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Abstract: The behavior of  H in β-Ga2O3 is  of  substantial  interest  because it  is  a  common residual  impurity that is  present in β-
Ga2O3,  regardless  of  the synthesis  methods.  Herein,  we report  the influences  of  H-plasma exposure on the electric  and optical
properties of the heteroepitaxial β-Ga2O3 thin films grown on sapphire substrates by chemical vapor deposition. The results in-
dicate that the H incorporation leads to a significantly increased electrical conductivity, a greatly reduced defect-related photolu-
minescence  emission,  and  a  slightly  enhanced  transmittance,  while  it  has  little  effect  on  the  crystalline  quality  of  the β-Ga2O3

films.  The  significant  changes  in  the  electrical  and  optical  properties  of β-Ga2O3 may  originate  from  the  formation  of  shallow
donor states and the passivation of the defects by the incorporated H. Temperature dependent electrical properties of the H-in-
corporated β-Ga2O3 films  are  also  investigated,  and  the  dominant  scattering  mechanisms  at  various  temperatures  are  dis-
cussed.
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 1.  Introduction

Monoclinic  structure β-Ga2O3 is  emerging as a  promising
semiconductor for next generation high power devices and sol-
ar-blind  ultraviolet  (UV)  detectors,  due  to  its  ultra-wide
bandgap (~4.9 eV), high breakdown electric field (~8 MV/cm),
good chemical and thermal stability, as well as large area sub-
strates  grown  by  low-cost  and  scalable  melt-growth  meth-
ods[1−5].  The precise control  of  carrier  type and concentration
is  a  prerequisite  for  most  device applications[6].  However,  un-
doped β-Ga2O3 usually  exhibits  strong  n-type  conductivity,
which is unfavorable for p-type doping in β-Ga2O3 because of
a  compensation  effect.  Oxygen  vacancy  (VO)  and  Ga  intersti-
tial  (Gai)  have  been  excluded  as  the  causes  of  this  back-
ground conductivity owing to their deep donor levels. Uninten-
tionally  incorporated  H  is  also  considered  to  be  a  possible
factor  leading  to  the  n-type  conductivity  of β-Ga2O3.  It  has
been  reported  that  H  can  not  only  introduce  a  shallow
donor[7−10] but  can  also  form  complexes  with  other  extrinsic
and  intrinsic  defects,  which  passivates  their  electrical
activity[11, 12].  The exact origin of this n-type background con-
ductivity of β-Ga2O3 is not yet elucidated.

Hydrogen can be introduced into β-Ga2O3 via high temper-
ature  annealing  in  H2,  H+ ion  implantation  and  direct  H-
plasma  exposure.  Most  experimental  studies  have  been  fo-

cused  on  the  configuration  of  H-related  defects  by  means  of
IR  absorption  spectra,  capacitance–voltage  profiling,  and
deep  level  transient  spectroscopy[13−19].  An  IR  absorption
peak  at  3437  cm−1 was  observed  in  the  H-incorporated β-
Ga2O3,  assigned  to  the  Ga  vacancy  (VGa)  decorated  with  two
H atoms (VGa-2H) defect complex[13].  Islam et al. reported that
the  VGa-2H complex  leads  to  p-type behavior,  while  the  trap-
ping  of  four  H  atoms  at  Ga  vacancy  (VGa-4H)  give  rise  to  n-
type  conductivity[20].  Furthermore,  Polyakov et  al.  reported
that  the electrical  properties  of β-Ga2O3 single crystals  with a
H-plasma treatment are highly anisotropic, depending on the
surface  crystal  orientation[18].  The  diffusion  properties  of  H  in
β-Ga2O3 at  different  temperatures  have  also  been  investig-
ated  from  the  concentration–depth  profiles[21−23].  Although
the  configuration  and  dynamics  of  H-related  defects  have
been widely studied, the systematic investigation on the influ-
ence of H-doping on electrical and optical properties is still in-
sufficient.  In  particular,  previous  experimental  studies  were
mainly carried out with bulk β-Ga2O3 single crystal or homoep-
itaxial β-Ga2O3 layer,  and  the  H-doping  of  heteroepitaxial β-
Ga2O3 film has not yet been reported.

In  this  work,  we  report  a  systematic  study  on  the  effects
of  H-plasma  treatment  on  the  optical  and  electrical  proper-
ties  of  heteroepitaxial β-Ga2O3 thin  films.  It  is  found  that
the  H-plasma  treated β-Ga2O3 film  exhibits  n-type  charac-
teristics  and  enhanced  conductivity,  while  its  structure  is  not
influenced by the H-plasma treatment. The enhanced electric-
al conductivity may be attributed to the shallow donor states
resulting  from  the  incorporated  H.  The  dominant  scattering
mechanism is also discussed according to the temperature de-

  
Correspondence to: J Zhang, zhangj@ncut.edu.cn; X W Zhang,

xwzhang@semi.ac.cn
Received 9 MARCH 2022; Revised 1 APRIL 2022.

©2022 Chinese Institute of Electronics

ARTICLES

Journal of Semiconductors
(2022) 43, 092802

doi: 10.1088/1674-4926/43/9/092802

 

 
 

https://doi.org/10.1088/1674-4926/43/9/092802
mailto:zhangj@ncut.edu.cn
mailto:xwzhang@semi.ac.cn


pendent  electrical  properties  of  the  H-incorporated β-Ga2O3

films.

 2.  Experimental

The  intrinsic β-Ga2O3 thin  films  were  deposited  on c-
plane sapphire substrates by low-pressure chemical vapor de-
position (LPCVD), which has been depicted in our previous pa-
per[24]. High purity Ga pellets and O2 were used as the precurs-
ors,  and Ar with a flow rate of  50 sccm was used as the carri-
er  gas.  The  Ga  source  and  substrate  temperatures  were  840
and  800  °C,  respectively.  The  growth  time  was  15  min  and
the thicknesses of β-Ga2O3 films were about 200 nm. To intro-
duce H,  the as-grown β-Ga2O3 films were directly  exposed to
a capacitively coupled RF H-plasma at room temperature. The
flow rate of  pure H2 varied from 30 to 70 sccm,  while  the ex-
posure  time  was  changed  from  10  to  180  min.  The  working
pressure  was  kept  at  50  Pa  during  plasma  treatment,  while
the RF power varied from 10 to 110 W.

The  microstructures  of  the β-Ga2O3 films  were  character-
ized by transmission electron microscopy (TEM) by a FEI Talos
F200X  microscope  and  X-ray  diffraction  (XRD).  XRD  measure-
ments  were  carried  out  by  a  Rigaku  D/MAX-2500  system  us-
ing  Cu  Kα  as  the  x-ray  source.  X-ray  photoelectron  spectro-
scopy (XPS)  were performed on a  Thermo Scientific  ESCALAB
250Xi  spectrometer  with  a  1486.6  eV  Al  Kα  radiation  source.
The  H  distribution  in  depth  was  obtained  by  a  time-of-flight
secondary  ion  mass  spectrometry  (ToF-SIMS)  ToF-SIMS  5-100
system  using  a  2  keV  Cs+ ion  beam  with  an  incidence  angle
of 45°. Raman spectroscopy was obtained with a confocal spec-
trometer  using  a  532  nm  laser  as  the  excitation  source.  The
UV–vis  absorption  spectra  were  acquired  with  a  Varian  Cary
5000 UV–vis spectrophotometer. Photoluminescence (PL) spec-

tra were measured at 10 K using a homemade DUV laser spec-
troscopy system with a 213 nm laser as the excitation source.
The  carrier  concentration  and  mobility  of  the β-Ga2O3 films
were  determined  by  an  M91  FastHall  measurement  system
(Lake Shore) using the Van der Pauw configuration.

 3.  Results and discussion
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̄
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̄
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Fig.  1(a)  shows a  typical  XRD pattern of  the β-Ga2O3 thin
film  on  the  sapphire  substrate.  Besides  the  diffraction  peak
from  sapphire  substrate,  three  diffraction  peaks  at  18.95°,
38.70°,  and  59.20°  are  observed,  which  are  indexed  as  the
( ),  ( ),  and ( ) reflections of β-Ga2O3.  The rocking curve
of  the β-Ga2O3 ( )  reflection  is  shown  in  the  inset,  showing
a full  width at  half  maximum (FWHM) of  1.29°,  which is  com-
parable with the reported values for the β-Ga2O3 films on sap-
phire[25, 26].  To  extract  the  in-plane  orientation  between β-
Ga2O3 and  sapphire,  the  XRD  azimuthal  scans  were  taken  on
the β-Ga2O3 ( )  and  sapphire  (113)  reflections,  respectively.
As  show  in Fig.  1(b),  six  diffraction  peaks  at  60°  intervals  are
clearly  observed  for  both  Phi-scans  at  the  same  azimuthal
angles,  revealing  an  excellent  in-plane  orientation  between
them.  These  XRD  results  reveal  that  their  epitaxial  relation-
ship  is β-Ga2O3 ( )//sapphire  (006)  and β-Ga2O3 [102]//sap-
phire  [ ].  To observe the interface structure in  atomic scale,
a  cross-sectional  high-resolution  TEM  (HRTEM)  image  was
taken along the [ ] direction of c-plane sapphire. The atom-
ically  sharp  interface  between β-Ga2O3 and  sapphire  sub-
strate  is  clearly  resolved,  indicating  the  high-quality  epitaxial
growth (Fig. 1(c)). The lattice fringes of 0.47 nm spacing are in-
dexed  to  the  ( )  planes  of β-Ga2O3,  which  matches  well
with the results of XRD. Fig. 1(d) shows the XPS spectra of the
Ga 2p and O 1s  core-levels  for  the β-Ga2O3 film.  The two dis-
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Fig. 1. (Color online) (a) XRD θ–2θ pattern of the β-Ga2O3 thin films grown on c-plane sapphire substrates. The inset shows the XRD rocking curve
of the β-Ga2O3 ( ) reflection. (b) In-plane XRD Phi scans of for the β-Ga2O3 film and sapphire substrate. (c) Cross-sectional HRTEM image of the
β-Ga2O3 film on sapphire. (d) XPS core-level spectra of O 1s and Ga 2p.
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tinct peaks at binding energies of 1117.1 and 1144.3 eV are as-
signed  to  the  Ga  2p3/2 and  Ga  2p1/2 core  levels  of  the  Ga-O
bond,  respectively[9, 27].  The  deconvolution  of  O  1s  spectrum
gives  two  peaks  centered  at  530.6  and  532.1  eV.  The  main
peak  at  530.6  eV  is  contributed  to  the  Ga-O  bond,  while  the
shoulder  peak  at  532.1  eV  originates  from  the  adsorbed  C–O
or O–H species on the film surface[9, 17, 27].

SIMS  measurement  was  performed  to  investigate  the
depth  profile  of  H  in  the β-Ga2O3 film.  As  shown  in Fig.  2(a),
after  the  H-plasma  treatment,  H  diffuses  into  the  entire β-
Ga2O3 film  with  a  gradually  decreasing  concentration  with
depth.  The obtained H-profile  is  in  good agreement  with  the
diffusion  behavior  from  a  constant  or  semi-infinite  source[28].
Similar  depth  profiles  of  H  were  also  observed  for  the  H-
plasma  treated  ZnO  and β-Ga2O3

[19, 29, 30],  where  depths  of
~1 μm were reported. In this work, the film thickness is about
200  nm;  hence,  H  can  diffuse  into  the  whole β-Ga2O3 film.
The nature of H migration in β-Ga2O3 was identified to be mon-
atomic  H  diffusion  rather  than  molecular  diffusion[22].
However,  the  configuration of  H-related defects  in  the lattice
is still ambiguous and under investigation.

To  clarify  the  effect  of  H-plasma  treatment  on  the  struc-
ture  of  the β-Ga2O3 films,  Raman  and  XRD  measurements
were  performed  with  and  without  the  H-plasma  treatment.
As shown in Fig. 2(b), besides the Raman modes from the sap-
phire  substrate,  eight  Raman  peaks  of β-Ga2O3 can  be  ob-
served  for  both  samples.  The  low  frequency  modes  are
ascribed  to  the  vibration  and  translation  of  tetrahedra-octa-
hedra chains, while the mid- and high-frequency modes are re-
lated  to  the  vibration  of  Ga2O6 octahedra  and  GaO4 tetra-
hedra,  respectively[31].  It  should  be  noted  that  no  new  Ra-
man  peak  is  produced  after  the  H-plasma  exposure,  and  the
FWHM  values  of  the  199.6  cm−1 peak  are  rather  close  with
and without the H-plasma treatment (3.4 and 3.5 cm−1). Simil-

arly,  the  XRD  patterns  are  almost  not  changed  after  the  H-
plasma  treatment  (Figs.  2(c)  and 2(d)).  Obviously,  the  H-
plasma  treatment  has  little  effect  on  the  crystalline  quality
due  to  the  relative  “soft”  treatment  conditions  in  this  work,
which  is  one  of  the  advantages  of  the  plasma  exposure  over
the ion implantation technique.

Fig.  2(e)  shows  the  UV–vis  absorption  spectra  of  the β-
Ga2O3 films  with  and  without  plasma  treatment.  Both
samples  show a  sharp  absorption edge at  ~250 nm,  which  is
due  to  the  optical  bandgap,  with  an  almost  zero  absorbance
from  350  to  800  nm.  The  optical  bandgap Eg can  be  ob-
tained from the Tauc relation of (αhν)2 ∝ (hν – Eg),  where α is
the  absorption  coefficient  and hν is  the  incident  photon  en-
ergy.  As  shown  in  the  insert  of Fig.  2(e),  the  bandgap Eg

slightly  increases  from  4.95  to  5.07  eV  after  the  H-plasma  ex-
posure.  The  slight  widening  of  the  bandgap  might  be  attrib-
uted to  the Burstein-Moss  effect  because H-doping gives  rise
to  a  significant  increase  of  electron  concentration[32],  which
will be further confirmed by the Hall measurement later. A sim-
ilar  phenomenon  has  also  been  reported  in  other  hydrogen-
ated  oxide  semiconductors[33].  In  addition,  the  transmittance
in the 300–500 nm range increases after the H-plasma expos-
ure, indicating the reduced sub-bandgap absorption from de-
fects.

The PL spectra  was measured to investigate the effect  of
H-doping  on  the  optical  properties  of β-Ga2O3 films. Fig.  2(f)
shows  the  low-temperature  PL  spectra  of  the  intrinsic  and
the  H-plasma  treated β-Ga2O3 films.  Both  samples  exhibit  a
broad UV luminescence (UVL) band at ~370 nm, and the lack
of near band-edge emission is a common feature for the lumin-
escence  spectrum  of β-Ga2O3 due  to  the  presence  of  self-
trapped  holes  (STHs)[34−36].  This  broad  UVL  band  may  be  re-
lated to the recombination of  free electrons with STHs or the
self-trapped  excitons,  as  well  as  the  transition  from  the  deep
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Fig. 2. (Color online) (a) SIMS depth profiles of the H-plasma treated β-Ga2O3 film on sapphire substrate. (b) Raman spectra of the β-Ga2O3 film
with and without H-plasma treatment. (c) XRD θ–2θ pattern of the β-Ga2O3 thin films with and without the H-plasma treatment. (d) XRD rocking
curve of the β-Ga2O3 ( ) reflection for the β-Ga2O3 film with and without the H-plasma treatment. (e) UV–vis absorption spectra of the β-Ga2O3

film with and without H-plasma treatment. The Tauc plots of (αhν)2 versus hν is shown in the inset. (f) PL spectra of the β-Ga2O3 film with and
without H-plasma treatment. The H-plasma treatment was carried out with an RF power of 40 W and a H2 flow rate of 50 sccm for 120 min.
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donor  level  to  the  acceptor  level  in β-Ga2O3
[35].  The  self-

trapped  excitons  consist  of  electrons  on  donors  that  are
formed by VO and holes  on acceptors  that  are  formed by VGa

or  VO–VGa vacancy  pairs.  Regardless  of  the  exact  lumines-
cence mechanism,  the deep acceptor  VGa should be involved
in  the  broad  UVL  band  because  it  is  easy  to  exist  in β-Ga2O3

due to its low formation energy[36].  The incorporation of H in-
to  the β-Ga2O3 film  leads  to  a  significant  decrease  in  the  de-
fect-related  PL  emission,  which  probably  can  be  ascribed  to
the  passivation  of  defects.  For  instance,  it  was  reported  that
the  VGa defects  can  be  effectively  passivated  by  forming  VGa-
nH  complexes[37].  Similar  observation  on  the  passivation  of
the  defect-related  emission  due  to  the  H  incorporation  was
also reported previously[33].

To  explore  electrical  properties,  the  Hall  measurement
was  performed  for  the β-Ga2O3 films  with  and  without
plasma  treatment.  However,  it  fails  for  the  intrinsic β-Ga2O3

film due to its semi-insulating nature. After the H-plasma treat-
ment,  the  resistivity  of  the β-Ga2O3 films  is  significantly  re-
duced  to  allow  the  Hall  measurement,  where  metal  indium
pads  were  used  as  the  contact  electrodes,  revealing  a  good
ohmic  contact.  As  expected,  the  H-incorporated β-Ga2O3

films  exhibit  n-type  conductivity  with  the  highest  room-tem-
perature  mobility  of  45  cm2/(V·s).  The  influences  of  H-plasma
treatment  on  the  electrical  characteristics  of β-Ga2O3 films

have been systematically investigated, as shown in Fig.  3.  For
each  condition,  four  samples  were  measured  and  the  error
bars  in Fig.  3 represent  the  standard  error  of  the  measured
data,  showing  an  acceptable  reproducibility.  The β-Ga2O3

films  were  first  exposed  to  an  H-plasma  with  a  fixed  RF
power of 40 W and a H2 flow rate of 50 sccm at room temper-
ature with various exposure times from 10 to 180 min. Figs. 3(a)
and 3(b)  present  the  dependence  of  the  resistivity  and  the
Hall  data  of  the β-Ga2O3 films  on  the  H-plasma  exposure
time,  respectively.  As  shown  in Fig.  3(a),  the  resistivity  of  the
β-Ga2O3 film  gradually  decreases  with  increasing  exposure
time, up to 150 min, and it remains steady thereafter. The mo-
bility gradually increases from 27.6 to 41.8 cm2/(V·s) as the ex-
posure time increases from 10 to 120 min, and then it slightly
decreases  for  longer  exposure  times.  The  carrier  concentra-
tion  (4  ×  1018 cm−3)  does  not  show  an  obvious  variation
when  the  exposure  time  is  below  120  min,  and  then  in-
creases to 5.8 × 1018 cm−3. Obviously, a 10-min H-plasma treat-
ment  is  enough  to  obtain  a  high  electron  concentration  of
>1018 cm−3 and a moderate mobility,  and the optimum treat-
ment  time  is  120–150  min.  The  formation  of  the  shallow
donor level in the β-Ga2O3 film by the incorporated H may be
responsible  for  the  great  increase  of  carrier  concentration.
The interstitial  Hi has a low formation energy under both Ga-
rich  and  O-rich  conditions,  and  thus  it  is  easily  incorporated

 

Fig. 3. (Color online) Dependence of (a) the resistivity and (b) the Hall data of the β-Ga2O3 films on the H-plasma exposure time. Dependence of
(c) the resistivity and (d) the Hall data of the β-Ga2O3 films on the RF power. Dependence of (e) the resistivity and (f) the Hall data of the β-Ga2O3

films on the H2 flow rate.
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as  an  unintentional  donor  impurity[7].  The  increasing  mobil-
ity  means  that  the  incorporated  H  can  also  passivates  de-
fects and/or acceptor impurities,  possibly by forming the VGa-
nH complexes, which is consistent with the PL results.

The  dependences  of  the  resistivity  and  the  Hall  data  of
the β-Ga2O3 films  on  the  RF  power  are  shown  in Figs.  3(c)
and 3(d),  respectively.  It  is  found  that  the  carrier  concentra-
tion  rapidly  decreases  when  the  RF  power  exceeds  60  W,
while  the  mobility  gradually  increases  with  increasing  RF
power  up  to  80  W  and  then  slightly  decreases.  As  a  result,
the  resistivity  of  the  H-treated β-Ga2O3 film  remains  un-
changed when the RF power is less than 60 W, and it then in-
creases  with  further  increasing  RF  power.  In  the  case  of  RF
power being higher than 60 W, the decreasing carrier concen-
tration and mobility may be attributed to the formation of dif-
ferent  H-related defects.  The interstitial  Hi and H substituting
at  an  O  site  (HO)  can  act  as  shallow  donors,  but  the  VGa-nH
complexes exhibit  donor  or  acceptor  behavior  depending on
the number of H atoms in the vacancy[20]. Herein, the depend-
ence of electrical properties of β-Ga2O3 films on the RF power
may be related to the various configurations of  H-related de-
fects formed under different RF powers.

The  effects  of  the  H2 flow  rate  on  the  electrical  proper-
ties  of β-Ga2O3 films  were  also  studied  when  the  H-plasma
exposure  time  and  the  RF  power  were  kept  at  120  min  and
40 W, respectively.  As shown in Fig.  3(e),  the resistivity shows
a  minimum  value  of  ~27  mΩ·cm  at  H2 flow  rates  of  50–60
sccm.  Correspondingly,  the  carrier  concentration  and  mobil-
ity  show the same tendency and have respective peaks at  H2

flow rates of 50–60 sccm (Fig.  3(f)).  We propose that the con-
figurations  of  H-related  defects  are  associated  with  the  plas-
mas  conditions,  which  strongly  depend  on  the  H2 flow  rate.
Nevertheless, further study is required to reveal the exact con-
figurations of H-related defects in the β-Ga2O3 films.

To  better  understand  the  electrical  conduction  mechan-
ism of the H-incorporated β-Ga2O3 films, temperature-depend-
ent  Hall  measurements  were  carried  out  for  two representat-
ive  samples  with  the  same  treatment  parameters.  As  shown
in Fig.  4(a),  the  carrier  concentration  shows  a  negligible  in-
crease  with  temperature.  It  was  reported  that  the  Hi in β-
Ga2O3 behaves  as  a  shallow  donor  with  a  low  activation  en-
ergy of  15  meV[10],  and the ε(+/–)  level  is  even located about
0.2  eV  deep  within  the  conduction  band  when  the  Hi is  cap-
tured  by  lone  O  pairs[7, 17].  Such  a  low  activation  energy
means  that  nearly  all  of  the  donors  are  completely  ionized
throughout  the  temperature  range  studied,  thus  the  carrier

μLO = A(eE/kbT − ) μi = BT/

concentration  is  almost  invariant  with  temperature.  In  con-
trast, the mobility slightly decreases with increasing temperat-
ure,  as  shown  in Fig.  4(b).  The  mobility  of  semiconductor  is
usually  limited  by  various  scattering  mechanisms,  including
ionized  impurities  or  defects,  lattice  vibration  (phonons)  and
grain  boundary,  roughness  and  so  on.  The  temperature  de-
pendent  mechanisms  for  the  longitudinal  optical  (LO)  phon-
on  (μLO)  and  the  ionized  impurities  (μi)  can  be  expressed  as:

,  and .  In addition,  the mobility lim-
ited  by  short  range  scattering  from  defects,  roughness  and
grain boundary are all temperature independent or weakly de-
pendent  mechanisms,  and  it  is  defined  as μ0.  The  total  elec-
tron  mobility μ can  be  described  using  Matthiessen’s  rule  as
1/μ = 1/μ0 +  1/μLO +  1/μi.  As  shown in Fig.  4(b),  fitting of  the
measured mobility to the total mobility μ shows a good agree-
ment within the whole temperature range. Obviously, the tem-
perature independent scattering is a dominant mechanism at
temperature  range  100–250  K,  while  the  room  temperature
mobility  of β-Ga2O3 is  determined  by  the  LO  mode  scatter-
ing. Moreover, the variation in mobility is larger than the vari-
ation  in  carrier  concentration.  Consequently,  the  resistivity
slightly  increases  with  increasing  temperature  for  both
samples, as shown in Fig. 4(c).

 4.  Conclusions

In  summary,  we  demonstrate  the  influences  of  H-plasma
exposure on the electrical and optical properties of heteroep-
itaxial β-Ga2O3 films. The incorporation of H into the entire β-
Ga2O3 film  leads  to  significantly  increased  conductivity,  a
greatly reduced defect-related PL emission,  and a slightly en-
hanced transmittance, while the crystalline quality remains un-
changed.  The  formation  of  shallow  donor  states,  such  as  Hi,
may be responsible for the enhanced conductivity, and the in-
corporated H in β-Ga2O3 may also passivate defects and/or ac-
ceptor impurities by forming complexes. The effects of H incor-
poration  are  very  complicated  and  further  study  is  required
to  reveal  the  exact  configurations  of  H-related  defects  in  the
β-Ga2O3 films.  The  carrier  concentration  is  almost  invariant
throughout the temperature range of 80−300 K, which is due
to the complete ionization of  the H-related donor.  The optic-
al phonon scattering is the dominant mechanism limiting mo-
bility  at  room  temperature  for  the  H-incorporated β-Ga2O3

films.
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