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ABSTRACT

This work demonstrates the advantage of carrying out silicon ion (Siþ) implantation at high temperatures for forming controlled heavily
doped regions in gallium oxide. Room temperature (RT, 25 �C) and high temperature (HT, 600 �C) Si implants were carried out into MBE
grown (010) b-Ga2O3 films to form �350 nm deep Si-doped layers with average concentrations up to �1.2� 1020 cm�3. For such high con-
centrations, the RT sample was too resistive for measurement, but the HT samples had 82.1% Si dopant activation efficiency with a high sheet
electron concentration of 3.3� 1015 cm�2 and an excellent mobility of 92.8 cm2/V�s at room temperature. X-ray diffraction measurements
indicate that HT implantation prevents the formation of other Ga2O3 phases and results in reduced structural defects and lattice damage.
These results are highly encouraging for achieving ultra-low resistance heavily doped Ga2O3 layers using ion implantation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0127457

Ga2O3 is emerging as a promising wide bandgap semiconductor
material and is attracting significant attention from the research com-
munity for power electronic applications.1–3 Among different phases,
the monoclinic b phase is thermally the most stable with a reported
bandgap of 4.6–4.9 eV,4 and a breakdown electric field of 8MeV/cm,5

which is much higher compared to SiC and GaN. b-Ga2O3 has robust
chemical resistance and radiation hardness, which are attractive for
devices operating in harsh environments.5 In addition, the prospect of
low-cost mass production due to a floating zone (FZ)6 and an edge-
defined film-fed (EFG)6 growth method is also a key advantage for this
material.

Ion implantation is attractive for device processing as it offers a
way to selectively dope different regions of a material with precise con-
trol of dopant concentration and profile.5 Sasaki et al.7 performed Si
implantation into b-Ga2O3 (010) at room temperature (RT) with con-
centrations ranging from 1019 to 1020 cm�3 followed by annealing
ranging from 700 to 1100 �C. The highest carrier concentration and
lowest resistivity were achieved for samples implanted with
5� 1019 cm�3 and annealed at 1000 �C. The ratio of the free electron
concentration to the total amount of Si in Ga2O3 (activation efficiency,
g) was found to be 63% for 5� 1019 cm�3 implant concentration.
However, for a concentration of 1020 cm�3, a severe drop in g to�6%

was reported, which resulted in a resistivity even higher than samples
with the lowest implanted concentration of 1� 1019 cm�3. These
experiments seemed to define a maximum effective implanted concen-
tration of 5� 1019 cm�3 for room temperature implanted Si into
b-Ga2O3. In the case of 4H-SiC, high temperature (HT) Alþ implanta-
tion results in a dramatic improvement in activation efficiency and
conductivity over room temperature implantation due to lower defect
densities and better recrystallization after annealing.8 Also, improve-
ment in electrical activation by high temperature ion implantation in
Si is a well-established phenomenon.9 In this work, it is demonstrated
that ion implantation at elevated temperatures can be used to effi-
ciently dope b-Ga2O3 as well.

To this end, 300 nm thick, unintentionally doped b-Ga2O3 films
are grown by molecular beam epitaxy (MBE) on top of the Fe doped
semi-insulating substrate using the process described in the supple-
mentary material. Based on previous MBE runs, the doping
and mobility of the film are estimated to be �2� 1016 cm�3 and
100 cm2/V�s, respectively, giving an approximate sheet resistance of
1� 105 X/�. Samples were implanted with 275 and 425 keV Siþ ions
targeting a box profile approximately 300nm thick as shown in the
SRIM profile in Fig. 1. The SRIM10 simulated profile for Si is shown in
Fig. 1 that gave idea about two energies of implantation based on the

Appl. Phys. Lett. 121, 262101 (2022); doi: 10.1063/5.0127457 121, 262101-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

 01 O
ctober 2023 21:51:18

https://doi.org/10.1063/5.0127457
https://doi.org/10.1063/5.0127457
https://doi.org/10.1063/5.0127457
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0127457
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0127457&domain=pdf&date_stamp=2022-12-27
https://orcid.org/0000-0001-5996-4881
https://orcid.org/0000-0002-1096-153X
https://orcid.org/0000-0001-6324-4879
https://orcid.org/0000-0002-5304-6921
https://orcid.org/0000-0002-2585-9503
https://orcid.org/0000-0002-5285-277X
mailto:azs0222@auburn.edu
https://doi.org/10.1063/5.0127457
https://www.scitation.org/doi/suppl/10.1063/5.0127457
https://www.scitation.org/doi/suppl/10.1063/5.0127457
https://scitation.org/journal/apl


targeted implant profile. The ion flux for the lower and higher energy
was 4.61� 1011 and 6.46� 1011 ions/cm2/s, respectively, maintaining
identical beam current (1lA for both energies with a chamber pres-
sure of 3.0� 10�6Torr) for all the implants with total fluences of
2.4� 1015 or 4.8� 1015 cm�2. To overcome the limitation of the low-
est available Siþ beam energy in the pelletron accelerator that was used
(the lowest possible energy is �100 KeV), 110 nm of Mo was used as
an energy reducing layer to enable doping of the film with the target
SRIM profile. A 30 nm thick Al2O3 layer was used between Mo and b-
Ga2O3 to prevent any Mo knock-ons into b-Ga2O3. However, Al
atoms get recoiled into the MBE film. Based on SRIM simulation (see
supplementary material Fig. S1), this Al containing surface layer is
�15nm and likely to be thinner due to wet etching of Al2O3 prior to
annealing. Therefore, this layer is not likely to significantly impact the
bulk electron transport results of the much thicker Si doped region.
The implants were done with the sample holder at 21.6 �C (RT
implants) and at 600 �C (HT implants). The temperature was mea-
sured at the back of the sample holder using a thermocouple as shown
in Fig S4 of the supplementary material. After implantation, Mo and
Al2O3 were removed by etching in hydrogen peroxide and a commer-
cial (1:7) buffered oxide etch, respectively. This was followed by
annealing in flowing nitrogen at 970 �C for 30min to anneal the
implant damage and activate the dopants. Optical and atomic force
microscopy was performed after implantation and annealing. The
RMS roughness (Rq) was less than 1nm for all samples. However, the
higher fluence RT sample had long (�mm) line-like features through-
out the surface after annealing possibly due to surface reconstruction
(see AFM and optical micrographs in the supplementary material)
that require further investigation.

Secondary ion mass spectrometry (SIMS) profiles of Si in samples
implanted with a fluence of 4.8� 1015 cm�2 at HT and RT before and
after activation annealing are shown in Fig. 1. The SIMS profiles are
deeper than the simulated profile possibly due to partial channeling of
the ions into the crystal lattice since the samples were not tilted during
implantation. The RT implanted sample prior to annealing had similar

Si ion distribution to that of the as implanted HT sample. After
annealing, however, the Si concentration increased in HT whereas it
decreased for RT. More measurements are required to determine the
reason for this or whether it is a real effect. Previously, it has been
reported that ion induced damage at the film/substrate interface results
in enhanced out-diffusion of Fe from the substrate into the film.11

This is observed here as well, but the Fe profiles are comparable for
the RT and HT implantation after activation as shown in Fig. 1. The
thickness of the conducting layer was considered as the depth at which
the Si concentration falls to 1019 cm�3, where compensation effects of
Fe would not affect the conductivity. The dip of the Fe profile in the
MBE layer is likely due to the interplay between damage and diffu-
sion11 during annealing, but further investigation is needed for more
evidence.

Hall measurement was performed in the van der Pauw configura-
tion in the temperature range of 27–325 �C. The contacts were made
by depositing Ti/Au at four corners of the nominally square sample
followed by annealing in an argon (Ar) atmosphere at 550 �C for
5min. Multiple measurements were made, and the average values are
reported here with the error bars representing the standard deviation
of the measurements. Figure 2 shows that the sample implanted at
high temperatures with the higher fluence has the lowest sheet resis-
tance of 20.86 0.68 X/� at 27 �C. On the other hand, the higher flu-
ence RT implanted sample was too resistive for measurement. For the
lower fluence, the HT and RT samples had sheet resistances of
41.46 8.24 and 51.36 1.4, respectively, at 27 �C. At higher tempera-
ture, the overall resistance increased for all samples, but the HT
implanted samples maintained advantage even at 325 �C.

The average sheet electron concentrations (ns) are shown in
Fig. 3. In Table I, the activation efficiencies g for all the samples are
listed. Here, g was determined as the ratio of ns and the total amount
of Si obtained by integrating the SIMS profiles. For the lower fluence,
RT and HT implanted samples, g are equal to about 68.2% and 76.3%,

FIG. 1. SIMS profiles of Siþ in b-Ga2O3 implanted with 275 and 425 keV Siþ ions
with a total fluence of 4.8 � 1015 cm�2 for RT and HT implanted samples before
and after annealing. The Si SRIM simulated profile and SIMS of Fe after annealing
for RT and HT implanted samples are also shown.

FIG. 2. Sheet resistance vs temperature for samples implanted at HT and RT with
total Siþ fluences of 2.4 � 1015 and 4.8 � 1015 cm�2. Error bars represent varia-
tions over four measurements.
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respectively, a modest advantage in favor of the HT sample.
Remarkably, for the higher fluence HT sample, g is �82.1%, which
results in the increased electron sheet concentration. The likely
reason for maintaining the high g is the reduction of ion induced
compensating defects such as vacancies, interstitials, and/or their

complexes by high temperature implantation. Figure 4 shows the
electron Hall mobility as a function of temperature. For the lower
fluence, mobility of HT and RT samples are 80.26 1.1 and
82.86 2.14 cm2/V�s, respectively, at 27 �C. For the higher fluence, the
mobility increases to 92.86 5.64 cm2/V�s (at 27 �C). This unusual
trend of increasing mobility with higher electron concentration could
be due to enhanced screening of the electron phonon-scattering by the
increased carrier density12 and requires further investigation.

To study the crystal quality and strain, x-ray diffraction was per-
formed using a Rigaku SmartLab XRD system using a Ge (220)�2
monochromator. Figure 5 shows HRXRD data for the higher fluence
samples at the three different stages: as received, after Si implantation,
and after activation annealing. The excellent crystal quality of the as
received homoepitaxial samples is evident in the FWHM value of
52.5 arc sec corresponding to the (020) peak. After RT Si implantation

FIG. 3. Sheet charge concentration vs temperature for samples implanted at HT
and RT with total Siþ fluences of 2.4 � 1015 and 4.8 � 1015 cm�2. Error bars rep-
resent variations over four measurements.

TABLE I. Activation efficiency (g) comparison.

Nominal fluence
(/cm2)

Implantation
temperature

Activation
efficiency (g) (%)

2.4 � 1015 RT (27 �C) 68.2
2.4 � 1015 HT (600 �C) 76.3
4.8 � 1015 RT (27 �C) �0
4.8 � 1015 HT (600 �C) 82.1

FIG. 4. Electron mobility vs temperature for HT and RT implanted samples’ total flu-
ences of Siþ ions of 2.4 � 1015 and 4.8 � 1015 cm�2. Error bars represent varia-
tion over four measurements.

FIG. 5. HRXRD data for Ga2O3 implanted with 4.8 � 1015 cm�2 Siþ at (a) RT and (b) HT before and after annealing compared to the as-received MBE sample spectrum.
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[red in Fig. 5(a)], the FWHM increased to 122 arc sec consistent with
ion implantation induced defect creation and strain. An additional
broader peak with a FWHM of 196.5 arc sec also appeared centered at
63.3�, which indicates the formation of a different phase; it is identified
in the literature as j-Ga2O3

13,14 or c-Ga2O3.
15 On the other hand, no

additional phase is observed for HT implantation [red in Fig. 5(b)],
but broadening and distortion of the (020) peak is evident. After
annealing at 970 �C, the broader peak in RT samples [blue in Fig. 5(a)]
disappears, but an additional side shoulder appears at an angle higher
than the original peak position along with a shift of the (020) peak,
which can be attributed to the accretion of compressive strain in previ-
ous studies,13,16–18 although due to the strong anisotropy of Ga2O3, it
does not necessarily hold for other orientations. The strain peak is sig-
nificantly smaller in the HT samples after annealing [blue in Fig. 5(b)].
However, the ion damage is not completely recovered, possibly due to
the residual strain19 suggesting optimization of the process is further
needed. For the lower dose samples, similar effects were observed, and
the results are included in the supplementary material.

In conclusion, we have demonstrated the advantage of HT ion
implantation for forming heavily doped (>1020 cm�3) n-type regions
in b-Ga2O3 devices and resistivity as low as 0.68 mX cm. Using Siþ as
the dopant, we observe a substantial increase in the sheet electron con-
centration and, consequently, a significantly lower sheet resistance
compared to room temperature implantation. In addition, HRXRD
shows that HT implantation causes reduced structural defects and
strain in the implanted layer by preventing formation of any other
phase. Being able to maintain the high mobility for carrier concentra-
tions above 1020 cm�3 due to the impressive dopant activation effi-
ciency makes it pertinent to further investigate the limits of high
temperature ion implantation in b-Ga2O3.

See the supplementary material for the details of the MBE growth
process, AFM, and XRD for lower fluence samples.
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