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ABSTRACT

Thin (40-150 nm), highly doped n+ (10"°-10%° cm™) Ga,0; layers deposited using pulsed laser deposition (PLD) were incorporated into
Ti/Au ohmic contacts on (001) and (010) S-Ga,O; substrates with carrier concentrations between 2.5 and 5.1 x 10'® em ™. Specific contact
resistivity values were calculated for contact structures both without and with a PLD layer having different thicknesses up to 150 nm. With
the exception of a 40 nm PLD layer on the (001) substrate, the specific contact resistivity values decreased with increasing PLD layer thick-
ness: up to 8x on (001) Ga,O; and up to 16x on (010) Ga,O; compared with samples without a PLD layer. The lowest average specific
contact resistivities were achieved with 150 nm PLD layers: 3.48 x 107> Q cm? on (001) Ga,O5 and 4.79x 107> Q cm? on (010) Ga,Os.
Cross-sectional transmission electron microscopy images revealed differences in the microstructure and morphology of the PLD layers on
the different substrate orientations. This study describes a low-temperature process that could be used to reduce the contact resistance in

Ga, O3 devices.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002620

1. INTRODUCTION

Beta-gallium oxide (8-Ga,0;) is a wide bandgap (Eg ~ 4.8 ¢V)
semiconductor that has attracted growing interest due to the avail-
ability of bulk crystals and a variety of shallow n-type dopants (Sn,
Si, and Ge)' covering a broad doping range. It is considered a
promising candidate for next-generation power electronics,”’ in
part due to the fact that it has a higher theoretical breakdown field
and power figure-of-merit than either GaN or SiC.*

For power devices, it is necessary to minimize the ohmic
contact resistance, which contributes to the on-resistance of the
device and increases the conduction losses in the circuit. Reducing
the contact resistance is often achieved by doping the

semiconductor surface heavily to decrease the depletion width,
making it thin enough to allow carriers to the tunnel.’

The standard metallization for Ga,O; ohmic contacts consists
of annealed Ti/Au.""" Various processes have been reported to
reduce the contact resistance of Ti/Au contacts to Ga,O3 (Table I).
Values range from ~107> to ~107 Q cm” and depend on doping
concentration and the type of process. Many processes incorporate
a highly doped (n+), 100-180 nm-thick Ga,0; layer produced
using Si-ion implantation with high-temperature (925-975 °C) acti-
vation anneal.'™* Several of the aforementioned processes also
included reactive ion etching using BCls/Ar.'"~"” A specific contact
resistance of 4.6x107°Qcm® was achieved using Si-ion
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implantation (implant dosage =5x10"*cm™) and a postimplant
anneal at 950 °C."* In a separate study, contacts on the (010) orien-
tation without implantation were pseudo-ohmic with a specific
contact resistivity of pc ~ 1072 Q cm?; Si-ion implantation and
RIE treatment (MBE)'>'® and metal organic vapor phase epitaxy
(MOVPE) have also been used to create highly doped Ga,O; layers
for ohmic contacts.'”"”'® Low-resistance (8.3 x 1077 Q cm?) ohmic
contacts were achieved on a Si-doped 3-Ga,O; (1.4 % 10*° cm™?

regrown MOVPE layer.'” The ~100 nm-thick n+-Ga,O; growth
step was preceded by a heavy Si delta doping at the etched Ga,0;
surface in the contact region. The lowest specific contact resistance
(1.62x1077Qcm®)  was achieved on  heavily  doped
(3.23 x 10*° cm ™) MOVPE layers."’

In this study, we investigated the use of thin (~40-150 nm),
highly doped (n+) Ga,O; layers deposited using pulsed laser depo-
sition (PLD) as an approach to reduce the contact resistance of
Ti/Au ohmic contacts on (001) and (010) 3-Ga,O; substrates. PLD
has been demonstrated to readily produce highly conductive
B-Ga,05 films.”’** The use of PLD could simplify processing and
avoid the high temperatures (900-1000 °C) associated with Si-ion
implantation,'' ™"

Il. EXPERIMENT
A. B-Ga,03 samples

Single-crystalline, Sn-doped (n-type) B-Ga,Os; wafers pro-
duced by the edge-defined film-growth (EFG) method were pur-
chased from Novel Crystal Technology, Japan. Two orientations
with slightly different doping concentrations were used: (001) with
Np=5.10x 10" cm™ and (010) with Np=4.80x10"®cm™> or
Np=2.50x10"*cm™. A commercial pulsed laser deposition
system with a KrF excimer laser, located at the Air Force Research
Laboratory, was used to deposit n+ layers from a Ga,O3-1wt. %
SiO, target. The base pressure of the PLD chamber was
2.66 x 107° Pa, and deposition was performed in Ar at 13.3 Pa. The
substrate temperature was 550 °C, and the laser was operated at a
pulse rate of 10 Hz with an energy density of 3 J cm™ measured at
the target. The thicknesses of the PLD layers were 40, 80, and
150 + 10 nm, based on a growth rate of 96 nm/h.”’

B. Device fabrication

The substrates were ultrasonicated in acetone, isopropyl
alcohol, and de-ionized (DI) water for 10 min each and blown dry
in nitrogen after each step.” Ti/Au (20 nm/80 nm) ohmic contact
metal stacks were deposited onto the Ga,O; substrates (with or
without PLD layers) via electron-beam evaporation using a Kurt
Lesker PVD 75 deposition system having a base pressure of
~3.3x 107> Pa. Circular transfer length method (CTLM) patterns
for measuring contact resistance were fabricated using photolithog-
raphy as described below. First, a negative resist was used to pattern
the CTLM mask, followed by UV exposure and development to
expose the desired areas. CTLM structures comprised contact spac-
ings, d =10, 20, 30, 40, 50, and 60 um, and the inner circle radius
was fixed at 100 um [Fig. 1(b)]. The contacts were etched using a
Commonwealth Scientific Ion Mill (base pressure = ~107° Pa) with
Ar ions at 30 A and 450 V. It is noted that the ion milling step can
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(a)

1. PLD Ga,0deposition on (001)
and (010) bulk substrate

2. Organic clean (acetone,
isopropyl alcohol, and DI water)

3. E-beam evaporation of Ti/ Au
(20/80 nm)

4.  Photoresist spin and develop
5. lon mill etch to bulk substrate

6. Acetone to remove resist and
cleaning with IPA

7. RTAat 470 °C for 1 minin N,

Au
(80 nm)

Ti (20 nm)
N+

(001) or (010) Sn-doped

Ga,0; Substrate

FIG. 1. (a) Device fabrication process flow and schematic illustration of the
structure in the cross section. (b) Optical image of a patterned contact: inner
radius, r;= 100 zm, and contact spacing, d =20 um.

produce damage to the contact sidewalls and to the Ga,O5 surface
area between the contacts but does not damage the Ga,Oj; surface
directly underneath the contacts since these regions are covered
and, therefore, not exposed to the ions. To ensure that the
Au/Ti/PLD layers were completely etched, each device was over-
etched 25-33 +4nm (no PLD, 40, and 80 nm samples) and 40-
45+ 5 nm (150 nm samples) into the substrate, as determined from
multiple measurements for each sample using a KLA Tencor P-15
profilometer. To complete the ohmic contact processing, the
samples were subjected to a rapid thermal anneal (RTA) at 470 °C
for 1 min in N,.” A schematic illustration of the fabrication steps
and resulting cross-sectional structure is given in Fig. 1.

C. Electrical characterization

I-V characteristics of the fabricated CTLM devices were col-
lected with an Agilent 4155C semiconductor parameter analyzer
with a Signatone S-1160-4 N probe station. A voltage ranging from
—1 to 1V was applied between a probe placed on the inner metal
circle and one on the outer metal area. Five to eight sets of CTLM
structures were measured for each sample, and the specific contact
resistivity value was taken from the average of these sets.

Hall measurements were conducted at room temperature
using a Nanometrics HL5500 Hall System with a magnetic field
strength of 0.5T. Ti/Al/Ni/Au (20/100/50/50 nm) ohmic contacts
were deposited via electron-beam deposition in a van der Pauw
pattern followed by an RTA at 470 °C for 1 min in N,. Ohmic con-
tacts were placed on bare (001) and (010) Sn-doped S-Ga,O;
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FIG. 3. Total resistance vs contact spacing plots for Ti/Au contacts on (010)
FIG. 2. Total resistance vs contact spacing plots for TilAu contacts on (001) B-Gay03 substrates (a) without a PLD layer, and with an n+ Ga,03 PLD layer
B-GapO; substrates (a) without a PLD layer and with an n + Ga,O3 PLD layer having a deposited thickness of (b) 40, (c) 80, and (d) 150 nm. *Substrate from
having a deposited thickness of (b) 40, (c) 80, and (d) 150 nm. different wafer batch (see Table II).
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TABLE II. Summary of results from Hall and CTLM measurements. *Indicates different wafer batch.

Hall measurement

CTLM specific contact resistivity(Q cm?)

Substrate Substrate carrier PLD layer carrier 40 nm Si-doped 80 nm Si-doped 150 nm Si-doped
orientation concentration (cm™>)  concentration (cm™®)  No PLD PLD PLD PLD

(001) 5.10x10'® 2.60 x 10*° 264x107*  588x107* 6.41x107° 3.48x107°
(010) 4.80 x 10'8 2.00 x 10%° 8.03x107* 1.96 x 107* 9.11x10™°

*(010) 250 x 10'® 2.80 x 10%° 479 % 107°

substrates to obtain the carrier concentration of each substrate and
on (001) and (010) Fe-doped B-Ga,O; substrates coated with
Si-doped f-Ga,O; PLD layers to obtain the carrier concentrations
of the PLD layers.

D. TEM sample prep and characterization

Selected samples were prepared for characterization using
transmission electron microscopy (TEM). The samples were
capped with platinum to prevent damage during the sample prepa-
ration process. Liftout and thinning were achieved using a FEI
Helios 650 Nanolab focused ion beam (FIB) instrument. After
liftout, the samples were attached to a Cu TEM grid and thinned to
~65nm. Scanning transmission electron microscopy (STEM),
high-angle annular dark field (HAADF) imaging, and energy-
dispersive x-ray (EDX) analysis were conducted using a Themis
200 TEM. High resolution TEM (HRTEM) images were obtained
using a Tecnai F20 TEM.

surrounding metal by gaps, d=10, 20, 30, 40, 50, and 60um.
According to the CTLM theory,”® the measured resistance, R,
should vary linearly with the contact spacing, d. This relationship
can be expressed as

R,
R, =~ (d +2L,)C, (1)
21r;

where Ry, represents the sheet resistance, r; is the inner radius, and
Ly is the transfer length. C is a unitless geometrical correction
factor given by

C:Eln(lJrE). )
d T

For contacts on semiconductor layers that are thicker than the .
contact spacing d, the current flows primarily in the topmost layer of ¢

the semiconductor. The thickness of this layer and its effective sheet é
resistance were calculated for a similar contact structure and similar R
ll. RESULTS AND DISCUSSION doping concentration in the Ga,05 substrate to be ~40 um and ~5 €/ g
The I-V curves for contacts on all samples were linear. These sq, respectively.” For these conditions, the CTLM equations should be s
measurements confirmed that the contacts were ohmic. I-V mea- valid for specific contact resistivity values > 107° Q cm>*°
surements of individual sets of CTLM patterns were used to calcu- Plots of total resistance vs contact spacing for five to eight sets
late the specific contact resistance values for each sample. First, the of CTLM patterns for each PLD layer thickness are shown in Figs. 2
total resistance R, () was determined by measuring the voltage and 3 for the (001) and (010) substrates, respectively. For ease of
drop while passing a known current through the inner and outer data interpretation, the y axis in Figs. 2 and 3 corresponds to the
metal pads with a separation d. The CTLM patterns used here measured total resistance divided by the correction factor, calculated
consist of circular contacts with 100 um radius, separated from the individually for each value of d, ie., R{(d)/C(d). In general, the
(a) (b)
(001) B-Ga, 0, substrate (010) B-Ga,0, substrate
3 -3
- B [ 25%~75% o i ==
NE ? I Range within 1.5/QR NE
& i e L = FIG. 4. Specific contact resistivity
> > values for Ti/Au contacts on (a) (001)
= = = and (b) (010) B-Ga,03 substrates for
i A different thicknesses of n+ $-Ga,O3
& 104 & 107 —_— PLD layers; calculated from data
B i B plotted in Figs. 2 and 3, respectively.
€ - ? *Substrate from different wafer batch
3 ? g (see Table II).
5 kS
2 2
2] (2]
107 T T T T 107 T T T T
NoPLD  40nmPLD 80nmPLD 150 nm PLD NoPLD ~ 40nmPLD 80nmPLD *150 nm PLD
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(a) As- deposited After Annealing
Ti-TiOy (~3 nm)
Au (80 nm)
Au-Ti (~75nm)
Ti (20 nm)
Ti-TiO4 (~4 nm)
PLDIL -Ga,0; (~80 I
ayer B-Ga,0; ( nm) PLD Layer B-Ga,05(~58nm)

(001) Sn-doped B-Ga,0, (001) Sn-doped B-Ga,04
Substrate Substrate

: Ee] : ! x
=19 Qo
i - e -
L I = o, =
..g 400 | :< . ‘g | % .
S 1 ~ 1
5 | o
()
é 300 + Qx : : :
3 |F ¥
§w| | 1
< 1 Yy
= ] WV
[) : : N
z 100 | 1 g
1 =
O R - e ﬁ
0= T —_— Vrl"‘»w“/l“fw.’/“l‘ i T T T 4?
0 20 40 60 80 100 120 140 8
Position (nm) N
Au Ga,; O, Tiand Au
FIG. 5. (a) Schematic illustrations and TEM image of Ti/Au on the (001) 8-Ga,05 substrate (zone axis: [010]) with an n + Ga,05 PLD layer (deposited thickness = 80 nm)
(zone axis: [010]), after annealing at 470 °C in N, for 1 min. (b) EDX elemental maps of Ga (green), O (purple), Ti (red), and Au (blue); and (c) EDX areal profiles across
the interface [yellow box in Fig. 5(b)]. Six distinct layers are marked. From bottom to top, these are -Ga,0s, Ti — TiOy, Au-Ti intermixed, Au, Au-Ti intermixed, and
another layer of Ti — TiOx.
resistance increased with increasing d, as expected. From these plots, calculated sheet resistance underneath and between the contacts.
parameters such as Ly and Ry, can be extracted.””*® Modest The specific contact resistivity, p_, can be expressed as
increases in calculated sheet resistance were observed with increas-
ing n+ PLD thickness; this result could be associated with higher pPe=Ry- Lf. 3)
roughness between the contacts due to higher over-etching to
ensure that the thicker PLD layers were completely removed. Other The quality of the linear fit is measured by the Pearson
factors, such as increased current crowding at contact edges, as product (regression coefficient, R*). In the ideal situation, the
transfer length decreases, might also contribute to changes in the Pearson product equals unity (R*=1). R-squared values for these
J. Vac. Sci. Technol. B 41(3) May/Jun 2023; doi: 10.1116/6.0002620 41, 032205-6
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FIG. 6. (a) Schematic illustrations and TEM image of Ti/Au on the (010) 5-Ga,0O3 substrate (zone axis: [001]) with an n + Ga,05 PLD layer (deposited thickness = 80 nm)
(zone axis: [001]), after annealing at 470 °C in N, for 1 min. (b) EDX elemental maps of Ga (green), O (purple), Ti (red), and Au (blue); and (c) EDX areal profiles across
the interface [yellow box in Fig. 6(b)]. Six distinct layers are observed. From bottom to top, these are 5-Ga,03, Ti — TiOx, Au-Ti intermixed, Au, Au-Ti intermixed, and

another layer of Ti — TiOx.

data are typically, R2 =0.99. However, in some cases, there was sig-
nificant scatter, e.g., 40 nm PLD layer on the (001) substrate.

Table II and Fig. 4 show the specific contact resistivity values
calculated from the data shown in Figs. 2 and 3. The average spe-
cific contact resistivities for contacts without a PLD layer were
2.64x107* and 8.03x107*Qcm? on the (001) and (010) sub-
strates, respectively. The different values can be attributed to the
anisotropic properties of different B-Ga,O; surfaces and to the

slightly higher doping concentration in the (001) substrate.
Different thermal, optical, and electrical properties along different
B-Ga,0s5 crystal directions have been reported.””

B-Ga,05 has two strong cleavage planes of (100) and (001)
with low surface energies potentially susceptible to the growth of
off-axis planes. Substrate orientations for the epitaxial growth of
B-Ga,0; films with high electrical quality are typically (010) or
(100) with miscuts. Homoepitaxial growth on (001) by MBE
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revealed an additional (401) reflection by x-ray diffraction and
depositions in this work by PLD on (001) also indicated a minor
(401) contribution.” The additional planes could possibly generate
point defects in the lattice causing Ga vacancies, which are domi-
nant acceptors. Lower carrier concentrations in films deposited on
(001) substrates are, thus, attributed to elevated acceptor levels.

For the (010) substrate, the contact resistance values decreased
as the PLD layer thickness increased. The lowest average value of
4.79%x107° Q cm? on the (010) substrate was achieved for a PLD
layer thickness of 150 nm. For the (001) substrate, the contact resis-
tivity initially increased for contacts with a 40 nm PLD layer. This
increase could be associated with the nonuniformity of the thin
PLD layer (e.g., in terms of thickness, doping, and/or stoichiome-
try); as discussed above, the TEM results indicate that the PLD
layers grow differently on different surface orientations. However,
the contact resistivity decreased for (001) contacts with thicker (80
and 150 nm) PLD layers. The (001) substrate with the 150 nm PLD
layer had the lowest average value of specific contact resistivity:
P, = 3.48 x 107> Q cm?. The lowest contact resistance values for
both (010) and (001) substrates were achieved for contact structures
that comprised PLD layers having a deposited thickness of 150 nm,
which is in the range of thicknesses of reported n+ layers used to
reduce the contact resistance in Ga,O; ohmic contacts (see
Table I). However, further investigation is required to precisely
determine the optimal thickness of the n+ PLD layer.

We note here that the contact resistivity values were typically
lower for the (001) substrate than the (010) substrate even though the
carrier concentration was approximately an order of magnitude lower
in the PLD layers grown on the (001) substrates. This is further
evidence that the PLD layers in the gaps between contacts were
completely etched during the ion milling step, indicating that the
n+ PLD layers provide a low-resistance tunneling barrier for current
transport into the -Ga,O3 substrate.

Contact structures were characterized in the cross section
using TEM to investigate the microstructure, morphology, and
chemical compositions. The thickness of the as-deposited PLD
layers in the samples selected for analysis was 80 nm. HAADF
STEM images of annealed contact structures on (001) and (010)
B-Ga,05 substrates are shown in Figs. 5(a) and 6(a), respectively. It
is apparent from the images that, after annealing, the thickness of
the PLD layers was reduced by ~20 nm. The PLD film grown on
the (001) substrate appears to comprise multiple grains, whereas
the film grown on the (010) substrate appears epitaxial such that
the interface between the substrate and film is difficult to discern.
Additional TEM images and FFT diffraction patterns are included
in the supplementary material.’”* The layers on both substrates,
however, appear continuous and without voids. According to EDX
analysis [Figs. 5(b), 5(c), 6(b), and 6(c)], a similar layered structure
is present on both substrates after annealing. From bottom to top,
the layers can be described as Ti — TiO, intermixed Au-Ti, Au,
intermixed Au-Ti, and another layer of Ti — TiOx.

IV. CONCLUSIONS

The results of this study show that thin n+ Ga,O3 PLD layers
can be used to reduce the contact resistance of Ti/Au ohmic con-
tacts on (001) and (010) B-Ga,O; substrates. The specific contact

ARTICLE avs.scitation.org/journal/jvb

resistance was reduced by up to 8x and 16x on (001) and (010)
substrates, respectively. The results provide a point of reference for
the further optimization of highly doped Ga,O3 PLD layers to min-
imize the contact resistance in Ga,O5 devices.

ACKNOWLEDGMENTS

This material is based upon work supported by the Air Force
Office of Scientific Research under Award No. FA9550-21-1-0360
(Program Manager Ali Sayir) and Air Force Research Laboratory
under Award No. FA807518D0015. The use of the Materials
Characterization Facility at Carnegie Mellon University was sup-
ported by Grant No. MCF-677785.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Elizabeth V. Favela: Conceptualization (equal); Data curation
(equal); Formal analysis (lead); Investigation (equal); Methodology
(equal); Validation (equal); Visualization (lead); Writing — original
draft (lead); Writing — review & editing (equal). Hyung Min Jeon:
Conceptualization ~ (equal); Funding acquisition  (equal);
Investigation (equal); Methodology (equal); Project administration
(equal); Resources (equal); Supervision (equal); Writing — original
draft (equal); Writing — review & editing (equal). Kevin D. Leedy:
Conceptualization  (equal); Funding acquisition  (equal);
Investigation (equal); Methodology (equal); Project administration
(equal); Resources (equal); Supervision (equal); Writing — original
draft (equal); Writing - review & editing (equal). Kun Zhang:
Data curation (equal); Formal analysis (equal); Investigation
(equal); Validation (equal); Writing — review & editing (equal).
Szu-Wei Tung: Investigation (equal); Writing - review & editing
(equal). Francelia Sanchez Escobar: Investigation (equal);
Validation (equal); Writing - review & editing (equal). C. V.
Ramana: Funding acquisition (equal); Supervision (equal); Writing —
review & editing (equal). Lisa M. Porter: Conceptualization (equal);
Funding acquisition (equal); Supervision (equal); Validation (equal);
Writing - review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES

TM. J. Tadjer et al., J. Phys. D: Appl. Phys. 53, 504002 (2020).

25, L. Stepanov, V. L Nikolaev, V. E. Bougrov, and A. E. Romanov, Rev. Adv.
Mater. Sci. 44, 63 (2016).

3C.-T. Ma and Z.-H. Gu, Micromachines 12, 65 (2021).

“M. Xu, D. Wang, K. Fu, D. H. Mudiyanselage, H. Fu, and Y. Zhao, Oxford
Open Mater. Sci. 2, itac004 (2022).

Ss. J. Pearton, ]J. Yang, P. H. Cary, F. Ren, J. Kim, M. J. Tadjer, and
M. A. Mastro, Appl. Phys. Rev. 5, 011301 (2018).

Sy, Yao, R. F. Davis, and L. M. Porter, . Electron. Mater. 46, 2053 (2017).

7L A M. Lyle, J. Vac. Sci. Technol. A 40, 060802 (2022).

2€:50:70 ¥20Z AInf L1

J. Vac. Sci. Technol. B 41(3) May/Jun 2023; doi: 10.1116/6.0002620
Published under an exclusive license by the AVS

41, 032205-8


https://doi.org/10.1088/1361-6463/abb432
https://doi.org/10.3390/mi12010065
https://doi.org/10.1093/oxfmat/itac004
https://doi.org/10.1093/oxfmat/itac004
https://doi.org/10.1063/1.5006941
https://doi.org/10.1007/s11664-016-5121-1
https://doi.org/10.1116/6.0002144
https://avs.scitation.org/journal/jvb

JVSTB

Journal of Vacuum Science & Technology B

8M.-H. Lee and R. L. Peterson, J. Mater. Res. 36, 4771 (2021).

H. Sheoran, V. Kumar, and R. Singh, ACS Appl. Electron. Mater. 4, 2589 (2022).
19A. Bhattacharyya and S. Roy, Appl. Phys. Express 14, 076502 (2021).

TTM. Higashiwaki, K. Sasaki, T. Kamimura, M. Hoi Wong, D. Krishnamurthy,
A. Kuramata, T. Masui, and S. Yamakoshi, Appl. Phys. Lett. 103, 123511 (2013).
T2)\[. H. Lee and R. L. Peterson, ACS Appl. Mater. Interfaces 12, 46277 (2020).
T*M. H. Wong, Y. Nakata, A. Kuramata, S. Yamakoshi, and M. Higashiwaki,
Appl. Phys. Express 10, 041101 (2017).

T4K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi, Appl.
Phys. Express 6, 086502 (2013).

15K, Sasaki, A. Kuramata, T. Masui, E. G. Villora, K. Shimamura, and
S. Yamakoshi, Appl. Phys. Express 5, 035502 (2012).

16g, Ahmadi, O. S. Koksaldi, X. Zheng, T. Mates, Y. Oshima, U. K. Mishra, and
J. S. Speck, Appl. Phys. Express 10, 071101 (2017).

17S-H. Han, A. Mauze, E. Ahmadi, T. Mates, Y. Oshima, and J. S. Speck,
Semicond. Sci. Technol. 33, 045001 (2018).

8M. Baldini, M. Albrecht, A. Fiedler, K. Irmscher, D. Klimm, R. Schewski, and
G. Wagner, ]. Mater. Sci. 51, 3650 (2016).

19F, Alema, C. Peterson, A. Bhattacharyya, S. Roy, S. Krishnamoorthy, and
A. Osinsky, IEEE Electron Device Lett. 43, 1649 (2022).

201, M. Jeon ef al., APL Mater. 9, 101105 (2021).

21K, D. Leedy et al., Appl. Phys. Lett. 111, 012103 (2017).

22K, D. Leedy et al., APL Mater. 6, 101102 (2018).

23g, Zhang, K. Saito, T. Tanaka, M. Nishio, and Q. Guo, J. Mater. Sci. Mater.
Electron. 26, 9624 (2015).

ARTICLE avs.scitation.org/journal/jvb

24g, Zhang, M. Arita, X. Wang, Z. Chen, K. Saito, T. Tanaka, M. Nishio,
T. Motooka, and Q. Guo, Appl. Phys. Lett. 109, 102105 (2016).

25M.-H. Lee and R. L. Peterson, APL Mater. 7, 022524 (2019).

26D, K. Schroder, Semiconductor Material and Device Characterization (John
Wiley & Sons, Inc., Hoboken, NJ, 2005).

27). H. Klootwijk and C. E. Timmering, in Proceedings of the 2004 International
Conference on Microelectronic Test Structures, IEEE Cat No04CH37516 (IEEE,
Awaji Yumebutai, 2004), pp. 247-252.

28, S. Marlow and M. B. Das, Solid-State Electron. 25, 91 (1982).

29Y, Fy, H. Chen, X. Huang, I. Baranowski, J. Montes, T.-H. Yang, and Y. Zhao,
IEEE Trans. Electron Devices 65, 3507 (2018).

30p, Mazzolini, A. Falkenstein, C. Wouters, R. Schewski, T. Markurt, Z. Galazka,
M. Martin, M. Albrecht, and O. Bierwagen, APL Mater. 8, 011107 (2020).

3TM. K. Yadav, A. Mondal, S. K. Sharma, and A. Bag, J. Vac. Sci. Technol. A 39,
033203 (2021).

321, A. M. Lyle, T. C. Back, C. T. Bowers, A. J. Green, K. D. Chabak,
D. L. Dorsey, E. R. Heller, and L. M. Porter, APL Mater. 9, 061104 (2021).

33M. Higashiwaki and S. Fujioka, Gallium Oxide: Materials Properties, Crystal
Growth, and Devices (Springer Nature, 2020).

34See the supplementary material online for the analysis of AFM data taken of
(001) and (010) Sn-doped S-Ga,O; substrates, HRTEM images, and FFI’s of
(001) and (010) Sn-doped B-Ga,O; substrates with 80 nm of Si-doped S-Ga, 05
PLD layers.

35Y. Kim, M.-K. Kim, K. H. Baik, and S. Jang, ECS J. Solid State Sci. Technol. 11
045003 (2022).

2€:50:70 ¥20Z AInf L1

J. Vac. Sci. Technol. B 41(3) May/Jun 2023; doi: 10.1116/6.0002620
Published under an exclusive license by the AVS

41, 032205-9


https://doi.org/10.1557/s43578-021-00334-y
https://doi.org/10.1021/acsaelm.2c00101
https://doi.org/10.1063/1.4821858
https://doi.org/10.1021/acsami.0c10598
https://doi.org/10.7567/APEX.10.041101
https://doi.org/10.7567/APEX.6.086502
https://doi.org/10.7567/APEX.6.086502
https://doi.org/10.1143/APEX.5.035502
https://doi.org/10.7567/APEX.10.071101
https://doi.org/10.1088/1361-6641/aaae56
https://doi.org/10.1007/s10853-015-9693-6
https://doi.org/10.1109/LED.2022.3200862
https://doi.org/10.1063/5.0062056
https://doi.org/10.1063/1.4991363
https://doi.org/10.1063/1.5047214
https://doi.org/10.1007/s10854-015-3627-6
https://doi.org/10.1007/s10854-015-3627-6
https://doi.org/10.1063/1.4962463
https://doi.org/10.1063/1.5054624
https://doi.org/10.1002/0471749095
https://doi.org/10.1109/ICMTS.2004.1309489
https://doi.org/10.1109/ICMTS.2004.1309489
https://doi.org/10.1016/0038-1101(82)90036-3
https://doi.org/10.1016/0038-1101(82)90036-3
https://doi.org/10.1109/TED.2018.2841904
https://doi.org/10.1063/1.5135772
https://doi.org/10.1116/6.0000858
https://doi.org/10.1063/5.0051340
https://doi.org/10.1149/2162-8777/ac6118
https://avs.scitation.org/journal/jvb

