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Direct determination of band-gap renormalization in degenerately
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Ga,0; is emerging as a promising wide band-gap semiconductor for high-power electronics and deep
ultraviolet optoelectronics. It is highly desirable to dope it with controllable carrier concentrations for different
device applications. This work reports a combined photoemission spectroscopy and theoretical calculation study
on the electronic structure of Si doped Ga,0; films with carrier concentration varying from 4.6x10'® cm™3
to 2.6x10%° cm~3. Hard x-ray photoelectron spectroscopy was used to directly measure the widening of the
band gap as a result of occupation of conduction band and band-gap renormalization associated with many-body
interactions. A large band-gap renormalization of 0.3 eV was directly observed in heavily doped Ga,Os. Supple-
mented with hybrid density functional theory calculations, we demonstrated that the band-gap renormalization
results from the decrease in energy of the conduction band edge driven by the mutual electrostatic interaction
between added electrons. Moreover, our work reveals that Si is a superior dopant over Ge and Sn, because Si 3s
forms a resonant donor state above the conduction band minimum, leaving the host conduction band mostly
unperturbed and a high mobility is maintained though the doping level is high. Insights of the present work have

significant implications in doping optimization of Ga,O; and realization of optoelectronic devices.
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Ga, 03 is emerging as a promising wide band-gap semicon-
ductor for high-power electronics, solar-blind deep ultraviolet
(UV) photodetectors, and deep UV transparent conductive
oxides (TCOs), because of its ultralarge band gap of 4.8 eV,
high theoretical breakdown field of 8 MV /cm, along with the
availability of large-scale substrate wafers [1-3]. These ad-
vantages offer a competitive edge over current wide band-gap
semiconductors such as SiC and GaN. For the aforementioned
optoelectronic device applications, precise control over the
carrier concentration and defects is of essential importance.
For Ga,0; used as channel semiconductor in high-power
electronics, a low carrier concentration less than 10'° cm—3
and minimal defects are necessary in order to achieve a high
breakdown voltage [4], whereas a highly conductive layer
with carrier concentrations over 10!° cm™ is needed for
Ga;03 used as deep UV transparent conductive electrodes
and as low-resistance Ohmic contact layers for high electron
mobility transistors [5]. The technological importance of n-
type doped Ga,0O3 has prompted a number of studies. Group
14 elements including Si [6-8], Ge [9,10], and Sn [9,11] have
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been demonstrated as shallow dopants in Ga, O3 bulk crystals
and thin films with carrier concentrations tuned in the range
1016-10%° cm—3.

On the other hand, degenerate doping of semiconductors
also alters the fundamental optical and electronic structure
of the host semiconductors, owing to the high concentration
of free electrons and dopant ions. There has been signifi-
cant interest in understanding how degenerate doping may
influence the electronic structure of the technologically im-
portant wide band-gap semiconductors such as GaN [12],
In, O3 [13,14], and BaSnOj [15], semiconductor quantum
wells [16,17] as well as the emerging two-dimensional tran-
sition metal dichalcogenides [18-20]. Above the critical Mott
carrier density, degenerate n-type doping often results in
a widening of the optical band gap (E.p), because of the
occupation of the electronic states at the bottom of conduc-
tion band (CB) by doped electrons, i.e., Burstein-Moss shift
(ABM). However, the widening of Ey is further counteracted
by band-gap shrinkage or renormalization (ARN), which is
caused by the lowering of the CB and an upward shift of
the valence band (VB) as a result of mutual exchange and
Coulomb interactions between the electrons in the CB and
electron-dopant interactions [21]. Therefore, the net change
in optical band gap, AE,y, can be taken as a difference of
the two contributions, i.e., AE., = ABM — ARN. The onset
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FIG. 1. Temperature dependence of (a) resistivity, and (b) carrier
concentration for the (Si,Ga;_,),0; films with different x.

of E,y measured using optical methods is therefore the su-
perposition of both ABM and ARN, making it challenging to
extract the respective contribution of ABM and ARN. Fur-
thermore, although Si, Ge, and Sn have been used as donors
in Ga,0s, it is still unclear how the electronic states of the
dopants alter the band structure of host Ga, O3, which funda-
mentally determines the electron effective mass and transport
properties of charge carriers [13,22,23]. Therefore, knowl-
edge of the doping effects on optical band gap and electronic
structure is crucial in selecting and improving materials for
optoelectronic devices.

In this work, we report a combined photoemission spec-
troscopy and theoretical calculation study on the electronic
structures of Si doped S-phase Ga,Oj3 thin films. Hard x-ray
photoemission spectroscopy (HAXPES) was used to measure
the evolution of electronic structures, which enables a direct
observation of the doped electrons in the CB and an accu-
rate measurement of the position of the CB and VB edges
relative to the Fermi energy (Ep). These allowed us to ex-
plicitly disentangle the respective contributions of the ABM
and ARN, which were further compared to hybrid density
functional theory (DFT) calculations. A band-gap widening
of ABM = 0.5 eV and band-gap shrinkage of ARN = 0.3 eV
are explicitly determined for highly Si doped Ga,03;. More-
over, our results also reveal that Si 3s forms a resonant donor
state above the CB minimum, leaving the host CB mostly un-
perturbed and a high mobility is maintained while the doping
level is high, making Si a superior dopant for Ga,0O3 over
other dopants, e.g., Ge and Sn.

Si doped B-phase Ga,0O3 (Sip,Gay_»,03) thin films with
Si doping levels of x = 0.01% to 1% were grown on insu-
lating Fe doped Ga,03 (010) substrates using pulsed laser
deposition (PLD). All the film thickness is ~200 nm. De-
tails for the film growth and characterizations are provided
in Appendix A. Figures 1(a) and 1(b) show the temperature-
dependent resistivity and carrier concentration of the Si doped
films, respectively. Table I summarizes the room-temperature
carrier concentration and mobility. The 1% Si doped film
has the highest carrier concentration of 2.6x10?° cm— and
a mobility of 60.5 cm?/V s. The 0.01% Si doped film with
a carrier concentration of 4.6x10'® cm™3 exhibits semicon-
ducting behavior, whereas the Si doped films with x > 0.03%

show metallic transport behavior, indicating the degenerate
doping of Ga,0s.

The CB, VB, and core-level HAXPES of the Si doped
Ga,0; films were measured with photon energy of 5920 eV,
as shown in Figs. 2 and 3. As shown in Fig. 2(a), the VB
spectra of Ga,03 consist of features of I, II, and III, which
are assigned to the occupied O 2p°® states with mixture of
Ga 3d(1), 4p (II), and 4s (IIT) states, respectively. The CB is
mainly derived from Ga 4s orbitals [24]. Compared to con-
ventional XPS, HAXPES has relatively larger photoionization
cross section for Ga 4s relative to O 2p [25]. This enables
the direct observation of the occupied electronic states at the
bottom of the CB. Figure 2(b) shows the magnified view of the
filled Ga 4s derived CB states and the top region of VB. No
appreciable CB feature is observed for the 0.01% Si doped
Ga, 03, because its carrier density is close to the threshold
for degenerate doping [2]. For Si doping level x > 0.03%, a
well-defined CB feature straddling the Ep, whose intensity
increases with doping, is observed. This is associated with
the filling of the lower CB states by degenerately doped
electrons, in accordance with the metallic transport property.
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FIG. 2. (a) HAXPES measured VB and expanded view (x70) of
the CB state for (Si,Ga;_,),03 with different x. (b) Expanded view
of VB edge (x5) and CB feature (x50), where the VBM and CBM
positions are indicated by cyan and purple dashed lines, respectively.
(c) The binding energy (BE) shifts of Ga 2p3,, (AEgaps2) and
O 15 (AEpis), AVBM and ACBM with respect to the x = 0.01%
sample.
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FIG. 3. (a) Ga2p3;, and (b) O Is core-level spectra for
(S1,Ga,_,),05 with different x, where core-level peak positions (the
center of the full width at half maximum) are indicated by gray points
and the dashed lines with arrow are guides to the eyes.

Figures 3(a) and 3(b) show the Ga 2p3/, and O ls spectra,
respectively. It can be seen that both the Ga 2p3/, and O 1s
concurrently shift towards the higher BE values, because of
the upshift of the Er resulting from the filling of bottom of
the CB.

One unique aspect of this study is that we can concurrently
probe the positions of the CB minimum (CBM) and the VB
maximum (VBM). The position of the CBM, Ecpy, can be fit-
ted by a * (Ecgm-E)'/* to the feature of the CB states, where a
is constant. This function represents the dominant energy term
in the CB density-of-states (DOS) function and is expected to
remove the influence of peak tail or plasmon satellite at high
binding energy (BE) side [26,27]. The detailed procedure for
extrapolating the VBM and fitting the CBM can be found in
Appendix B. For the 0.01% Si doped film, the EF is very close
to the CBM. We therefore take the 0.01% film as reference.
The relative BE shifts of the CBM, VBM, and core levels
with respect to the 0.01% sample are plotted in Fig. 2(c).
The BE for the CBM of the 1% Si film shifts (ACBM) by
~0.5 eV towards higher BE. However, the BE shifts of VBM
(AVBM) as well as the Ga 2p(AEgazp3/2) and O 1s(AEojs)
core levels with respect to those of 0.01% film, e.g., ~0.20 eV
for 1%, are much smaller than the ACBM [Fig. 2(c)]. The
discrepancy in the BE shifts is a clear indication of band-gap
renormalization resulting from electron-electron or electron-
dopant interactions when the doping level is high.

The band filling and band-gap renormalization are further
qualitatively modeled using semiconductor carrier statistics.
As shown in Fig. 4(a), for a direct band-gap degenerate semi-
conductor, the measured energy separation between VBM and
Er (denoted as Eg—VBM) in HAXPES reflects the onset of
Eqpi, and the separation between the VBM and CBM cor-
responds to the fundamental band gap (E,). Therefore, the
measured difference of Er—VBM (AVBM) corresponds to
the net change in optical band gap, AE,,, = ABM — ARN,
while the measured difference between the shifts of CBM
and VBM corresponds to the value of band-gap renormal-
ization (ARN), i.e., ARN = ACBM — AVBM. Figure 4(b)
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FIG. 4. (a) Schematic diagram for change of the electron struc-
ture for Si doped Ga,0;. Degenerate doping gives rise to an increase
of optical band gap (Eoy = Ey + ABM) by Burstein-Moss shift
(ABM) due to the occupation of bottom of CB (middle panel).
However, the widening of E,y is further counteracted by band-
gap renormalization (ARN) (right panel). (b) Carrier concentration
dependent ABM obtained from parabolic [ABM (parab.)] and non-
parabolic [ABM (nonparab.)] Burstein-Moss model without and
with consideration of ARN [ABM (nonparab.)-ARN], as well as
HAXPES measured AVBM and ACBM. (c) The carrier concentra-
tion dependent ARN obtained from HAXPES [ARN (HAXPES)],
semiconductor statistics modeling [ARN(AE*®® + AE®)] and DFT
calculation [ARN (DFT)].

plots the HAXPES measured AVBM (green diamonds) and
ACBM (blue circles) as a function of carrier concentrations.
The experimental data are compared to the carrier statistics
using parabolic and nonparabolic models with and without
consideration of band-gap renormalization (the procedure for
simulation of carrier statistics is provided in Appendix C).
It can be seen from Fig. 4(b) that the measured ACBM as
the function of carrier concentrations agrees well with both
parabolic and nonparabolic models, consistent with the rigid
band filling of electrons at the CB. However, the measured
AVBM (green diamonds) is much smaller than values pre-
dicted by both models. Band-gap renormalization, therefore,
should be considered. The measured ARN values are shown
by orange squares in Fig. 4(c), e.g., the measured ARN for the
1% doped film is ~0.3 eV.
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FIG. 5. (a)-(d) Hybrid DFT calculated band structure and total (TDOS) and partial density of states (PDOS) for (a) ten-atom undoped
Ga,0; primitive unit cell and (b) Si, (c) Ge, and (d) Sn doped 80-atom supercells, in which the PDOS for dopant s state are magnified (x 10)
for clarity and the top of the VBM is set to zero energy. (e)—(h) The partial charge densities (e) at the defect states localized at ~2 eV above
the CBM of Ga, 05 for Sig,, as well as at the CBM of Ga, 03 for (f) Sig,, (g) Gega, and (h) Sng,, which are plotted with an isosurface density

of 0.007 electrons per A=3.

Both the electron-electron interaction (AE;"') and electron-
impurity interaction (AEgei) are expected to induce band-gap

renormalization (ARN = E° + AES") and compensate the
ABM [21]. By taking the contribution of ARN into account,
the modeled ABM (nonparab.)-ARN [Fig. 4(b) (green dashed
line)] agrees well with the HAXPES measured AVBM.
Furthermore, the modeled ARN also reproduces well the mea-
sured ARN [Fig. 4(c)]. It should be noted that the modeled
ARN presented here is only based on the electrostatic interac-
tion model without considering the orbital hybridization of Si
dopant with the host CB.

Hybrid DFT calculations were carried out to further exam-
ine the electronic structure. Figure 5(a) shows the calculated
band structure for undoped Ga,O; with a ten-atom unit cell.
The calculated band structures for 1 Si dopant in an 80-
and 180-atom supercell, corresponding to a carrier concentra-
tion of 1.1x10* cm~2 and 5.3x10%° cm =3, respectively, are
shown in Figs. 5(b) and Appendix D. The calculated results
show that the band gap is reduced from 4.83 eV for undoped
Ga,0; [Fig. 5(a)] to 4.62 eV (5.3 102 cm™3) (Appendix D)
and 4.47 eV (1.1x10%! cm™3) for doped Ga,O3 [Fig. 5(b)].

The band-gap reduction is mainly caused by the downshift
of CB edge, because of the highly dispersive Ga 4s derived
CB, while the VB edge is flat and with a large effective mass.
As shown in Fig. 4(c), the calculated ARN (purple circles)
agrees well with the modeled ARN based on the electrostatic
interaction model. We expect that the renormalization effect
should be more pronounced in the modulated doped 2DEG
at (Al,Ga;_,),03/Ga, 05 interface, because of the enhanced
Coulomb interaction at the quantum well [16,17,28], which
may have important implications for high mobility transistor
application.

Interestingly, we find that the Si 3s forms a resonant donor
state sitting at ~2 eV above the CBM and can easily donate
the extra electrons to the host CB [Fig. 5(b)]. There is very
little hybridization between the Si 3s state and the Ga 4s
derived host CBM, leaving the CBM relatively unperturbed,
even when the doping level is high. Therefore, the band-gap
renormalization observed in Si doped Ga;O3; mainly arises
from a high density of free electrons induced many-body
exchange interactions. This is different from other widely
used oxide semiconductors, such as Sb doped SnO, [22] and
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Sn doped In, O3 [23], whose dopant orbitals sit close to the
CBM, resulting in large orbital hybridization and modifica-
tion of the CBM, and a large increase in effective mass with
increased carrier concentration. In Si doped Ga;03, although
the dopant Si 3s has the same symmetry as the Ga 4s, the large
enough energy separation between the orbitals prevents their
mixing at the CBM.

Therefore, the question arises of what is the most suitable
dopant among the group 14 elements to degenerately dope
Ga; 03, that will leave the host CB edge unperturbed and
provide facile addition of free electrons for high conductivity?
In addition to Si, we also calculated the band structures and
partial density of states of Ge and Sn doped Ga,0O3 (80-
atom supercell), as shown in Figs. 5(c) and 5(d). Because
the nuclear charge of Ge and Sn is larger than that of Si,
the Ge 4s and Sn 5s orbitals are expected to be energetically
lower than Si 3s state, thus mixing more effectively with the
host Ga 4s state at the CBM. Our calculations show that the
Ge and Sn atomic contributions to the CBM state at the I'
point are 3.8% and 6.2%, respectively, much higher than that
(0.8%) of Si. This is also supported by the calculated partial
charge densities shown in Figs. 5(e)-5(h). At the defect states
localized ~2 eV above the CBM for Sig,; [Fig. 5(e)], the
Si 3s orbital hybridizes with higher energy Ga and O states
away from the CBM, yielding an s-p hybrid orbital shape.
At the CBM, the lack of electron density observed around
the Sig,; site [Fig. 5(f)] indicates that the electron density
is delocalized across the lattice and there are no contribu-
tions from the Si donor states. However, considerable charge
density can be seen around the Geg,; [Fig. 5(g)] and Snga,
[Fig. 5(h)] sites, indicating that Sn and Ge contribute states at
the CBM. The large contribution of Ge 4s and Sn 5s states
at the CBM changes the band dispersion at the CBM, and
therefore increase the electron effective mass. This explains
the lower mobility of Sn doped and Ge doped Ga, 03 [9-11],
while a high mobility for Si doped Ga,;0O3 can be obtained
even at high doping levels.

In summary, using HAXPES and hybrid DFT calcula-
tions, we explicitly determined the band-gap widening due to
the Burstein-Moss shift and band-gap renormalization asso-
ciated with many-body interactions in degenerately Si doped
Ga,0;3. A band-gap renormalization of as much as 0.3 eV was
observed in heavily doped Ga,0Os. The band-gap renormal-
ization mainly results from the decrease of conduction band
driven by mutual electrostatic interaction between free elec-
trons. This is attributed to the lack of orbital mixing between
the Ga 4s derived conduction band with the Si 3s dopant state.
Hybrid DFT calculation reveals that the Si 3s state sits inside
the conduction band, leaving the host conduction band edge
mostly unperturbed, giving rise to a small electron effective
mass. This explains the higher mobility achieved in Si doped
films and suggests that Si is a superior dopant compared to Sn
and Ge. Our work provides significant guidance for doping
optimization of Ga,0j3 and its use in high-power electronics
and deep-UV optoelectronics.

K.H.L.Z. acknowledges funding supports from National
Key Research and Development Program of China (Grant No.
2022YFB3605501) and National Natural Science Foundation
of China (Grant No. 22275154). L.C. acknowledges support

by the National Natural Science Foundation of China (Grant
No. 51972160) and the Science and Technology Research
Items of Shenzhen (Grant No. JCYJ20180504165650580).
J.W. and D.O.S. acknowledge Diamond Light Source for
cosponsorship of an EngD studentship on the EPSRC Centre
for Doctoral Training in Molecular Modelling and Materi-
als Science (Grant No. EP/L015862/1). D.O.S. acknowledges
support from EPSRC (Grant No. EP/N01572X/1). This work
used the ARCHER and ARCHER?2 UK National Supercom-
puting Service [29], via our membership of the UK’s HEC
Materials Chemistry Consortium, which is funded by EPSRC
(EP/L000202, EP/R029431 and EP/T022213). We are grate-
ful to the UK Materials and Molecular Modelling Hub for
computational resources (Thomas and Young), which is par-
tially funded by EPSRC (EP/P020194/1 and EP/T022213/1).
The authors acknowledge the use of the UCL Myriad, Kath-
leen, and Thomas High Performance Computing Facilities
(Myriad@UCL, Kathleen@UCL, Thomas@UCL), and asso-
ciated support services, in the completion of this work. J.W.
thanks Dr. A. Regoutz for enlightening discussions. L.S.W.
acknowledges the support by the National Natural Science
Foundation of China (Grant No. 51771157). We are grateful
to the Diamond Light Source for access to beamline 109 under
Proposals No. SI24219 and No. SI31069.

APPENDIX A: THIN FILM GROWTH AND ELECTRICAL
CHARACTERIZATION

Si doped Ga,0; thin films were prepared by PLD us-
ing a KrF excimer laser source from respective targets on
(010)-oriented Fe doped S-Ga,0O; substrates (Novel Crys-
tal Technology, Japan). Si doped Ga,O; targets with doping
concentrations of 0.01%, 0.03%, 0.1%, 0.5%, and 1% [i.e.,
Si/(Si+ Ga)] were made by mixing and grinding the appro-
priate proportions of Ga;O3 (99.999%, Alfa Aesar) and SiO;
(99.999%, Alfa Aesar) polycrystalline powder, followed by
cold pressing and sintering in air at 1350 °C for 24 h. The
doping levels (x) are Si nominal values calculated from the
mole ratio for the target. Before being loaded into the PLD
chamber, the substrates were cleaned sequentially by acetone,
isopropanol, and deionized water in ultrasonic bath for 5 min
and dried by nitrogen gas. The pulsed laser with a frequency
of 5 Hz was irradiated with an energy density of 1.2 J/cm?.
The film growth was carried out at a substrate temperature
600 °C with an oxygen pressure of 10 mTorr.

The temperature-dependent transport properties of the
samples were characterized using a Physical Property Mea-
surement System (PPMS, Quantum Design) in a van der Pauw
four-point configuration. For all the thin films, Ohmic con-
tact pads with a metal stack of 5 nm Ni/100 nm Au were
deposited by magnetron sputtering. The contact pads were
bonded through aluminum wire to the channels of the PPMS
direct current resistivity puck.

APPENDIX B: HAXPES MEASUREMENTS

The HAXPES measurements were conducted at the 109
beamline of the Diamond Light Source (DLS) using a photon
energy of 5920 eV. The samples were prepared by mounting
the thin films on copper sample holders with carbon tape in an
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electrical contact with contact pads (5 nm Ni/100 nm Au) de-
posited on the film surface to avoid charging effects. HAXPES
spectra were measured by a VG Scienta EW4000 electron
analyzer with £28° angular acceptance, resulting in an overall
energy resolution of 0.25 eV. The absolute binding energy
scale was calibrated by an Au foil using Au’s Fermi edge
cutoff at 0 4= 0.02 eV and 4 f7; core level at 84.00 £ 0.02 eV.
Based on the TPP-2M method in NIST’s database [30,31],
the probing depth was estimated to be approximately ~ 3A of
22.7 nm, where A = 7.6 nm refers to valence band electron’s
inelastic mean free path IMFP).

The position of CBM, Ecpm, can be fitted by ax*
(Ecgm — E)'* where a is constant, to the feature of the CB
states in Fig. 2(b). This function represents the dominant
energy term in the nonparabolic conduction band density of
states function and can be obtained using Kane’s k - p formal-
ism [32]. The material is assumed to be isotropic and have no
crystal field splitting. Taking a useful simplifying approxima-
tion of neglecting the spin-orbit splitting (Ay) in the Ga,;03
[33], a two-band k - p analytic form for the conduction band
dispersion can be given by

S -Eo+ B2 + 4P| + By, (B1)

where E is the band gap, k is the wave vector, and P is Kane’s
matrix element. The P can be expressed as

h2
P’ = 2_<@ - 1) (B2)
my 0

where my is the free electron mass and m is the conduction
band edge effective mass. Then the density of conduction
band state can be given by

KTdE. (k)1
ge(k) = n2|: dk}

E (k) =

_ k/m?
4P?[E2 + 4k2P2]*

172 (B3)

+ (B2 /mo)

Using the equation E; = , the dominant term goes
to a power of 1/4. Although thls function does not use an
adjustable parameter except for Ecgym and a scaling factor
(a) to adjust the signal intensity, it has been found to best
fit the conduction band dispersions of CdO in the literature
[26,27].

Figure 6 show the linear extrapolation of the VB edges and
the a x (Ecpm — E)V/* fitting of CB states for (SiyGa;_x),03
with different x. Since the CB filled state in the high binding
energy side includes the contribution of peak tail or plasmon
satellite, only the curve of CB states in the high binding
energy side, representing the dominant energy term in the CB
density-of-states (DOS) function, is fitted by a * (Ecpm-E)'/*
to determine the position of the CBM. This simulation does
not use an adjustable parameter except for Ecgm and a scaling
factor (a) to adjust the signal intensity. Even so, it reproduces
the curve of CB states near the Fermi level well and gives the
Ecpm value of 0.50 eV for 1% Si film. This value agrees well
with the Burstein-Moss shift (ABM) 0.50 eV calculated from
the carrier concentration of 1% Si film.

VB edge

Intensity (a. u.)

6 5 4 3
Binding Energy (eV)

FIG. 6. The HAXPES measured top of VB and the bottom of
CB regions for (Si,Ga;_,),0; with different x. The VBM positions
are obtained by employing the method of linear extrapolation of the
leading VB edge. Inset are the spectra magnified (x50) showing the

occupied states in the CB. The a * (Ecgy — E)"/* function is fitted to
the feature of the CB states to estimate the CB minimum (Ecpy).

APPENDIX C: SEMICONDUCTOR CARRIER STATISTICS

Under the free-electron model, the Burstein-Moss shift
(ABM) for the case of the parabolic CB is described as
h2k?
ABM = ———, (CD)
87 2my;
where h is the Plank constant, mj is the electron effective mass

at the conduction band edge, and k = (3}167'52)1/3 is the Fermi
wave vector. The effective mass increases as the EF is raised,
and the CB curve shows nonparabolicity. The ABM can be
corrected via an augmented version of Eq. (1):

h*k?
ABM = ——, (C2)
8m2m*
where m* is given by m* = mg, /1 + E—zi‘:"; Here, we used

E, of 4.8 eV and m{ of 0.28mg for modehng. The carrier
statistics modeled data using parabolic and nonparabolic mod-
els are as shown by solid and dashed blue lines in Fig. 4(b),
respectively.

Both the electron-electron interaction (AE;e) and electron-
impurity interaction (AEgei) are expected to induce band-gap

renormalization (ARN = E;e + AE;) and compensate the
ABM. The electron-electron interaction can be interpreted
as the conduction electrons acting to screen the repulsive
Coulomb interaction between conduction electrons and va-
lence electrons. Taking the carrier concentration dependent
parameter into account, AE;® can be expressed as [21]

€2k2 eszF 4 k
AEgee == + |:1 — —arctan<—>i|, (C3)
2mwleseg 8meggy b4 krg
where &, and ¢y are static and vacuum dielectric constants,
respectively, kg = 2,/k/ma}, is the Thomas-Fermi screening
length, and aj is effective Bohr radius ay = ages/(mg/me).
Here, the reported ¢ of 10.2 is used for modeling [34]. The
electron-impurity interaction can be explained by the fact that
the dopant atom has a larger nuclear charge than the host
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FIG. 7. Crystal structure of primitive undoped Ga,0O3 unit cell.
Symmetrically inequivalent tetrahedral and octahedral Ga sites
shown in green and yellow, respectively, and O sites shown in grey.

cation, and the attractive Coulomb potential of the dopant
atom causes the attractive interaction between dopant and
electrons. The AEgel can be expressed as [21]

n€2

AES =

; ()

esE0aykip
The modeled ARN = E;° + AEgei is as shown by dash-dotted
red lines in Fig. 4(c).

APPENDIX D: COMPUTATIONAL METHODS

Density functional theory calculations were performed us-
ing the periodic code VASP (version 5.4.4) [35-38], which
uses a plane-wave basis set and describes the interactions
between valence and core electrons using the projector
augmented wave (PAW) method [39,40]. Ga[3d'%4s%4p'],
Si[3s23p?], Ge[3d'%4s24p?], Sn[4d'°55%5p%], and O[2s%2p*]
PAW pseudopotentials were chosen for this work. The HSE06
hybrid exchange correlation functional [41], with an increased
Hartree-Fock mixing parameter « of 32%, was used in order
to accurately reproduce the bulk band-gap and lattice param-
eters of Ga,; 03, as has been performed in other computational
studies of Ga,;0j3 in the literature [42-44]. A plane-wave cut-
off of 475 eV and bulk I'-centered k-point mesh of 8§ x8x4
were found to converge the total energy to less than 1 meV
per atom and accurately describe the electronic structure.

The crystal structure of the 8 phase Ga,O; contains two
symmetrically inequivalent Ga cations located at tetrahedral
and octahedral coordination, as shown in Fig. 7. A ten-
atom supercell was used for undoped Ga,;0s3. For Si doped
Ga;03, two different cell sizes (80 and 180 atoms) with
one Si dopant were employed to simulate different levels
of Si doping in Ga,03, corresponding to x doping level
(and carrier concentration) of 6.3% (1.1x10%*' cm™3) and
2.8% (5.3x10%° cm~3), respectively. For Ge and Sn doping,
only the 80-atom supercell was investigated, correspond-
ing to x doping level (and carrier concentration) of 6.3%
(1.1x10?" cm™3). Si and Ge substitutions were performed
on the tetrahedral Ga site, while Sn substitution was on the
octahedral site. This is in accordance with previous defect
calculations on Ga, 03 which show a thermodynamic prefer-
ence for Si, Ge, and Sn on these respective atomic positions
[42]. These supercells were generated using a modify version
of the PYCDT package [45]. Band structures were computed

TABLE II. Lattice parameters for the conventional unit cell of
B-Ga,0; in this work (denoted by *) and from the literature.

Parameter HSEO06* HSEO6 lit. [43] Experimental lit. [48]
a/A 12.23 12.25 12.23

b/A 3.04 3.05 3.04

c/A 5.79 5.84 5.80

a/° 90.0 90.0 90.0

B/° 103.8 103.9 103.7

v/° 90.0 90.0 90.0

along X (/n) — I' — N(/n) depending on supercell size, and
were plotted using SUMO [46]. The high symmetry point X in
a primitive cell turned into X /2 in a doped 80-atom supercell,
due to band folding arising from the halved Brillouin zone in
the 2x2x2 supercell compared with the primitive cell. For
the total and partial density of states for undoped and doped
supercells, a Gaussian broadening of 0.6 eV and a Lorentzian
broadening of 0.2 eV were applied using the software
GALORE [47].

1. Structural parameters for undoped primitive cell

The calculated structural parameters for the undoped prim-
itive cell are summarized in Table II and show excellent
agreement between theory and experiment. Small differences
in lattice parameters between computational studies can be
attributed to different calculation parameters being used, such
as the plane-wave energy cutoff (400 eV in the study by
Varley et al.) [43], varying amounts of Hartree-Fock exchange
(32-35% across different studies) [43,49], and the inclusion
(this study) or exclusion (Varley ef al.) [43] of Ga 3d states as
valence electrons.

2. Band structure for 1 Si dopant in 180-atom supercell

The high symmetry point X in a primitive cell became
X/3 in the 180-atom supercell, resulting from band folding
so that the length of high symmetry path along the X point
to I' point becomes a third of that in the primitive cell. In
order to reduce the cost of the band structure calculation for
1 Si dopant in the 180-atom supercell, only a small section
of the high symmetry path, i.e., X/3 point to I" point, rather
than X /3 point to I' point to N/3 point, is selected, as shown
in Fig. 8. This type of rationale has been successfully used
to calculate the band structure for La doped BaSnO; [15],
where only the I' point to M/4 point was selected for the
320-atom supercell. Furthermore, the symmetry of the cell has
been slightly reduced at the larger size, due to the relaxation
of the defect. Therefore, the high symmetry point X/3 isn’t
quite at the left-hand edge of the plot, but rather about 1/5th
of the way from the X/3 edge (see the kink in the plot). This is
simply an artefact of having a defect in a large, low symmetry
supercell such as Ga, 03 and should not affect the accuracy of
the calculated band gap.

3. Density of states for undoped and doped supercells

Figure 9 shows the density of states of undoped and Si, Ge,
and Sn doped Ga,Oj; after broadening. For undoped Ga;0s,

205305-7



JIAYE ZHANG et al.

PHYSICAL REVIEW B 106, 205305 (2022)

-8 -
Si 3s
) {| x10
6 =
s .
L 4 - —
>
o
(0] L J
C
w 462 eV TDOS
2k _
0 y S

X/3 r AU

FIG. 8. Calculated band structure and total (TDOS) and partial
density of states (PDOS) for 1 Si dopant in 180-atom supercell, in
which the top of the VBM is set to 0 and PDOS for dopant s state are
magnified (x 10) for clarity.

the VBM is mainly comprised of O 2p orbitals that hy-
bridize with Ga 3d orbitals, while the CB is dominated by the
strongly overlapping Ga 4s orbitals, which have a favorable
cross section at high photon energies. For Si doped Ga,03,
there is no significant contribution at the CBM (compared to
the Ge and Sn CBM mixing), and a slightly increased density
of Si 3s states at around 2 eV above the CBM (approximately
at an energy of —7.5 eV). Next, we can turn to the Ge doped
system, where there is a significant contribution from the
Ge 4s donor states to the CBM. Due to the similar energy and
shape of the 4s orbitals of Ge and Ga (neighbors in period 4),
interactions between these states are strong and the CBM is
significantly perturbed. Therefore, we expect poorer electron
mobility in Ge doped Ga, O3, perhaps the poorest of the three
dopants, as the dopant orbitals are most similar in Ge to the
host Ga 4s. Finally, we can examine the Sn doped system,
whose CBM has a large contribution from Sn 5s dopant states
again due to the similar energies and shape of the Ga 4s and
Sn 5s orbitals. This perturbs the conduction band minimum
greatly, and again leads to lower mobility compared to Si
doped Ga,0s;.

4. Transition levels

Chemical potential limits were calculated using the the
PYMATGEN PhaseDiagram module [50], and transition levels
calculated using a modified version of the PYCDT [45] code
and Lany-Zunger correction suite [51-54]. The transition
level diagram under O-poor synthesis conditions is plotted in
Fig. 10. The formation energies of the neutral defect species

Undoped

Si-doped %10
VB CB
[ Isi3sx10
[ si3px10 A

Ge-doped %10
VB CB

Ge 3d x10

[ 1Ge4sx10

[ 1Ge4px10

Sn-doped

Intensity (a. u.)

x10

CB
Sn 4d x10
[ Isns5sx10
[ sns5px10

&

10 8 6 4 2 o 2 4 6 -8
Energy (eV)

FIG. 9. Calculated total (TDOS) and partial density of states
(PDOS) for all the calculated orbitals of ten-atom §-Ga,O; primitive
unit cell and Si, Ge, and Sn doped 80-atom supercells, in which the
top of the VBM is set to 0 and PDOS for dopant s state is magnified
(x10) for clarity.

are summarized in Table III. We find that the Si and Ge sub-
stitutions (on the tetrahedral Ga site) are low energy shallow
defects within kgT of the CBM, while the Sn substitution (on
the octahedral Ga site) is slightly higher energy and slightly
further away from the CBM. This indicates that it should be
possible to achieve similar carrier concentrations with Si and

> b, — Sica
o} —— Sngca
S 1.0 »
C -
S
T 0.5
E
5 ]
OO I T I T I T I T

0.0 1.5 3.0 4.5
Fermi Level (eV)

FIG. 10. Transition level diagram for Si, Ge, and Sn dopants
under O-poor conditions.
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TABLE III. Summary of formation energies of neutral substi-
tution defects calculated in this work, and the formation energy
reported at the conduction band minimum in the study by Varley ez al.
[42].

Species  Formation energy/eV ~ Formation energy (lit.) [42]/eV
Siga 1.03 ~1.6
Gega 1.06 ~2.3
Snga 1.26 ~2.3

Ge doped Ga,0; samples, while Sn may be a less effective
dopant, both in terms of carrier concentration and in populat-
ing the CBM with electrons, as the transition level is further
from the CBM.

The low formation energy of Sig, indicates that it is
the most favorable of the three dopants examined, which is
consistent with previous reports in the literature [42]. How-
ever, identification of Geg, as another low energy species
is contrary to previous work, which suggests that Geg, (and
Sng,) both possess formation energies in excess of 2 eV. The
discrepancy could result from the use of the Freysoldt cor-
rection scheme, different treatment of the neutral charge state
defect, different pseudopotentials, differences in chemical po-
tential limits (details not provided by Varley et al.) [42], as
well as small differences in the dielectric constant and lat-
tice parameters, or from the identification of a new, lower
energy ground state defect. The significant energy differences
between the two studies (over 1 eV) suggests perhaps a com-
bination of pseudopotential effects, chemical potential limits,
and the identification of a lower energy ground state.
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