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Abstract: Until very recently, gallium oxide (Ga,03) has aroused more and more interests in the area of power electronics due
to its ultra-wide bandgap of 4.5-4.8 eV, estimated critical field of 8 MV/cm and decent intrinsic electron mobility limit of
250 cm?/(V-s), yielding a high Baliga’s figures-of-merit (FOM) of more than 3000, which is several times higher than GaN and SiC.
In addition to its excellent material properties, potential low-cost and large size substrate through melt-grown methodology also
endows -Ga,05; more potential for future low-cost power devices. This article focuses on reviewing the most recent advances of
B-Ga,03 based power devices. It will be starting with a brief introduction to the material properties of 3-Ga,05; and then the
growth techniques of its native substrate, followed by the thin film epitaxial growth. The performance of state-of-art 5-Ga,03
devices, including diodes and FETs are fully discussed and compared. Finally, potential solutions to the challenges of 3-Ga,0; are

also discussed and explored.
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1. Introduction

Motivated by achieving high breakdown voltage and high
energy conversion efficiency simultaneously, ultra-wide
bandgap semiconductor materials and devices with high carri-
er mobility are powerful competitors of the next generation
power electronics. Ultra-wide bandgap materials like dia-
mond, 3-Ga,0; and AIN have attracted most of the attentions,
due to their high Baliga's figure of merit (BFOM), defined as
&UES3, where g, uand E. are the dielectric constant, carrier mobil-
ity and critical breakdown field (E,), respectively('-9l. Com-
pared to diamond and AIN, the monoclinic 3-Ga,0s3 has the ad-
vantages of potential low cost and large size substrate
through melt-grown method and the easy control of the n-
type doping, while on the contrary, both diamond and AIN are
difficult to be doped and the high quality single crystalline nat-
ive substrate are extremely expensivel’. 8. 3-Ga,0; with an ul-
tra-wide bandgap of 4.6-4.9 eV, estimated E.=8 MV/cm and de-
cent intrinsic electron mobility limit of 250 cm?/(V-s), yielding a
high BFOM of more than 3000, which is several times higher
than that of GaN and SiC, showing that 3-Ga,05 is more prom-
ising candidate for power electronics by simultaneous achiev-
ing higher breakdown voltage (BV) and lower specific on-resist-
ance (R,p, sp) from the material point of view.

Although some progresses have been achieved, the per-
formance and development of 3-Ga,03; based devices are still
far behind the GaN and SiC’s. While in fact, the research of -
Ga,03 both on material and device still present itself as a vir-
gin area, such that more universities, research institutes, nation-
al laboratories, and government funding are needed to have a
fully discovering and understanding about the material proper-
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ties, how to enhance device performances and make them com-
parable or even higher when compared with the device per-
formance of GaN and SiC. In this review article, recent ad-
vances of the state-of-art material growth and device technolo-
gies are summarized, showing the great promise of 3-Ga,0s as
power device channel material.

2. Basic material properties of f-Ga,0;

There are 5 polymorphs of 5-Ga,05, namely g, 8, y, 6, and
10-151. Among which, the monoclinic (3-) phase of -Ga,0; de-
notes the most stable one until its melting point, while other
polymorphs are metastable and will convert into 8 phase at an
elevated temperature (7) above 750-900 °C. The crystal struc-
ture and lattice parameters of 3-Ga,0; are shown in Fig. 1,
with lattice constant a=12.2 A, b=3.0 Aand c=5.8 A, respect-
ively. The unit cell possesses two crystallographically inequival-
ent Ga positions, one with tetrahedral geometry Ga (I) and one

Lattice constant:
a=122A

c=58A

Fig. 1. (Color online) Atomic unit cell of 3-Ga,O3 with lattice constant
and angle marked.


http://dx.doi.org/10.1088/1674-4926/40/1/011803

2 Journal of Semiconductors doi: 10.1088/1674-4926/40/1/011803

Energy (eV)

Fig. 2. Band structure of 3-Ga,05; with Fermi energy aligned to zero. Re-
print from Appl Phys Lett, 88, 261904 (2006). Copyright 2006 Americ-
an Institute of Physics.
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Fig. 3. Photograph of 4-inch-diameter 3-Ga,0; wafer. Reprinted from
Higashiwaki et al, J Phy D, 50 (2017). Copyright 2017 IOP
PublishingB39,

with octahedral geometry Ga (ll). The oxygen ions are ar-
ranged in ‘distorted cubic’ array. Oxygen atoms have three crys-
tallographically different positions and are denoted as O(l),
O(ll) and Of(lll), respectively. Two oxygen atoms are coordin-
ated trigonally and one is coordinated tetrahedrally. The differ-
ent position of Ga and O atoms leads to an anisotropic optical,
electrical and physical properties, for example its different
thermal conductivity at (-201), (100), (010) and (100) planes.
The upper valence and lower conduction band structure of -
Ga,0;, calculated from density functional theory (DTF) is
shown in Fig. 2, as reported by He et all'3l. It is generally accep-
ted that the bandgap from DFT is underestimated due to the
ground state theory. More accurate bandgap value of 3-Ga,03
is extracted to be around 4.8 eV from hybrid DFT, which is in
agreementwith absorption and resolved photoemission experi-
mentl'6 171 The electron effective mass is calculated to be
around 0.3m,, where m, is the free electron mass. However,
the flatness of valence band shows the large effective mass of
holes, indicating an extremely low hole mobility even the p-
type doping can be resolved. In addition to the challenges of
the p-type doping and low hole mobility issues, the extremely
low thermal conductivity of 10-25 W/(m-K) both from theoretic-
al calculation and experiment turns out to be the most detri-
mental property of using 3-Ga,03 native substrate and poten-
tial solutions will be described in the future section.

Fig. 4. (Color online) B-Ga,05 crystals grown by the VB method in
either (a) a full-diameter crucible (a’), and (b) or in a conical crucible
(b"). Reprinted from Hoshikawa et al., J Cryst Growth 447, 36 (2016).
Copyright 2016 Elsevierl3',

3. Bulk substrate growth and thin film epitaxial
growth

The success achieving of large diameter single crystalline
and low defect density $-Ga,05 native substrates is the main
stimulation of devoting tremendous efforts to realize the applic-
ation of 3-Ga,0; based materials and devices. Particularly, the
development of melt-grown method offers the great promise
of accomplishing low cost commercial substrates, which is ad-
vantageous over the growth techniques of SiC and bulk GaN.
Standard growth techniques of 3-Ga,0; including Czochralski
method (CZ)!'8-20), edge-defined film fed (EFG)2Y, floating-
zone (FZ)22-241 and vertical Bridgman (VB)2>-27] growth meth-
ods. Tomm et al. first studied the CZ growth of the -Ga,0;
single crystals and later Galazka et al carried out a comprehens-
ive study on the same method(?8. 29 |t is reported that a diamet-
er of 2 inches cylindrical $-Ga,05 single crystal have been
demonstrated with this CZ method. It is generally accepted
that the EFG is the most promising growth method for (-
Ga, 05, combing the capability of achieving large size and high
quality for future high-volume production, which is also a sta-
ndard method for sapphire substrate. Growth rate as high as
15 mm/h and large size of 4 inches have been accomplished
even at this premature stage, as shown in Fig. 339, FZ method
is always used as a route to synthesis 5-Ga,0j; rod for basic re-
search purpose with typical growth rate of 6 mm/h and diamet-
er of 10 mm. VB methods provide another useful alternative
methodology to achieve $-Ga,0s single crystals by providing
the advantage of easy release of the crystals after growth. The
single crystal with diameter of 25 mm is obtained through this
method, as shown in Fig. 413, It should be noted that the unin-
tentional incorporation of the Si and Ir atoms from the S-
Ga,03 seed and crucible leads to the unintentionally doped
(UID) n-type conducting in the material so that deep accept-
ors like Mg and Fe are commonly used to compensate those
n-type dopants to achieve the semi-insulating property.

Developing high quality 3-Ga,Os; thin film epitaxial
growth is of equal importance when compared to the 3-Ga,0;
substrate, since 3-Ga,0s thin film always serve as the channel
layer for power devices such as diodes and MOSFETs. Accur-
ate control of the dopants and minimization of defects and im-
perfections are always two challenges for thin film epitaxial
growth. Homoepitaxial growth of high quality $-Ga,O; thin
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Fig. 5. (Color online) (a) HRTEM image of an undoped homoepitaxial 3-Ga,03 layer from MOVPE method. (b) Surface morphologies of 60-nm-
thick 5-Ga,05 (010) layers grown on Sn-doped B-Ga,0; (010) substrates at a growth rate of 1 nm/min under slightly Ga-rich conditions at the
growth temperatures of 500, 700, 800, and 900 °C, respectively. NDIC microscopy images of 3-Ga,O; surfaces after HVPE growth on (001) -
Ga,0; substrates for 1 h at (c) 800 and (d) 1000 °C. Reprinted from Refs. [33, 37, 41].

Table 1. Properties of 3-Ga,0; relative to some other major semiconductors used for power electronics applications, considering their different

kinds of FOM.
Material Parameter Si GaAs 4H-SiC GaN Diamond B-Ga,03
Bandgap £ (eV) 1.14 1.43 3.25 34 55 4.8
Dielectric constant € 12 13 10 9 5.5 11
Breakdown field Ec (MV/cm) 0.3 0.4 2.5 33 10 8
Carrier mobility p (cm?/(V-s)) 1450 8400 1000 1200 2000 300
Saturation velocity v, (107 cm/s) 1 1.2 2 2.5 1 2
Thermal conductivity k (W/mK) 150 50 370 250 2000 10-30
FOM relative to Si
Baliga FOM = euE3 1 14.7 317 846 24 660 3200
Johnson FOM = E2v,,2/4m2 1 1.8 278 1089 1110 2844
Baliga High Frequency FOM = uE2 1 10 46 100 1500 142
Keyes FOM = K(cvs,) (411e)]12 1 0.3 3.6 1.8 415 0.2

films on its native substrates can be carried out by the follow-
ing major ways: metalorganic chemical vapor deposition
(MOCVD)B2-34, molecular beam epitaxy (MBE)35-38], halide va-
por phase epitaxy (HVPE)39-42], mist-CVD and some other CVD
techniques3-49, MOCVD and MBE are two of the most popu-
lar epitaxial growth tools, which are widely used in GaAs and
GaN epitaxial growth. Baldini et al. reported on growing Sn-
doped homoepitaxial layer on (100) substrate with MOCVD9,
TEGA, molecular oxygen (O,) and TESn were used as Ga, O and
Sn precursors, respectively. The epi-layer has a RMS surface
roughness of 0.6 nm and the main defects in the layers were
stacking faults and twin lamella. Gogova et al. reported on
achieving single-phase, smooth 3-Ga,0s layers doped with Si,
with a dislocation density not exceeding those of the melt
grown substrate. HRTEM image of grown thin film is shown in

Fig. 5(a)B3], Okumura et al. reported on using plasma-assisted
MBE to grow the (010) -Ga,03 under Ga-rich conditions at
growth temperatures above 650 °C with growth rate about
2.2 nm/min. Slightly Ga-rich conditions between 650 and
750 °C are optimal for a smooth surface with an RMS surface
roughness of 0.1 nm at a high growth rate. Surface roughness
at various growth temperature is shown in Fig. 5(b)371, HVPE is
one of the most cost effective methodologies in terms of depos-
ition rate, epi-layer quality and inexpensive facility. However, it
generally ends up with a rough surface, which requires a post
chemical mechanical polishing process to smooth. Murakami
et al. reported on using GaCl and O, precursors for the HVPE of
B-Ga,0;3 thin film on (001) 5-Ga,0; substrate with a relative
smooth surface morphology and low net carrier doping concen-
tration of 103 cm~3 at a limited growth rate of 5 um/h and tem-

H Zhou et al.: A review of the most recent progresses of state-of-art gallium oxide power devices



4 Journal of Semiconductors doi: 10.1088/1674-4926/40/1/011803

@ 1000
_ O Si-doped bulk (FZ)
Q ® Sn-doped epi (MBE)
E
z e “ 0
= 100t ®
‘é ©®e 5
c ® o
o
= L ]
(9}
@
w
10 " " L
‘IOTE 1017 ‘1018 ‘IOTQ

Carrier concentration (cm~3)

(b)
200 -
$200 pm Pt/Au (Schottky)
€150}
< Sn-doped
E B-Ga,0,1.4 um
£ 100+ .
2 Si-doped 3-Ga,0,
3 010) substrate 600 pm
2 50
g Ti/Au (Ohmic)
S o
_0_5 1 1 L
-100 -50 0 1 2
Voltage (V)

Fig. 6. (Color online) (a) Electron mobility as a function of carrier concentration. (b) /-V characteristics of Pt/3-Ga,03 Schottky barrier diodes. The
inset shows the schematic structure of the $-Ga,0; SBD. Reprinted from Sasaki et al., Appl Phys Express, 5, 035502 (2012)552, Copyright of 2012

Japanese Society of Applied Physics.

perature of 1000 °C. The microscopy images of 3-Ga,03 sur-
faces after HVPE growth on (001) 3-Ga,05 substrates for 1 h at
(c) 800 and (d) 1000 °C*'T are shown in Fig. 5. Mist CVD is anoth-
er inexpensive approach to grow different polymorphs of
Ga,0;, like a-, B, y-phases at a relatively low growth temperat-
ure of 500-630 °C, while the solution is atomized via ultrasonica-
tion at a frequency of 2.4 MHz. Other phases can be trans-
formed into B-phase after a high temperature annealing.

4. Device performances: diodes and FETs

As always emphasized by the (B-Ga,O; community, 3-
Ga,0; holds promise for future power electronics due to its ul-
tra-wide bandgap, high breakdown field and decent electron
mobility induced high BFOM. Table 1 lists the comparisons of
some major semiconductors as the channel materials for
power devices. Some key FOMs used for representing how
ideal of this material can be utilized for power electronics,
such as Baliga, Johnson and Keys are also included. Baliga, Ba-
liga high frequency, Johnson and Keyes FOMs are used to evalu-
ate the power devices in terms of power handling capability
and conduction loss, the measure of switching losses, the meas-
ure of suitability of a semiconductor material for high fre-
quency power transistor applications and requirements, and
the thermal dissipation capability for power density and
speed, respectively. As shown in this Table 1, all other FOMs of
B-Ga,03; are significantly higher than that of SiC and GaN ex-
cept Keyes FOM due to its obvious shortage of extremely-low
thermal conductivity. Nevertheless, we should put all our en-
deavors to explore and demonstrate all its potentials and then
push the device performance to its limit. Diodes and FETs are
the most basic but most important elements of power electron-
ics, which deserve thorough investigation. In this section, the
most recent progresses of both diodes and FETs are compre-
hensively reviewed and solution to its low thermal conductiv-
ity issue is proposed.

4.1. Schottky barrier diodes on native substrates

Schottky Barrier Diodes (SBDs) with low turn on voltage
(Von), high forward current density and fast switching speed
properties are ideal candidate for low switching/conduction
losses and high frequency operations, which are indispensible
components in power electronic circuits such as converters
and inverters for power supplies and power factor correc-

tionsP1, Sasaki et al. developed the first 8-Ga,O; SBD on its
(010) native substrate with a 1.4 um thick ozone MBE homoep-
itaxial grown drift layer and a breakdown voltage (BV) of more
than 100 V is achieved®. The electron mobility of this Sn-
doped thin film is reported to be as high as 100-150 cm?/(V-s)
at a doping concentration range of 10'%-10'7 cm=3. The mobil-
ity versus doping concentration and /-V characteristics are in-
cluded in Fig. 6.

Following the 1st 3-Ga,Os; SBD, many research groups
have demonstrated high performance SBDs with BV around or
exceeding 1 kV with or without field-plate or edge termina-
tion techniques. Konishi et al. reported on the 1st achieving of
the BV more than 1 kV with a field-plate structure and a 7-um
thick HVPE grown B-Ga,0O; drift layer53l, Diodes were fab-
ricated by depositing full area back Ohmic contacts of Ti/Au
(20nm/230 nm) by E-beam evaporation, while the Schottky con-
tacts were patterned by lift-off of E-beam deposited Schottky
contacts Pt/Ti/Au (15 nm/5 nm/500 nm) on the epitaxial lay-
ers with a field plate length of 20 um. The net donor concentra-
tion of this epitaxial layer is calculated to be 1.6 x 10’6 cm™3
from C-V measurement. To achieve a high BV, a low densi-
ty channel or drift layer is needed so as to flatten the electric
field from the anode to cathode based on the Poisson Equa-
tion. The device has a specific on-resistance of 5.1 mQ-cm?,
yielding a power FOM of 227 MW/cm?, combined with the
BV of 1076 V. The peak E at anode edge is simulated to be
5.1 MV/cm, which is much higher than the Ec of GaN and SiC.
Fig. 7 shows the details of the device schematic, forward and re-
verse J-V characteristics.

Yang et al. also demonstrated 1 kV-class vertical 3-Ga,03
SBD without field-plate structure with a 10-um thick 5-Ga,O3
drift layer and Ni/Au as the anodel>4. The native substrate pos-
sesses a pit dislocation of 103 cm~2 and the epitaxial layer has
a net doping concentration of 2 x 10'% cm3. It is found that
the BV has a strong dependence on the anode diameter and
the BV is around 1 KV and 800 V at an anode diameter of 105
and 205 um, respectively, as shown in Fig. 8(a). The diode is
also reported to achieve a high power FOM of 150 MW/cm?
witha R, s, of 6 mQ-cm?2. By further shrinking the anode diamet-
er to 25 um, the BV is further increased to be 1.6 kV at a de-
cent power FOM of 100 MW/cm?, as shown in Fig. 8(b)l%1. This
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anode diameter dependent BV is most likely related with de-
fects in the epitaxial layer. With larger anode area, higher quant-
ities of defects are expected underneath the anode so that
once a point defect is damaged under the high E condition
the whole diode is destroyed, resulting in a reduced BV.
Through growth optimization, the carrier concentration in the
epitaxial layer can be further reduced to 2 x 10> cm~3. Com-
bined with a 20-um thick drift layer, the BV can be enhanced
to 2300 V. Meanwhile, a high current of 2 A can be also

achieved by enlarging the anode area to 0.2 cm2(56],
4.2. Field effect transistors (FETs) on native substrates

4.2.1. Depletion-mode high-power FETs

The first metal-semiconductor-FET (MESFET) was demon-
strated by Higashiwaki et al. with a Sn-doped (-Ga,0; epitaxi-
al channel on a semi-insulating (010) B-Ga,0;3 substrate7],
This circular MESFET is with a gate length (Lg) of 4 um and
source-drain (Lsp) of 20 um demonstrates a BV of more than
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Fig. 10. (Color online) (a) Schematic cross section of a 8-Ga,03 MOSFET with a gate-connected FP structure and (b) Output characteristics of the
MOSFET with maximum I, of 78 mA/mm and BV of 750 V. Reprinted from IEEE Electron Device Lett, 37, 2 (2016). Copyright of 2016 IEEE[8],
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250V, drain current (Ip) of 15 mA and on/off ratio around 104
Output and transfer characteristics are plotted in Fig. 9. Follow-
ing the MESFET, metal-oxide-semiconductor FETs (MOSFETS)
start to attract the power device community’s attention to re-
solve the shortcomings of the MESFET. The first lateral deple-
tion-mode (D-mode) 3-Ga,0; MOSFET power device with BV
more than 600 V was reported by Wong et al58l, The device
structure is shown as Fig. 10(a) with a MBE grown and Si-
doped channel with doping concentration of 3 x 10'7 cm3,
a heavily doped source and drain contacts and a FP length of

2.5 um. A maximum /p of 80 mA/mm, peak g, of 3.5 mS/mm
and high on/off ratio of more than 10° are achieved simultan-
eously. Pulsed /p—Vps shows no current collapse phenomenon,
verifying the great promise of 3-Ga,0; MOSFET as a candidate
for power device application. Recently, Zeng et al. has pushed
the BV to be 1850 V by adopting a FP structure and a 400-nm
thick composite field plate oxide at a Lgp = 20 umi39), It is be-
lieved that the introduction of another 50 nm of ALD SiO, is
helpful in improving the BV, rather than a simply plasma-en-
hanced CVD (PECVD) SiO, layer underneath the gate FP elec-
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device with a Vy = 2.2V, on/off ratio of 108, and on-current of 400 A/cm?2. (d) The breakdown characteristics of 3-Ga,03 Fin-MOSFET with chan-
nel width of 330 nm. Reprinted from IEEE Electron Device Lett, 39, 869, 2018. Copyright of 2018 IEEE6"],

trode, where the premature breakdown happens and also a
high-quality ALD SiO, is available to sustain a higher Ec. The
device structure and breakdown characteristics are described
in Fig. 11.

4.2.2. Enhancement-mode (E-mode) high-power FETs
Zeng et al. reported on achieving the first E-mode f3-
Ga,03; MOSFET by adopting a high work function Au gate elec-
trode and low doping (6 x 10'> cm~3) MBE $-Ga,05 channel, so
that E-mode operation with V4 of 3 V and BV of 400 V are
demonstrated!®l, Later, Tadjer et al. fabricated a (001) 3-Ga,0;
MOSFET with V4 = 2.9 V and HfO, as the gate dielectricl®l
Figs. 12(a) and 12(b) are the Ip—Vgs characteristics of Zeng's

and Tadjer's E-mode MOSFET. Chabak et al. demonstrated
the E-mode -Ga,0; MOSFET via incorporating a fin-array struc-
ture with triangular fin-width of 300 nm and fin-height of
200 nm, such that the high work function Ni gate electrode
can deplete the $-Ga,0; channel from two side walls with V4
around 1 V¥, On/OFF ratio greater than 10° and a three-termin-
al BV of more than 600 V are achieved at a 21-um gate-drain spa-
cing, as shown in Fig. 13. Hu et al. has adopted a similar Fin-
structure to achieve an E-mode operation on a vertical MOS-
FET®1, A 10-um thick HVPE B-Ga,O; layer on (001) substrate
with low charge doping concentration of 2 x 106 cm~3 is used
as the starting wafer. By shrinking the fin-width to 330 nm or
even smaller, the V; is extracted to be 1.2-2.2 V. A current
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on/off ratio of 108, Ry, of 13-18 mQ-cm2, BV up to 1057 V
and output current of more than 200 A/cm? are demonstrated.
Figs. 14(a)-14(d) depict the device structure of the vertical E-
mode (-Ga,0; MOSFET, on-state Ip—Vgs and three-terminal
OFF-state breakdown measurement results, respectively.
4.2.3. High frequency RF Power FETs

Green et al. reported on demonstrating the first 3-Ga,03

RF transistor on a Si-doped MOCVD [-Ga,05 channel with dop-
ing concentration of 10'® cm=3 and a (100) substratel®2], By re-
cessing the (-Ga,0; epi-channel, peak transconductance of
21 mS/mm and extrinsic cut-off frequency () and maximum os-
cillation frequency (f,,,) of 3.3 GHz and 12.9 GHz are achieved.
Meanwhile, CW class-A power amplifier demonstrate a output
power density (P,), power gain, and power-added efficiency
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Table 2. Comparison of CW and pulse large signal measurements performed at two different operating power levels of 0.4 and 0.8 W/mm. lar-
ger differences in performance between cw and pulsed modes can been seen with increasing operating power. Reprinted from IEEE Electron

Device Lett, 39, 1572, 2018. Copyright of 2018 IEEE.

Operating condition 0.4 W/mm 25 °C
(IDS =5 mA, Vds =40 V)

Operating condition 0.8 W/mm 25 °C
(IDS =10 mA, VDS =40 V)

Parameter
cw Pulse cw Pulse
Pout (dBm) 17.42 18.28 17.63 19.52
Pout (W/mm) 0.11 0.13 0.11 0.17
Drain Eff (%) 19.56 22.40 13.83 17.04
PAE (%) 9.09 12.01 3.23 6.85
Max gain (dB) 417 481 2.08 3.68
Channel temperature (°C) 58 28 97 36
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Fig. 17. (Color online) Transfer characteristics of the thin-channel BGO MOSFET with T-gate. The Gy reaches 25 mS/mm with current density over
275 mA/mm, and the inset shows a good lon/lo ratio greater than 108. (b) Small signal gain at Vps = 15 V of the thin-channel BGO MOSFET with
fi/ froax = 5.1/17.1 GHz. Reprinted from |EEE IMWS-AMP, 2018. Copyright of 2018 IEEE!64.,

(PAE) of 0.23 W/mm, 5.1 dB and 6.3%, respectively at the fre-
quency of 800 MHz. Device structure, small signal and large sig-
nal performances are described in Fig. 15. Singh et al. carried
out the study on the pulsed large signal RF performance of
field-plated B-Ga,O; MOSFET®3!, It is revealed that reduced
self-heating when pulse resulted in a PAE of 12%, drain effi-
ciency of 22.4%, P, of 0.13 W/mm and a maximum gain up to
4.8 dB at 1 GHz for a device with Ly = 2 um. Self-heating effect
at high Vps and Ips caused by the low thermal conductivity is
the main factor limiting the device performances, while the trap-
ping effect has the minimal impact on the performance degrad-
ation. Pulsed /p—Vps measurement and large signal load pull
measurement results are shown in Fig. 16 and the comparison
between CW and pulsed results are shown in Table 2, indicati-
ng the self-heating effect is the primary detrimental factor of de-
grading device performance. Chabak et al. reported on achiev-
ing high performance -Ga,0s RF transistor by utilizing a high-
er doped but thinner Si doped MOVPE (100) channel with sub-
micron T-shape gatel4. A record-high fi/f,,,, of 5/17 GHz at
Vps =15V and Vg5 = —14.2 V is achieved, along with a peak g,
of 25 mS/mm. DC and RF results are shown in Fig. 17.

4.3. High performance nano-membrane f-Ga,0; SBDs
and FETs on foreign substrates

4.3.1. Field-plated lateral f-Ga,0; SBDs on sapphire
substrate

B-Ga,05 crystal possesses an unique property that its

(100) surface has a large lattice constant of 12.23 A along [100]
direction, which allows a facile cleavage into thin belts or
nano-membranes!®l. Hence, by transferring B-Ga,O; nano-
membrane from its bulk substrate to a wider bandgap and high-
er thermal conductivity substrate can minimize low-thermal
conductivity of 3-Ga,0; bulk substrate induced severe self-heat-
ing effect while maintaining its high breakdown characterist-
ics. Importantly as a research route, it provides an effective
methodology to investigate fundamental material property of
B-Ga,03 and fully explore device potentials without using
many [B-Ga,0; epitaxy wafers. Hu et al. reported on the first
high performance lateral 3-Ga,O5; SBD on sapphire substrate
by transferring high quality 8-Ga,0; nano-membrane channel
from its low defect density bulk substratel®0l, Annealed Ti/Au
(60/120 nm) is used as the cathode while Ni/Au (60/120 nm) is
used as the anode metal and the 3-Ga,O5; nano-membrane is
with thickness around 400 nm. The SBDs have an on-current
on/off ratio of 107-108 with turn-on voltage (V,,,) of 1 V determ-
ined by the linear extrapolation of the forward /-V. The R, ,
of each SBD is determined to be R, = 3.29, 5.94, 12.7, and
34.2 mQ-cm? for Lschottky-ohmic = 4 6, 11, and 15 um, respect-
ively. The off-state BV is measured to be 0.64 kV, 0.85 kV, 1.2 kV
and 1.7 kV, yielding a power FOM of 0.124, 0.121, 0.113, and
0.09 GW/cm? for Lschottky-ohmic = 4, 6, 11, and 15 um, respect-
ively, by considering the FOM = BV?/R,, .. Device structure, for-
ward /-V and reverse breakdown characteristics are shown in
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Fig. 18. Following the first lateral 3-Ga,03 SBD, Hu et al. also de-
veloped a field-plated lateral 3-Ga,05 SBD with record-high re-
verse blocking voltage of more than 3 kV and high DC power
FOM of 500 MW/cm?2557, In this study, an even thicker (650 nm)
B-Ga,03 nano-membrane channel is used to improve the on-
current and hence reducing the Ry, s, and the field plate struc-
ture is used to mitigate the E crowding effect at the anode
edge. The record-high BV of more than 3 kV is demonstra-
ted on a SBD with Lschottky-ohmic = 24 um with low Ry, of
24.3 mQ-cm?2. In addition to the high BV of more than 3 kV, a re-
cord high power FOM of 0.5 GW/cm? is also achieved on the
SBD with Lschottky-ohmic = 16 pum and BV = 2.25 kV. The device
structure, reverse characteristics and benchmark comparisons
between lateral and vertical SBDs are shown in Fig. 19.

4.3.2. High performance back-gate D/E-modes -Ga,0;

on insulator (GOOI) FETs

Zhou et al. reported on achieving record-high on-current
with a back-gated FETs based on $-Ga,O; nano-membrane
channels(®7: 681, Figs. 20(a) and 20(b) are the schematic of a
GOOI FET and atomic force microscopy (AFM) image of a 3-
Ga,05 surface after cleavage, which shows atomically flat and
uniform within the whole nano-membrane. Device fabrication
commenced with 6 mm by 6 mm (-201) 3-Ga,0; bulk sub-
strate with Sn doping concentration of 3 x 10'8 cm~3 and 8 x
108 cm~3. Various -Ga,0O3; nano-membranes with thickness
from 50 to 150 nm, confirmed by the AFM measurements,
were chosen for the device fabrication. Fig. 21(a) presents the

D-mode DC output characteristics (/jp—Vps). Devices have a Ly
of 0.3 um, channel width (W) of 0.15 um and channel thick-
ness (f) of 70 nm for 8.0 x 10'® cm=3, and W= 0.6 um and t =
100 nm for 3.0 x 108 cm~3 device, respectively. A record high
maximum I (lhyax) of 1.5 A/mm is obtained, which is more
than 2 times of lower doping channel. The device also has a
much lower Ry, of 5 Q-mm compared with that of 11 Q-mm
with 3.0 x 10'® cm~3 doping concentration. Fig. 21(b) is the
log-scale Ip—g— Vs transfer characteristics of the same D-mo-
de GOOI FET with 8.0 x 10'® cm~3 doping concentration. This
D-mode GOOI FET has a threshold voltage (V4) of =135V, extrac-
ted from the log-scale Ip—Vgs at Vps =1V and Ip = 0.1 mA/mm.
Figs. 21(c) and 21(d) depict the /p—Vps output and h-g,—Vss
transfer characteristics of an E-mode GOOI FET with Ly =
0.3 um, t=55nmand W=0.17 um for 8.0 x 108 cm=3,and t=
75 nm and W= 0.45 um for 3.0 x 10'8 cm~3 device also shown
in Fig. 21(c) as black dashed curves for comparison. A record
high Ipmax = 1.0 A/mm for higher doping channel is obtained,
which is more than 80% higher than lower doping channel. E-
mode GOOI FET has a V4 of 2 V determined from the Ip—Vgs at
Vps = 1V and Ip = 0.1 mA/mm. Further scaling the Lcy shows
no significant help in boosting the Ipyax, Which is primarily lim-
ited by the high Rc of low doping channel underneath the con-
tact. The improved Ipyax of D/E-mode devices mainly origin-
ate from the higher doping concentration induced lower R,
rather than the simply Ly scaling. Finally, benefiting from its
wide-bandgap and a low damage transfer process, both D/E-
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Fig. 20. (Color online) (a) Schematic view of a GOOI FET with a 300 nm
SiO, layer on Si substrate and (b) AFM image of the atomic flat -
Ga,0; surface after cleavage. Reprinted from IEEE Electron Device
Lett, 38, 103, 2017. Copyright of 2017 |IEEE!68].

mode devices have achieved high on/off ratio of 10'% and low
SS of 150-165 mV/dec for a 300 nm thick SiO,.

4.3.3. VT dependence on the -Ga,0; Nano-membrane

Thickness

It is found that the V4 shifts from negative values in D-
mode to positive values in E-mode by shrinking 5-Ga,05 nano-
membrane thickness. Fig. 22(a) describes the thickness depend-
ent representative Ip—Vgs characteristics. Obviously, the V4 is
shifted from negative to positive when the thicknessis slowly re-
duced. Fig. 22(b) summarizes the extracted thickness depend-
ent V5 of 15 devices. Generally, they all follow the same trend
as shown in Fig. 22(a). The determined thickness dependent
V1 may be valuable in the realization of high performance top
gate E-mode GOOI FETs in the near future.

The significant V4 shift with respect to different 5-Ga,05
nano-membrane thickness is due to the surface depletion of
the unpassivated device surface, which has tremendous
dangling bonds and surface states on the device surfacel®?.
This is the reason why E-mode GOOI FETs can also be reali-
zedinhigh doping 5-Ga,03; nano-membrane. The surface deple-
tion effect could be verified by using ALD to deposit 15 nm
Al,O3 on top to passivate the top surface. As shown in Fig. 23(a),
the V4 is significantly shifted to the left for more than 70 V after
an ALD passivation, verifying the existence of top and bottom
surface depletion on unpassivated GOOI FET surfaces. Based
on the surface depletion, each surface depleted charge dens-
ity (ng) can be estimated by using the TCAD C-V simulation to
match the measured and simulated V4 from E-mode devices
with V4 near zero. The n; is determined and simulated to be
1.2 x 1013 cm~2 and 2.2 x 103 cm~2 for 3.0 x 10’8 cm—3 and
8.0 x 10"3 cm~3 nano-membranes with thickness of 80 nm and
55 nm, respectively. Higher n; for higher doping (-Ga,0;
nano-membrane is most likely related to the higher surface
states with more Sn+4 dopants. Therefore, the actual C-V curve
and Ip-Vgs curves are significantly shifted to the right com-
pared with the ideal case without considering surface deple-
tion. Fig. 23(b) shows the simulated C-V curve for E-mode
GOOI FET and the V4 from C-V simulation is in good agree-
ment with the V; from lp—V;s characterization. Figs. 23(c) and
23(d) are the simulated band diagram of the E-mode GOOI FET
at Vgs = 0 V with lower doping and higher doping channels by
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(b) Thickness dependent V4 extracted at Vps = 1 V of 15 devices. Reprinted from IEEE Electron Device Lett, 38, 103, 2017. Copyright of 2017
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considering surface depletion effect. The top and bottom de-  4.3.4. Solutions to the severe self-heating effects on f-

pletion regions pull up the conduction band of -Ga,03 with Ga,0; FETs
very few carriers left behind in the nano-membrane, so that E- Self-heating effect induced temperature increase and
mode GOOI FET can be formed. non-uniform distribution of dissipated power have emerged
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Copyright of 2017 ACSU7™1.

as one of the most dominant concerns in the degradation of
the Ip, output power density (P), as well as the gate leakage cur-
rent, device variability, and reliability7%l, This effect would be-
come severein high power device with alow thermal conductiv-
ity (k) substrate such as 3-Ga,03, whose ks just 10-25 W/m-K,
which has become one of major challenges to realize practical
application. An effective approach to mitigate low k problem
is to utilize a higher k substrate rather than the 3-Ga,0; native
substrate through a potential wafer bonding technique.
Nowadays, all the GOOI FETs were fabricated on the SiO,/Si sub-
strate, however the k of SiO, is just 1.5 W/(m-K). For the
thermal management of GOOI FETs, a higher k substrate is ur-

gently needed. Diamond has the highest thermal conductiv-
ity (k = 1000-2200 W/(m-K)) among all available substrates;
thus, it is of great interest to investigate the heat dissipation ef-
fect of $-Ga,0;5 devices on diamond. Meanwhile, diamond is
also a current blocking substrate for transferred $-Ga,0; nano-
membranes due to its wide bandgap of 5.47 eV. In this section,
sapphire and diamond substrates are used as a thermal con-
ductor for GOOI FETs to solve the severe self-heating effect
and enhance the thermal dissipation and boost device perform-
ancel”!. 721, An ultra-fast, high-resolution thermos-reflectance
(TR) imaging techniquel’3! is introduced and then applied to
the top-gate GOOI FET to examine the reduced self-heating ef-
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Fig. 25. (Color online) Ip—Vps characteristics of GOOI FETs on (a) SiO,/Si, (b) sapphire and (c) diamond substrates with Lsp = 6-6.5 um and Lg =
1 um. A high Ippax = 960 mA/mm is demonstrated on top-gate 3-Ga,03; GOOI FETs. Comparison of (d) /p—Vps (€) log-scale Ip—Vgs and (f) linear-
scale g,— Vs of 3-Ga,03 FETs on a diamond, sapphire and SiO,/Si substrates. Ir— Vs transfer characteristics of GOOI FETs on three substrates with
high on/off ratio of 10° and low SS of 65 mV/dec, yielding a low D;; of 2.6 x 10'! eV-'.cm~2. Higher g,, shows higher electron i on diamond due
to the reduced device temperature. Reprinted from ACS Omega 2,11, 2017. Copyright of 2017 ACS7" and 2018 IEEE2,

fect and local surface temperature increase magnitude on sap-
phire and diamond substrates compared with SiO,/Si sub-
strate. After substituting SiO,/Si with sapphire and diamond
substrates, the top-gate GOOI FET has 70% and 2 times higher
Iomax, ~ 3 times and 8 times lower device surface temperature
change AT, and 3 times and 8 times lower thermal resistance
(Ry), respectively.

Figs. 24 (a)-24(c) are the device schematic and SEM im-
ages of fabricated GOOI FETs, respectively. Source and drain re-
gions were defined by the VB6 EBL, followed by Ti/Al/Au
(15/60/50 nm) metallization and lift-off processes. 15 nm of
Al,O3; was deposited by ASM F-120 ALD at 180 °C with tri-
methyl-aluminum (TMA) and H,O as precursors. Finally, Ni/Au
(50/50 nm) is deposited as the gate electrode, followed with
lift-off process.

Figs. 25(a), 25(b) and 25(c) show the well-behaved DC
Io—Vps of three top-gate GOOI FETs with Lgp of 6/6.5 um, Lg of
1 um, and channel thickness of 73/75/74 nm on SiO,/Si, sap-
phire and diamond substrates, respectively. lpryax of 960, 535
and 325 mA/mm for diamond, sapphire and SiO,/Si substrates
are obtained. Ipyax of GOOI FET on diamond and sapphire sub-
strates is around 3 times and 1.7 times of that on SiO,/Si sub-
strate, originating from better transport properties at a lower
device temperature. Fig. 25(d) is the Ip—Vps comparison at a
fixed Vgs = 6 V. Figs. 25(e) and 25(f) depict the Ip-Vgs and
9m—Vgs of GOOI FETs on three substrates at Vg = 25 V. High
on/off ratio of 10° and low SS of 65 mV/dec are achieved on
both devices due to the wide bandgap and high-quality ALD
Al,03/-Ga, 05 interface, yielding a low interface trap density
(Dy) of 2.6 x 10" eV-1.cm~2 by the equation SS = 60 X (1 +
qD./C,,) mV/dec at room temperature, where C,, is the oxi-
de capacitance. One interesting phenomenon is that the peak
gm of diamond and sapphire substrate is 34 mS/mm and
21 mS/mm, which is around 2 times and 60% higher than the

9 Of SiO,/Si substrate. The extrinsic electron field-effect mobil-
ity (ure) of GOOI FET on diamond, sapphire and SiO,/Si are
roughly extracted to be 43, 30.2 and 21.7 cm?/(V's), respect-
ively, benefiting from the less SHE on diamond.

Figs. 26(a), 26(b) and 26(c) are the merged optical and TR
thermal image views of GOOI FETs on SiO,/Si, sapphire and dia-
mond substrates at steady state and different P conditions. As
higher Vjs is applied, the device is heated up simultaneously
and the corresponding AT is increased. At P= 717 W/mm?2 on
the SiO,/Si substrate, the AT is measured to be 106 K, whereas
in contrast the AT is just 43 and 21 K at a higher P =917 W/
mm?2 and P = 1237 W/mm?2 on the sapphire and diamond sub-
strates, respectively. Fig. 26(d) depicts the measured and simu-
lated AT versus P (W/mm?2) for the Ga,O; FETs on a diamond
substrate, performed both by TR imaging and Raman thermo-
graphy. Good agreement among these three methods can be
observed, with the highest temperature measured by Raman
thermography to be 164 °C (AT = 141 K) at DC output power
of 6565 W/mm?2 (64.7 W/mm or Vs = 35 V for this particular ex-
foliated FET geometry). Fig. 26(e) shows the good agreement
of the TR measured and the simulated AT versus P (W/mm?2)
on different substrates. For both the measurement and simula-
tion results, the clear observation is that at the same P, the
GOOI FET on the diamond substrate has more than 8 times
lower AT compared to that on SiO,/Si. The Ry of diamond, sap-
phire and SiO,/Si substrates are calculated to be 1.71 x 1072,
4.62 x 1072 and 1.47 x 107" mm2-K/W, respectively, through
Rr = AT/P. The reduced Ry of GOOI FET on diamond and sap-
phire demonstrate that a higher k substrate can be more effect-
ive in dissipating the heat on the devices. With less heat on
the device, the temperature is lower so that the u is higher to
achieve a higher Ipyax of 960 mA/mm for a better device per-
formance.
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of top-gate GOOI FETs on a diamond substrate using TR imaging, Raman thermography and the thermal simulations. (e) Measured by TR meth-
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than 3 and 8 times of that on the sapphire and diamond substrates at the same P. As a result, the Ry of GOOI FET on the sapphire substrate is 4.62 x
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Fig. 27. (Color online) (a) Schematic view of 3-Ga,0; FE-FETs. The gate stack includes a heavily n-doped Si as the gate electrode, 20 nm HZO as
the ferroelectric insulator, 3 nm Al,Os as the capping layer. Ti/Au (30/60 nm) is used as the source/drain electrodes. Sn-doped n-type 3-Ga,0; (86
nm) is used as the channel. (b) Top-view false-color SEM image of representative -Ga,Os3 FE-FETs on the same membrane with different chan-
nel lengths. (c) Cross-sectional view of the HZO/AI, 05 gate stack, capturing the polycrystalline HZO and the amorphous Al,Os. Reprinted from
ACS Omega 2,10, 2017. Copyright of 2017 ACSI74L.

severe. In this section, -Ga,03 FE-FETs with ferroelectric HZO
as a gate dielectric stack is reviewed”4. Fig. 27(a) shows the
schematic diagram of [(-Ga,O3; FE-FETs, which consists of a
86 nm thick 3-Ga,O; nanomembrane as the channel, a 3 nm
amorphous Al,O; layer and a 20 nm polycrystalline HZO layer
as the gate dielectric, a n** silicon substrate as the gate elec-
trode, and a Ti/Au source/drain as the metal contacts. Fig. 27(b)

4.3.5. p-Ga,0; nano-membrane ferroelectric (FE)-FET

with steep ss for wide bandgap logic application
High-temperature solid-state devices and circuits are re-
quired for many applications such as in aerospace, automot-
ive, nuclear instrumentations and geothermal wells. Silicon-
based complementary metal-oxide-semiconductor (CMOS)

technology is not able to operate at such high temperatures,
which is limited by its relatively small band gap of 1.12 eV.
CMOS circuits using wide band gap semiconductors are prom-
ising in these high temperature logic applications. As for the lo-
gic application, steep SS is required so as to minimize the
power supply so that power consumption and SHE are less

shows the false-color SEM image of the fabricated 3-Ga,0; FE-
FETs with four different channel lengths, capturing the (-
Ga,03 membrane and the Ti/Au electrodes.

Fig. 28(a) shows the normalized Ip—Vgs characteristics in
the log scale of a 3-Ga,0; FE-FET. The back-gate bias is swept
from —0.4 to 2 Vin 40 mV per step, whereas the Vj is biased at

H Zhou et al.: A review of the most recent progresses of state-of-art gallium oxide power devices



16 Journal of Semiconductors doi: 10.1088/1674-4926/40/1/011803

210

10°¢
107

() 140
120 |
__100}
80

60 Vps =05V

40}

__u_ Ssmlr\, For — 53.1 mV/dec

—O— S5, por = 343 MV/dec
| |

SS (mV/dec

20

0
10 10° 10

Iy (HA/um)

102 10°

(b) 140
120}
100}
]
o 80t
>
€ 60l Vos =01V
v
(Va)
40|
—0— SS.in for = 57.2 MV/dec
20} 5SS e = 41.0 MV/dec
0 1 1 1
10®  10° 10* 102 10°
Ip (LA/um)
(d) 140
120}
100}
9
2 80}
£ 60} Vos=0.9V
(%)
wv
40|
20 —0— SSmin For = 55.0 mV/dec
—O— SS,in ror = 34.4 mV/dec
0 1 1 1
10®  10° 10* 102 10°
Ip (HA/um)

Fig. 28. (Color online) (a) Ip— Vs characteristics in the log scale of a 3-Ga,05 FE-FET. This device has a channel length of 0.5 um and a channel
thickness of 86 nm. SS versus Iy characteristics of the same device in (a) at (b) Vps = 0.1, (c) Vps = 0.5, and (d) Vps = 0.9 V. SS less than 60 mV/dec at
room temperature is demonstrated for both forward and reverse Vs sweeps. Reprinted from ACS Omega 2,10, 2017. Copyright of 2017 ACS[74l,

@ 6

V.. =047V

T, For

Vo, =038V

TR

Iy (uA/pm)
w

(b)
6 V:—05t025V
Step: 0.5V
5 -
T 4T
S
S3p
\D
2 -
‘I -
(N 1 1 1 1
0.0 0.5 1.0 1.5 2.0
V_ (V)

Fig. 29. (Color online) (a) lp— Vs characteristics in the linear scale of the same (3-Ga,O5 FE-FET as in Fig. 9. (b) [p—Vps characteristics of the same 3-
Ga,03 FE-FET as in Fig. 9. Reprinted from ACS Omega 2,10, 2017. Copyright of 2017 ACS[74,

0.1, 0.5, and 0.9 V. The whole sweep takes roughly 1 min. This
device has a Lcy of 0.5 um and a thickness of 86 nm. This particu-
lar thickness is chosen to tune the V; slightly above zero. The
Io— Vs characteristics were measured in bidirectional both for-
wardly (Vs from low to high) and reversely (Vs from high to
low). SS is extracted as a function of I for both forward sweep
(SSmin,For) @and reverse sweep (SSpin rev) @t various Vps. Figs. 28(b)-
28(d) show the SS-Ip characteristics extracted from Fig. 28(a)
at Vps = 0.1, 0.5, and 0.9 V, respectively. The device exhibits
SSminfor = 57.2 mV/dec and SSy,ingev = 41.0 mV/dec at Vps =
0.1V, SSminfor = 53.1 mV/dec and SSyinrey = 34.3 mV/dec at
Vbs=0.5V, and SSin ror = 55.0 mV/dec and SS i, ey = 34.4 mV/
dec at Vps = 0.9 V. SS less than 60 mV/dec at room temperat-

ure is demonstrated for both forward and reverse Vg5 sweeps
even at relatively high Vps. Ga,03 MOSFETs with 15 nm Al,0O4
as a gate dielectric exhibit a minimum SS = 118.8 mV/dec.
SS-Ip characteristics at different Vps are similar, slightly better
at high Vps because of the larger impact of a Schottky barrier
at lower Vps. Because of the large band gap of 3-Ga,0;, the
band-to-band tunneling current at high Vps is suppressed.
Fig. 29(a) shows the Ip—V;s characteristics in the linear scale of
the same 3-Ga,0O; FE-FET as in Fig. 28. V; is extracted by linear
extrapolation at Vs = 0.1 V for both forward and reverse Vg
sweeps. V7 in the forward Vg sweep (Vf g is extracted as
0.47 V, whereas Vr in the reverse Vgs sweep (V1 ge) is extrac-
ted as 0.38 V. Hence, the E-mode operation with V4 greater

H Zhou et al.: A review of the most recent progresses of state-of-art gallium oxide power devices



than zero for both forward and reverse Vs sweeps is demon-
strated. A negligible hysteresis is obtained for both on-state
(high Vg5, as shown in Fig. 10(a)) and off-state (low Vg, as
shown in Fig. 28(a)), except that when Vg is near the V; re-
gion. At the V4, low hysteresis is achieved to be 90 mV, calcu-
lated by using |V ey — Vi Forl, Showing the great promise of us-
ing B-Ga,0; for wide bandgap logic applications.

5. Conclusions

In conclusion, significant progresses have been achieved
with remarkable power device performances even at this prema-
ture development stage, such as BV more than 3 kV of lateral
Schottky Rectifiers, high current density 1.5/1 A/mm of D/E-
modes FETs, BV of 1.8 kV for field-plated lateral MOSFET and
fi/f,mx Of 5.1/17.1 GHz, respectively. In addition to device per-
formance, sufficient low defect density less than 103 cm=2 of
melt-grown native substrate and very smooth surface with
RMS roughness less than 0.5 nm of epitaxial 5-Ga,Os3 thin film
on its native substrate have all been demonstrated. However,
some open questions about how to realize p-type (-Ga,0;
and how to resolve the low thermal conductivity issue are yet
to be established. Once resolving those aforementioned is-
sues, the bright future of 5-Ga,0; devices as power electronic
products are definitely coming soon.
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