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ABSTRACT

In this Letter, we report on a monolithically integrated b-Ga2O3 NMOS inverter integrated circuit (IC) based on heteroepitaxial
enhancement mode (E-mode) b-Ga2O3 metal-oxide-semiconductor field-effect transistors on low-cost sapphire substrates. A gate recess
technique was employed to deplete the channel for E-mode operation. The E-mode devices showed an on-off ratio of �105 with a threshold
voltage of 3V. In comparison, control devices without the gate recess exhibited a depletion mode (D-mode) with a threshold voltage of
�3.8V. Furthermore, depletion-load NMOS inverter ICs were fabricated by monolithically integrating D- and E-mode transistors on the
same substrate. These NMOS ICs demonstrated inverter logic operation with a voltage gain of 2.5 at VDD¼ 9V, comparable with recent
GaN and other wide-bandgap semiconductor-based inverters. This work lays the foundation for heteroepitaxial low-cost and scalable b-
Ga2O3 ICs for monolithic integration with (ultra)wide bandgap Ga2O3 power devices.

VC 2023 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/10.1063/5.0143315

b-Ga2O3 is a promising material for low-loss power switching and
radio frequency power amplification due to its high critical electric field
of �8MV/cm and large Baliga/Johnson figures of merit.1–5 Moreover,
b-Ga2O3 can accommodate a wide range of n-type doping concentra-
tions from semi-insulating (�1015–1016 cm�3) to highly doped
(�1018–1020 cm�3).6,7 In the past decade, b-Ga2O3 metal-oxide-
semiconductor field-effect transistors (MOSFETs) have been widely
investigated, and significant progress in key device characteristics has
been made.3,4,8 However, commercial applications in low-loss power
converters operating at high frequency and harsh environments require
efficient and miniaturized b-Ga2O3 power electronics.9 However, the
current power electronics are based on (ultra)wide bandgap (UWBG)
semiconductor-based power devices, externally connected to Si-based
logic. This results in high inductance parasitic losses and large module
sizes, which limit the overall performance of the power module.10

Moreover, a Si-based controller limits its applications in harsh environ-
ments. Therefore, the development of a UWBG b-Ga2O3 logic driver is
essential for monolithic integration with a Ga2O3 power device to obtain
miniaturized and efficient b-Ga2O3 power electronics.

9

On the other hand, the current studies on b-Ga2O3 devices are
based on homoepitaxial Ga2O3 thin films grown on native substrates,

which yield excellent material quality but possess relatively high cost
and small substrate size, which impedes their future scalability. On the
contrary, heteroepitaxial devices on more commercially viable sub-
strates, such as sapphire and silicon, could largely address these
issues.11–14 Those substrates have proven to be instrumental in the
commercial success of wide bandgap compound semiconductor devi-
ces. For instance, most commercial GaN-based light-emitting diodes
and high-electron-mobility transistors (HEMTs) are heteroepitaxially
grown on sapphire and silicon substrates, whereas similarly the bulk
GaN substrates offer superior material quality but suffer from
high cost and low scalability.15,16 Therefore, the heteroepitaxial
UWBG b-Ga2O3 logic driver is essential to realize miniaturized, scal-
able, and efficient b-Ga2O3 power electronics. However, with the
future availability of low-cost and large-area Ga2O3 substrates, efficient
homoepitaxial b-Ga2O3 power electronics could be realized similarly.

For a logic driver, the realization of a Ga2O3 complementary
metal oxide semiconductor (CMOS) is challenging because of the
absence of p-type Ga2O3. However, the monolithic integration of
depletion mode (D-mode) and enhancement mode (E-mode) Ga2O3

MOSFETs can realize an n-channel metal oxide semiconductor
(NMOS) logic, also known as direct coupled FET logic (DCFL).10
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There are several reports on heteroepitaxial Ga2O3 MOSFETs.17,18 Yet,
they are limited to the D-mode only. However, E-mode transistors are
indispensable for practical NMOS logic applications due to their low
OFF-state power dissipation. Some techniques, such as channel thin-
ning, light channel doping, and gate recess, have been used for the
E-mode operation of Ga2O3 transistors on native substrates.4,19 The
first two could result in a lower ON current, while the gate recess tech-
nique requires a critically smooth recess profile. To date, no study on
the E-mode heteroepitaxial Ga2O3 MOSFETs and NMOS logic inte-
grated circuits (ICs) has been reported.

In this study, we demonstrated the heteroepitaxial E-mode
Ga2O3 transistors based on atomically smooth gate recess. Moreover,
the Ga2O3 NMOS inverter ICs were fabricated using monolithic inte-
gration of D- and E-mode MOSFETs on the same sapphire substrate.
This NMOS IC can be monolithically integrated with other (ultra)wide
bandgap devices for future practical applications.

Figure 1(a) shows the cross-sectional schematic of recessed gate
MOSFETs. Initially, Si-doped b-Ga2O3 was epitaxially grown on
c-sapphire substrates using pulsed laser deposition at a growth temper-
ature of 700 �C. A laser ablation frequency of 5Hz, an oxygen partial
pressure of 4 mTorr, and a laser energy of 100 mJ remained constant
during growth. 3D schematics of both non-recessed and recessed
MOSFETs are shown in Figs. 1(b) and 1(c), respectively. The fabrica-
tion process flow of both MOSFETs is illustrated in Fig. 1(d). The
same fabrication process was applied to both devices, except an addi-
tional step to form the recess in the recessed MOSFETs. The transis-
tors were fabricated on 50nm thick epitaxially grown Ga2O3 films on
sapphire substrates.

The device fabrication was started by isolating the Ga2O3 channel
using BCl3/Ar ICP-RIE dry etching with a photoresist mask. For
recessed gate MOSFETs, a 5lm long gate recess was defined using
optical lithography, and BCl3-based slow dry etching was used to form
the recess structure. The samples were, subsequently, cleaned using
piranha to remove any residual photoresist and obtain a smooth sur-
face morphology. Then, a Ti/Au (20/100nm) source-drain (SD)
contact was formed following the standard lithography process, metal
deposition, and liftoff. Next, a 25 nm Al2O3 gate dielectric was

deposited using plasma-enhanced atomic layer deposition (PEALD) at
the growth temperature of 250 �C. Then, SD contact regions were
selectively opened from the Al2O3 dielectric using optical lithography
and BCl3-based dry etching. Finally, a Ti/Au (20/100nm) gate metal
contact was formed using the same standard process, as discussed
above for SD formation. Figure 1(e) shows a scanning electron micros-
copy (SEM) top view of the fabricated transistor.

Figure 2(a) shows the x-ray diffraction (XRD) pattern of the
b-Ga2O3 film on the sapphire. b-Ga2O3 (�201), (�402), and (�603)
XRD peaks confirm the mono-orientation of the b-Ga2O3 film on the
heterogeneous sapphire substrate. The surface morphology of the
grown film was investigated using atomic force microscopy (AFM). A
smooth surface with an RMS roughness of 0.8 nm can be observed in
Fig. 2(b). Figure 2(c) shows the AFM profile of the recessed structure,
depicting a recess depth of 11 nm (inset) with an RMS roughness of
0.6 nm (inside recess), as shown in Fig. 2(d). Achieving a smooth sur-
face morphology is highly critical for E-mode MOSFETs, attributed to
a slow dry etching of 11 nm/min. Figures 2(e) and 2(f) show scanning
transmission electron microscopy (STEM) images. The sidewall and
bottom facets of the gate recess interface are identically smooth,

FIG. 1. Cross-sectional view of (a) the recessed gate. 3D schematics of (b) non-
recessed and (c) recessed gates. (d) Fabrication process flow. (e) Scanning elec-
tron microscopy (SEM) top view of the b-Ga2O3 MOSFETs.

FIG. 2. b-Ga2O3 film characterization: (a) x-ray diffraction and (b) atomic force
microscopy (AFM) image. AFM image of (c) the recess profile, (c-inset) recess
depth, and(d) surface topography (inside recess). Scanning transmission electron
microscopy (STEM) image of (e) the sidewall (highlighting a recess depth of 11 nm)
and (f) the bottom facet of gate recess.
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showing an identical recess depth of �11 nm, which is consistent with
AFM measurement. The electron concentration and mobility of the
b-Ga2O3 film were 5� 1018 cm�3 and 0.38 cm2 V�1 s�1, respectively,
determined by Hall-effect measurements. Electrical characterization of
the fabricated MOSFETs was performed using a 4200-semiconductor
parameter analyzer at RT. Both recessed and non-recessed MOSFETs
have identical channel length LCH¼ 20lm, channel width WCH

¼ 500lm, and gate length LG¼ 10lm.
Figures 3(a) and 3(c) show the logarithmic transfer behavior of

non-recessed and recessed MOSFETs, respectively, at different drain-
source voltages (VDS). Both devices exhibit negligible gate-source cur-
rent IGS. The threshold voltages VTH¼� 3.8 and 3V were obtained
for non-recessed and recessed MOSFETs, at VDS¼ 5V, calculated
from the linear-scale transfer curve shown in Figs. 3(a) and 3(c),
respectively. Both MOSFETs have a similar ON/OFF ratio of
16 0.2� 105 and a subthreshold swing (SS) of 1.26 0.2 V/decade.
This high SS value can be attributed to the high density of Al2O3/
Ga2O3 interface trap states. The upper limit of the interface trap state
density can be estimated using the following equation:4,20

Dit ¼
SS� q

ln 10ð Þ � KT
� 1

� �
Cox

q
; (1)

where Dit is the interface state density, q is the electron charge, K is
Boltzmann’s constant, and Cox is the oxide capacitance.

The calculated value of Dit is 1.6� 1013 cm�2eV�1, consistent
with other reported Al2O3/Ga2O3 interface studies.17,21,22 SS and IGS
are similar for both the non-recessed and recessed MOSFETs, which
confirms that the optimized recess etching does not worsen the Ga2O3

film roughness and, hence, the Al2O3/Ga2O3 interface, compared with
the non-recessed case.

Figures 3(b) and 3(d) show the output characteristics of the non-
recessed and recessed MOSFETs, respectively, for different gate-source
voltages (VGS). The maximum drain current density (IDS)max at

VGS¼ 5V is four times larger in the non-recessed than recessed
MOSFETs. Furthermore, the ON resistances were Ron¼ 190 and
405 kX�cm of non-recessed and recessed MOSFETs, respectively, cal-
culated from the output curve at VGS¼ 5V. An OFF-state breakdown
voltage was �85V in both the non-recessed and recessed MOSFETs.
It was limited by the dielectric breakdown, as confirmed by the gate
leakage current after performing the breakdown measurement.

Figures 4(a) and 4(b) show the hysteresis transfer behavior of the
non-recessed and recessed MOSFETs, respectively, at VDS¼ 5V. A
large hysteresis width of�2V was obtained in both cases, which again
confirms the high density of the interface trap charges that can be esti-
mated using the following equation:

Nit ¼
VHy;Tj j � Cox

q
; (2)

where Nit is the interface trap charge density and VHy;T is the hystere-
sis voltage width at the threshold.

The calculated value of Nit was �1013 cm�2 consistent with our
Dit results and other homoepitaxial Ga2O3 MOSFET reports.23

To understand the E-mode operation in the recessed MOSFETs,
the one-dimensional depletion depth was calculated using the deple-
tion approximation.4 The depletion depth under the gate region
ðWitÞgated can be calculated using

Witð Þgated ¼
2�0�rVFB

qNd

� �1
2

; (3)

where �0 and �r are the vacuum and relative permittivity, respectively,
Nd is the electron carrier concentration, and VFB is the flatband
voltage.

The flatband voltage VFB can be estimated using the following
equation:

VFB ¼ /ms þ
Qit

Cox
: (4)

FIG. 3. Transfer (logarithmic and linear) and output characteristics, respectively,
(a) and (b) non-recessed and (c) and (d) recessed MOSFETs at different drain-
source (VDS) and gate-source voltages (VGS). Linear transfer behavior is at
VDS¼ 5 V, shown in (a) and (c).

FIG. 4. Hysteresis transfer behavior of MOSFETs (in the logarithmic scale):
(a) non-recessed and (b) recessed gate. (c) Cross-sectional schematic of depletion
depths explaining the mechanism of E-mode operation of recessed MOSFETs.
(All numbers are in nm.)
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The depletion depth of the ungated region ðWitÞungated can be calcu-
lated using

Witð Þungated ¼
Qit

ND
: (5)

VFB¼ 6V was used in the analysis. The top side depletion depth
ðWitÞgated and ðWitÞungated are�36 and�20nm, were calculated using
Eqs. (3) and (5), respectively. The bottom side depletion depth will be
negligible due to the insulating sapphire substrate.24 The initial
3–4nm of the b-Ga2O3 film on sapphire may be insulating, because it
is generally a mixed phase or polycrystalline consisting of both alpha
Ga2O3 (a-Ga2O3) and b-Ga2O3 phases.

25,26 Hence, the total depth of
the recess, depletion, and insulating layer is �50nm in the gated
region in the recessed MOSFET, thus providing complete channel
depletion, which result in E-mode transistor characteristics.4 The sche-
matic diagram of depletion depths resulting E-mode operation can be
understood in Fig. 4(c).

The depletion depth analysis provides an approach to estimate
the factors contributing to Ron. The total Ron of the recessed
MOSFETs can be expressed as

Ron ¼ 2RC þ RD þ RS þ RCH ; (6)

where RC is the metal-semiconductor contact resistance, RD is the
drain-gate resistance, RS is the gate-source resistance, and RCH is the
channel resistance (under the gated region).

Here, the sheet resistance and contact resistance were calculated
from the transfer length method (TLM) measurement. Using the
depletion depth, device geometry, and sheet resistance (from TLM
measurement), the calculated resistance values for the recessed
MOSFETs were 2RC ¼ 59.5 kX cm (15.2%), RD¼ 64.2 kX cm (16.3%),
RS¼ 64.2 kX cm (16.3%), RCH ¼ 205.1 kX cm (52.2%), and RTotal

¼ 2RC þ RD þ RS þ RCH ¼ 393 kX cm, which is nearer to Ron

� 405 kX cm, calculated from the output curve of recessed MOSFETs.
The major factor contributing to Ron in recessed MOSFETs is from
the recess channel etching, which results in an increase in the sheet
resistance, as similar as suggested by other reports.27

Since the non-recessed and recessed MOSFETs exhibit a D- and
E-mode transistor behavior as shown in Figs. 3(a) and 3(c), an NMOS
(DCFL) inverter can be fabricated by integrating D- and E-mode tran-
sistors as load and driver transistors, respectively. Figures 5(a) and
5(b) show a microscopic image and a circuit diagram of the depletion
load NMOS inverter IC fabricated on the sapphire substrate, respec-
tively. Figure 5(a) shows the voltage transfer characteristics (VTC) for
the NMOS inverter. The high-level output voltage (VOH) is equal to
the supply voltage (VDD), confirming the D-load NMOS inverter oper-
ation. However, the low-level output voltage (VOL) is greater than 0V.
Figure 5(b) shows the gain characteristics of the NMOS inverter at dif-
ferent VDD. An inverter gain of�2.5 was obtained at VDD¼ 9V, com-
parable with other recent GaN and Ga2O3-based inverters.

28,29

To achieve a sharp inverter transition (high gain) and low (or
zero) VOL, a high load-to-driver resistance ratio a is required, as
described as follows:

a ¼ RL

RDR
; (7)

where RL and RDR are the load and driver transistors’ ON resistance,
respectively.30

However, in our NMOS inverter, a poor a of �0.5 was
obtained, which is attributed to the high Ron of the E-mode
MOSFET due to recess etching. a can be improved by increasing
the channel width-to-length (W/L) ratio in the E-mode transistors,
leading to an inverter with high voltage swing, sharp transition
voltage, and a high noise margin.30,31 Interdigited SD electrodes
could enhance the W/L ratio of the transistor without further
increase in the device size/area. Since Ron is directly proportional
to the geometrical length of the device, a geometrically scaled
E-mode MOSFET will exhibit low Ron and, hence, high a, which
can also improve the NMOS inverter characteristics.

This study demonstrated heteroepitaxially grown E-mode
b-Ga2O3 MOSFETs and NMOS inverter ICs on the low-cost sap-
phire substrate. The E-mode MOSFETs were enabled by using the
gate recess technique. A MOSFET without a recessed gate exhib-
ited D-mode characteristics. D- and E-mode MOSFETs showed a
threshold voltage of �3.8 and 3V with an on-off ratio of �105,
respectively. Furthermore, the monolithic integration of D- and
E-mode transistors demonstrated Ga2O3 NMOS inverter IC opera-
tion with a gain of �2.5 at VDD¼ 9V. The inverter performance
could be improved by optimizing the W/L ratio and the geometri-
cal scaling of the E-mode transistor to increase a. This work con-
firms the enormous potential of heteroepitaxial low-cost and
scalable b-Ga2O3 MOSFETs and NMOS ICs for future integration
with (ultra)wide bandgap devices.
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FIG. 5. Depletion load n-type metal oxide semiconductor (NMOS) inverter: (a) top
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