a Vth of �3.8V, operat-
ing in depletion mode, with a lFE of 31.7 cm2/V s. In contrast, the
CSFET demonstrated a significant positive shift in Vth, transitioning to
3.6V. This shift enabled the CSFET to function in enhancement mode
without having any compositional change or additional treatment to
the channel material. At VG¼ 0V and VD¼ 3.1V, the reference TFT
did not switch off, whereas the CSFET remained on the off-state. From
the transfer characteristics, it can be seen that the transconductance
(gm) of the In2O3 CSFET was increased by 52.5% to 60.1lS, compared
to that of the reference device (at VD¼ 3.1V) and the lFE increased by
66.2% to 52.7 cm2/V s (at VD¼ 0.1V) [Fig. 4(c)]. The lFE was calcu-
lated using the relation lFE¼ gm�L/(W�Cox�VD), where L and W
denote the effective channel length and channel width, and Cox denotes
the oxide capacitance.25 The observed enhancement in lFE was associ-
ated with changes in gm under gate bias. Although the equilibrium car-
rier concentration in the CS region was strongly reduced by p–n
junction-induced band bending, this suppression did not originate
from impurity doping. Under positive gate bias, the homojunction
barrier in the CS region was reduced, allowing carrier accumulation
to be restored along the conduction path [see Figs. 4(d)–4(f)]. As a
result, lFE could be maintained at a level comparable to that of the
reference device. In addition, local carrier suppression may have con-
tributed to enhanced gate modulation by partially alleviating charge
screening. Furthermore, the smoother In2O3/p

þþ-Si interface com-
pared to In2O3/SiO2 [Figs. 2(e) and 2(f)] was expected to reduce

FIG. 3. Characteristics of the In2O3/p
þþ-Si junction. (a) Schematic cross section and optical micrograph. (b) I–V characteristics measured at Vn¼ 0 V with Vp swept from �2

to þ2 V (log scale: black; linear scale: blue). (c) C–V characteristics measured under reverse bias (Vp < 0, Vn¼ 0 V). Band diagrams showing (d) equilibrium (Vn¼ Vp¼ 0 V),
(e) reverse bias (Vn¼ 0 V, Vp¼�1 V), and (f) forward bias (Vn¼ 0 V, Vp¼þ1 V). Here, Vn and Vp denote the cathode and anode biases.
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interface-related scattering, contributing to the higher lFE observed in
the CSFET. To clarify the origin of the drain current, the possible
involvement of p–n junction leakage under on-state CSFET operating
conditions was examined, as detailed in supplementary material Text
S3 and Fig. S4. In addition, to verify the presence of carrier suppression
in the proposed device, In2O3 thickness-dependent transport behaviors
were examined in supplementary material Text S4 and Fig. S5, where
we can observe a higher degree of Vth shift as the channel becomes
thinner, which follows the results obtained by simulations shown in
Fig. 1(d). The CSFET exhibited a larger subthreshold swing (SS) of
197mV/dec compared with 130mV/dec for the reference device,
despite the identical gate dielectric. This increase was attributed to an
increased effective capacitance associated with the CS region, due to
ionized dopants in the pþþ-Si substrate, which may have weakened
gate-to-barrier coupling in the subthreshold regime. Meanwhile, the
contact regions in both devices remained unchanged, consisting of a
degenerate In2O3/W junction, resulting in similar contact resistance
values of approximately 56 kX lm. The CSFET structure yields low
contact resistance because while the metal–semiconductor work-
function difference fixes the Schottky barrier height, the degenerately
doped In2O3 beneath the contacts supplies a high ne that narrows the
Schottky barrier width (WSB) given by WSB¼ {2enVbi/(qne)}

1/2, where
Vbi is the built-in potential at the In2O3/W junction.19 The resulting
narrowerWSB enhances carrier tunneling through the barrier and thus
keeps the contact resistance at a minimal state. A summary of the key
electrical characteristics (Ion, Ion/Ioff, Vth, and SS) for the CSFET is pro-
vided in Table S2.

To understand the conduction process, the energy band structure
was examined. In reference to the In2O3 top-gate TFT, the channel
region remained in a degenerate state with EF � EC � 0.02 eV, and
only Schottky barriers of approximately 0.17 eV were formed at the
source and drain, which were insufficient to suppress current leakage
[Fig. 4(d)]. In contrast, the proposed device exhibited a pronounced
homojunction barrier of �0.72 eV in the CS region, corresponding to
an approximately 1012-fold reduction in electron concentration
[Fig. 4(e)]. When a positive gate bias was applied, this homojunction
barrier was significantly reduced, allowing carrier accumulation to be
restored and enabling the CS region to function as the effective trans-
port channel [Fig. 4(f)], consistent with the recovery of current and
lFE to levels comparable to those of the reference device.

Other techniques for local modulation of ne have been reported,
including oxygen and fluorine plasma treatments that realized
enhancement-mode operation.26–28 However, plasma-based approaches
often degraded mobility through defect formation21,29,30 and suffered
from limited depth control. In contrast, the CSFET enables conduction-
band modulation without any chemical modification, relying solely on
junction-mediated electrostatic control. Comparable junction-based
effects have been observed in other material systems24,31–34 and similar
approaches to achieve enhancement mode operation, such as incorpo-
rating a localized metal oxide heterojunction or capping layer,35–39

supporting the validity of this method as a reliable strategy. However,
the key structural concept of the CSFET of local carrier suppression
by introducing a reverse biased p–n junction may be applied to
other conductive metal oxide and semiconductor channels, unlike the

FIG. 4. Operating characteristics of the In2O3 CSFET. (a) Schematic cross section, optical micrograph, and simplified circuit diagram. (b) Transfer characteristics measured at
VS¼ VCS¼ 0 V for the CSFET shown as a solid line and the reference top-gate In2O3 TFT shown as a dashed line. Inset output characteristics measured at VG¼þ4 V
(dashed), þ8 V (dashed-dotted), and þ12 V (solid). (c) gm of the reference TFT shown in black and the CSFET shown in blue. The extracted lFE corresponds to the CSFET.
Band diagrams of (d) the reference TFT at VG¼ 0 V and VD¼ 3.1 V, (e) the CSFET at VG¼ 0 V and VD¼ 3.1 V, and (f) the CSFET at VG¼ 12 V and VD¼ 3.1 V.
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above-mentioned methods, and may enable enhancement-mode opera-
tion with high lFE. Furthermore, it may be possible to create similar car-
rier suppression effects with deposited p-type semiconductors, such as
polysilicon, enabling 3D integration, in which case the level of carrier
suppression and thereby Vth shift may be fine-tuned by controlling the
p-type doping concentration. Therefore, the CSFET concept for high
lFE metal oxide TFT operating in enhancement mode would be highly
applicable to multifunctional BEOL integration with current semicon-
ductor technology.

See the supplementary material for UPS and bandgap analysis,
TCAD parameters, fabrication details, and supporting electrical data.
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