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ABSTRACT

Conductive homoepitaxial Si-doped β-Ga2O3 films were fabricated by pulsed laser deposition with an as-deposited 2323 S cm−1 conductivity
(resistivity ≙ 4.3 × 10−4 Ω-cm, carrier concentration ≙ 2.24 × 1020 cm−3, mobility ≙ 64.5 cm2 V−1 s−1, and electrical activation efficiency
≙ 77%). High quality homoepitaxial films deposited on commercial (010) Fe-compensated β-Ga2O substrates were determined by high-
resolution transmission electron microscopy and x-ray diffraction. The β-Ga2O3 films have ∼70% transparency from 3.7 eV (335 nm) to
0.56 eV (2214 nm). The combination of high conductivity and transparency offers promise for numerous ultrawide bandgap electronics and
optoelectronic applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062056

Transparent conducting oxides (TCOs) have been used in
a diverse number of applications, such as displays, flexible elec-
tronics, multifunctional windows, and photovoltaics, due to the
coexistence of high optical transparency and high electronic
conduction.1 Indium tin oxide (ITO) is a well-known transparent
conductor with a low resistivity ρ ≙ 0.37–2 × 10−4 Ω-cm (conven-
tional conductivity from 5000 to maximum 27 000 S cm−1).2 How-
ever, ITO is not a viable material as a UV transparent oxide owing to
its small bandgap energy (Eg ∼ 3.2 eV). Similarly, Al-doped and Ga-
doped ZnO have been extensively studied as In-free replacements
for ITO with slightly higher bandgaps up to 3.51 eV.3–10 La-doped
SrSnO3 has recently emerged as a candidate wide bandgap TCO
material.11 However, La-doped SrSnO3 film growth has not been
developed on native substrates, which may not be suitable for device
fabrication, owing to lattice and thermal expansion mismatch.
β-Ga2O3 is a possible candidate material for UV transparent oxides
and high power applications with an energy bandgap of ∼4.9 eV.12

β-Ga2O3 has rapidly advanced in a wide array of device applica-
tions13 owing to the wide bandgap,12 high critical field strength,14

and native substrate growth.15 In addition, epitaxial films have
been grown with a wide shallow doping range of 1015–1020 cm−3

fabricated by molecular beam epitaxy (MBE);16,17 metal organic
chemical vapor deposition (MOCVD),18,19 also known as metal
organic vapor phase epitaxy (MOVPE);20,21 low pressure chem-
ical vapor deposition (LPCVD);22 halide vapor phase epitaxial
(HVPE);23 and pulsed laser deposition (PLD).24 However, the con-
ductivity of existing β-Ga2O3 films has yet to achieve a high enough
level to be suitable as a TCO (at least, ρ ∼ 10−4 Ω-cm and σ ∼ 2000
S cm−1). In order to achieve conductivity in β-Ga2O3 films, early
reports investigated film growth on diverse substrates. Table I shows
that the conductivity of Ga2O3 films grown on native substrates,
ranging from 6.7 to 1201 S cm−1,17,19,21–25 is much higher than that of
films grown on other substrates such as silica 1,26 MgAl2O4 4.76,27

and Al2O3 8.2 S cm−1.28 Heteroepitaxial films may generate more
intrinsic defects that decrease the film conductivity compared to
homoepitaxial films due to lattice mismatch between the film and
the substrate. In this study, we report on high electrically conduct-
ing (2323 S cm−1) Si-doped β-Ga2O3 thin films with a bandgap of
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TABLE I. Transparent conductive oxide thin films in the recent literature.

References Conductivity Films Substrate Deposition technique

Najwa2 27 000 Sn-doped In2O3 (other TCO) Glass RF sputtering
Wei11 3 000 La-doped SrSnO3 (other TCO) MgO PLD
Orita26 1 Sn-doped Ga2O3 (Ga2O3 TCO) Silica PLD
Oshima27 4.76 Si-doped Ga2O3 (Ga2O3 TCO) MgAl2O4 PLD
Orita28 8.2 Sn-doped Ga2O3 (Ga2O3 TCO) Al2O3 PLD
Feng19 6.7 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) MOCVD
Rafique22 13 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) LPCVD
Leach23 189 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) HVPE
Ahmadi17 624 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) MBE
Baldini21 640 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) MOVPE
Leedy24 732 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) PLD
Lee25 1 201 Sn-doped Ga2O3 (Ga2O3 TCO) Semi-insulating β-Ga2O3 (native substrate) Mist CVD
This work 2 323 Si-doped Ga2O3 (Ga2O3 TCO) Fe:β-Ga2O3 (native substrate) PLD

4.596 eV by pulsed laser deposition on (010) edge-defined film-fed
growth substrates.

For sample growth, homoepitaxial Si-doped Ga2O3 layers were
grown on 5 × 5 mm2 Fe-doped Ga2O3 (010) single crystal substrates
(Novel Crystal Technology). A commercial pulsed laser deposition
system with a KrF excimer laser was used for PLD deposition with
a Ga2O3–1 wt. % SiO2 target. The base pressure of the PLD cham-
ber was 2.66 × 10−6 Pa. The 99.99% pure 2-in. diameter ablation
target was Ga2O3 with 1 wt. % SiO2 (Plasmaterials, Inc.). The laser
energy density of a KrF excimer laser (Coherent COMPexPro 110,
λ ≙ 248 nm) was 3 J cm−2 with the repetition rate of 10 Hz. The
substrate was rotated at 30○ s−1 and the substrate temperature was
between 550 and 590 ○C to avoid Fe diffusion into the film from the
Fe-doped substrate. Fe diffusion has been observed in an annealing
process at 950 ○C and involved intrinsic defects in the conductive
film.29 Depositions were performed with different O2/Ar mixtures
at either 8 or 13 Pa.

To determine the film’s structural properties, x-ray diffrac-
tion (XRD) analysis was performed using a PANalytical X-pert
diffractometer with a hybrid monochromator. Surface roughness
was observed with a Bruker Dimension Icon atomic force micro-
scope (AFM). Cross-sectional specimens for electron microscopy

were prepared using a Helios G4-UX focused ion beam (FIB).
Carbon and platinum layers were deposited prior to milling to
protect and prevent the sample surface from ion-beam damage. A
final milling step of 5 keV was used to further minimize beam dam-
age. High resolution scanning transmission electron microscopy
(STEM) was performed with an aberration corrected Titan Themis
operated at a beam voltage of 300 keV. Secondary ion mass spec-
trometry (SIMS) depth profiles were performed for Si and Fe atoms
by Eurofins EAG. A Perkin-Elmer Lambda 900 UV/VIS/NIR spec-
trophotometer was used to measure transmission and absorption
over a range of 190–3200 nm (6.52–0.387 eV). Room-temperature
Hall-effect measurement was performed using an Accent HL-5500-
PC system with a magnetic field strength of 0.5 T. Ohmic contacts of
Ti/Al/Ni/Au 20/100/50/50 nm were deposited on the corners of the
samples and annealed for 1 min at 470 ○C in N2.

We previously observed that an inherent inhomogeneity of
Si dopant in β-Ga2O3 films occurred, causing nonuniform current
flow, leading to low mobility at high O2 deposition pressures.30 In
order to further investigate diverse properties of films by chang-
ing the PLD plume formation in a higher pressure gas,31,32 we
deposited the films in this work in a series of O2/Ar mixtures but at
higher pressure with respect to reference.30 Figure 1 shows both the

FIG. 1. (a) Hall effect mobility and (b) carrier concentration of Si-doped β-Ga2O3 films as a function of O2% content at a fixed 8 Pa pressure. Remainder of process gas is
Ar.
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TABLE II. Highly conductive Si-doped β-Ga2O3 films with various thickness.

Sample
Thickness
(nm)

Doping

concentration (cm−3)

Mobility

(cm2 V−1 s−1)

No. 1 40 2.24 × 1020 64.5

No. 2 41 2.35 × 1020 53.3

No. 3 152 1.72 × 1020 54.3

No. 4 241 1.57 × 1020 60.0

No. 5 512 1.69 × 1020 56.8

mobility (a) and carrier concentration (b) increase as a function of
oxygen content during deposition. The residual gas species is Ar.
The samples were deposited under 100%, 75%, 50%, and 2% oxygen
at a fixed 8 Pa. Both carrier concentration and mobility show gen-
eral improvement in lower oxygen content depositions. Regarding
higher conductivity at lower oxygen deposition pressure, the exper-
imental results are in agreement with those of Müller et al.33 and
Leedy et al.30 For highly conductive oxide film deposition in pure Ar
gas, it has already been observed in polycrystalline Ga-doped ZnO
grown by PLD.34 For β-Ga2O3 PLD deposition, the oxygen from
the polycrystalline Ga2O3 PLD target may be sufficient for growing
the film such that additional oxygen process gas yields films with
higher resistivity. Accordingly, high quality films with enhanced
44.3 cm2 V−1 s−1 mobility and high carrier concentration (1.941
× 1020 cm−3) were deposited in pure Ar at 8 Pa. Similarly, films in
much higher (Ar 13 Pa) gas pressure are deposited and observed
in Table II to have higher (∼60 cm2 V−1 s−1) mobilities than films
(44.3 cm2 V−1 s−1 mobility) in 8 Pa of Ar. For the Si dopant in
β-Ga2O3, the mean free path between the collisions of Si, Ga, and
O is shortened with increasing pressure in the PLD chamber. The
shortened mean free path increases the molecular number density
that enables Si to dope in β-Ga2O3. The uniform Si dopant in β-
Ga2O3 increases the electrical activation efficiency, leading to the
improved conductivity.

Representative selected samples were deposited with thick-
nesses from 40 to 512 nm (as shown in Table II, the growth rate
is about 96 nm/h) in order to demonstrate the repeatability of film
quality, electrical activation efficiency with different thicknesses, and
optical properties of thicker films. The average electrical properties
of the five films from thinnest (40 nm) to thickest (512 nm) achieved
a room temperature carrier concentration of ∼1.9 × 1020 cm−3 and
mobility of ∼57.7 cm2 V−1 s−1. The samples were also character-
ized via temperature-dependent Hall effect measurement, where
the temperature was changed from 10 to 290 K. For sample No.
1 (highest conductivity), the measured room temperature (290 K)
electron mobility was 64.5 cm2 V−1 s−1 and the maximum mobil-
ity of 82 cm2 V−1 s−1 occurred at the lowest temperature, as shown
in Fig. 2(b). The carrier concentration remained nearly constant at
2.24 × 1020 cm−3 over the whole temperature range. The calculated
conductivity at room temperature using the carrier concentration
of 2.24 × 1020 cm−3 and mobility of 64.5 cm2 V−1 s−1 is 2323 S
cm−1 (4.3 × 10−4 Ω-cm resistivity), which represents the highest
conductivity for the epitaxial β-Ga2O3 films.

To support the electrical properties, secondary ion mass spec-
trometry (SIMS) depth profiles were performed. SIMS of Si and Fe
in the thinnest (sample No. 1, 40 nm) and thickest (sample No. 5,
512 nm) films is presented in Fig. 3. In neither case is the conduc-
tivity significantly affected by diffusion of these elements into the
interface region. In particular, the Fe concentration in both films
is about 1018 cm−3, far below the Si concentration of about 3.0
× 1020 cm−3. The Si and Fe concentrations can be compared with the
donor ND and acceptor NA concentrations, respectively, calculated
from the temperature-dependent Hall effect measurements.35,36 For
sample No. 1, ND ≙ 3.44 × 10

20 and NA ≙ 1.13 × 10
20 cm−3, and for

sample No. 5, ND ≙ 2.84 × 1020 and NA ≙ 1.15 × 1020 cm−3. The
Hall effect values of ND are very close to the SIMS values of [Si],
showing the accuracy of the calculations. In addition, note that NA

≫ [Fe], showing that Fe is not a dominant acceptor in any case, and
the same is probably true for any other background impurity. The
dominant acceptors are likely isolated Ga vacancies VGa or SiGa–VGa

FIG. 2. (a) Carrier concentration and (b) mobility of Si-doped β-Ga2O3 films from temperature-dependent Hall effect measurement (sample No. 1, No. 2, No. 3, No. 4, and
No. 5).
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FIG. 3. SIMS depth profile of Si and Fe in (a) 40 nm and (b) 512 nm thickness of Si-doped Ga2O3 films on the Fe-doped Ga2O3 [010] substrate.

complexes. Such a scenario, in which the dopant participates in
acceptor complexes, holds for many highly doped semiconductors,
e.g., Ga-doped ZnO.36 The electrical activation efficiencies, defined
as (ND–NA)/[Si], for sample No. 1 (40 nm thickness) and sample No.
5 (512 nm thickness) are 77% and 56%, respectively.

X-ray diffraction θ/2θ and rocking curve (RC) ω scans were
performed to study the crystal quality and strain of the films. Overall,
the film peaks are sharp and overlap the substrate peak, indicating
high quality epitaxy. Figures 4(a) and 4(b) show that a slight right
shoulder is observed in the θ/2θ scan. It indicates that the Si-doped
β-Ga2O3 film has a slight in-plane [010] tensile strain and com-
pressed along the [010] direction (∼0.07○ 2θ shift). This strain can
primarily be attributed to the smaller Si (IV) ion dopant substituting
the bigger Ga (III) ion in the film in addition to other potential fac-
tors, including thermal influences and defects from the growth. In
the subsequent ω RC scan on β-Ga2O3 [020], a full width half maxi-
mum (FWHM) in Fig. 4(d) shows 46.8 arc sec, averaged over several
samples (from 41 to 512 nm thickness), from the film (Si-doped

β-Ga2O3) compared to the substrate (Fe-doped β-Ga2O3), which has
32.4 arc sec FWHM, as shown in Fig. 4(c). Thus, the epitaxial film
structure is consistent with the substrate. The slight right shoulder
from the film RC also supports the evidence of slight tensile strain
in the Si-doped β-Ga2O3 film (∼0.02○ shift) in comparison with the
substrate.

Atomic force microscopy (AFM) in a 1 × 1 μm2 area was per-
formed to investigate the surface morphology. The overall surface
image in Fig. 5 shows surface morphologies that reveal smooth film
surfaces with a root-mean-square roughness (RMS) of ∼0.4 nm,
slightly rougher than the measured ∼0.1 nm RMS roughness from
the bare substrate.

To further investigate the structural properties, high-resolution
STEM was performed. We examined the film by a high-angle annu-
lar dark field (HAADF) STEM to confirm the film quality and the
film thickness, as shown in Fig. 6. The thickness of the film was
determined by the presence of the interface between the film and
the substrate that shows a bright contrast, likely originating from

FIG. 4. Symmetrical θ/2θ scan is for the (a) Fe-doped β-Ga2O3 substrate and (b) Si-doped β-Ga2O3 film. XRD rocking curve on β-Ga2O3 [020] of the (c) Fe-doped β-Ga2O3

substrate and (d) Si-doped β-Ga2O3 film.
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FIG. 5. 1 × 1 μm2 atomic force microscopy (AFM) image of the surface of the
Si-doped β-Ga2O3 film.

point defects, as shown in Fig. 6(a). The film thickness was measured
to be 40 nm, consistent with that obtained from step height pro-
filometry and SIMS. The film was grown uniformly in the β-phase
except for a very thin (<1 nm) surface layer of γ-Ga2O3 [110]. The
formation of a γ-Ga2O3 surface layer has also been observed in
β-Ga2O3 films grown by conventionalMBE37 and S-MBE,38 suggest-
ing that this is likely to be an intrinsic growth mechanism occurring
in homoepitaxial β-Ga2O3 [010] growths.

Reflectance (Rm) and transmittance (Tm) measurements were
performed on sample No. 5 (Si-doped β-Ga2O3, 512-nm thick,
grown on double-side-polished Fe-doped β-Ga2O3 [010]) over a

range of 190–3200 nm (6.52–0.387 eV). Curves of Rm and Tm, along
with absorbance Am ≙ 1 − Rm − Tm, are plotted in Fig. 7(a). The
optical transmittance is ∼70% from 3.7 eV (335 nm) to 0.56 eV
(2214 nm). In the deep ultraviolet (DUV) region, the transmission
was reduced, e.g., to 20% at 4.42 eV (280 nm). The bandgap can be
calculated from a linear plot of α2 vs energy E, as shown in Fig. 7(b).
The absorption coefficient α is determined from an exact formula
that holds for small α as well as large α.39 (Note that the usual Tauc
plot of (αE)2 vs E is correct only for amorphous materials.) Band fill-
ing causes the bandgap (4.596 eV) of this highly conductive layer to
be larger than that of the nonconductive substrate by the so-called
Moss–Burstein (MB) shift, about 0.32 eV for the concentration of
sample No. 5 listed in Table II.

To investigate the influence of the substrate on the optical prop-
erties, we distinguish between the thin film layer with the substrate
and the substrate alone. The differences in the optical properties of
the Si-doped β-Ga2O3 layer and the Fe-doped β-Ga2O3 substrate
are best illustrated by a comparison of their absorption (alpha) and
reflection (R) coefficients, calculated from the reflectance and trans-
mittance and shown in Fig. 8. The big difference in R is the promi-
nent plasmonic reflectance beginning at about 0.57 eV in the layer,
and a difference in alpha is the free-carrier absorption below about
1 eV. Both of these effects are due to the free carriers generated by the
Si donors. Another difference in absorption occurs from 2 to 3 eV
and is possibly due to Si_Ga–V_Ga acceptors in the Si-doped layer.
In short, the most prominent features seen in the layer but not the
substrate are the absorptions from 0.4 to 1.0 eV and 2.0 to 3.5 eV,
and the reflective feature is below 0.57 eV.

Figure 9 shows the overall trend of mobility vs carrier con-
centration of β-Ga2O3 films using different deposition techniques
and dopants.46–52 In highly degenerate semiconductors, the mobil-
ity decreases in the high concentration range mainly due to
the SiGa donors, VGa acceptors, and SiGa–VGa complex accep-
tors, as explained below. In fact, the key method of increas-
ing both concentration and mobility is to decrease the acceptor

FIG. 6. HAADF-STEM images of the
β-Ga2O3 film grown by PLD on the Fe-
doped β-Ga2O3 substrate. (a) Overview
of the sample at low magnification shows
the interface between the PLD–grown
film and the substrate. The interface
is marked with orange arrows. (b) The
film is grown uniformly in the β-phase
(001) except at the surface where 1–2
monolayers of the γ-phase are formed.
The enlarged image from the surface
region shows the γ-phase (110) crystal
structure. (c) Enlarged area from (a) at
the interface shows the uniform β-phase
without any large-scale defects or dislo-
cations, confirming a smooth transition
from the substrate to the film.
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FIG. 7. (a) Transmittance, reflectance, and absorbance of 512 nm thick Si-doped β-Ga2O3 [010] and (b) measured bandgap energy of Si-doped β-Ga2O3 [010].

concentration. We have earlier developed an expression for mobil-
ity35 as a function of the compensation ratio K ≙ NA/ND. For the
five samples in Table II, K is 0.328, 0.393, 0.430, 0.378, and 0.405.
If all the acceptors in each sample could be eliminated or passi-
vated, i.e., K ≙ 0, the mobilities would be 105, 92, 104, 103, and
103 cm2 V−1 s−1, respectively. Moreover, the conductivities would
be more than double; e.g., for sample No. 1, it would increase from
2323 to 7516 S cm−1. This calculation shows the enormous benefit
of decreasing NA. In earlier literature shown in Fig. 9, a mobility of
15 cm2 V−1 s−1 was achieved at 5 × 1020 cm−3,25 26.5 cm2 V−1 s−1 at
1.74 × 1020 cm−3,24 and 30 cm2 V−1 s−1 at 1.37 × 1020 cm−3.30 How-
ever, our films have higher mobilities, likely due to lower values of
K. Of course, other scattering mechanisms may also be responsible
for lower mobilities.40

To understand the nature of defect complexes and their con-
tribution to mobility improvement in the absence of dislocations
or grain boundaries, we performed first principles calculations of
formation energies. The large Si concentrations in the experiment
correspond to one Si atom per 100–200 Ga atoms, which is the

size of typical supercell calculations. This means that Si donors and
thermodynamically driven gallium vacancies coexist in close prox-
imity. We performed first principles modeling to find formation
energies and electronic structures of silicon-gallium vacancy defect
complexes. We used the projector augmented wave function41 pseu-
dopotential method implemented in the Vienna Ab Initio Simu-
lation Package42 with an energy cutoff of 400 eV. For structural
optimizations, we used the revised Perdew–Burke–Ernzerhof func-
tional for solid (PBESol),43 followed by single point total energy
calculations with the hybrid Heyd–Scuseria–Ernzerhof (HSE).44 For
the latter, we used a Hartree–Fock mixing parameter of 0.305. The
supercell model corresponded to eight crystallographic unit cells
(160 atoms) and used a 2 × 2 × 2 k-point grid. The formation energy
E f depends strongly on the growth conditions, i.e., gallium-rich vs
oxygen-rich. Different growth conditions determine different values
of gallium chemical potential μGa, which enters into the expres-
sion of formation energy E f (D) ≙ E(D) − E(bulk) −∑GanGaμGa
−∑SinSiμSi + qEF + ECorr ,

45 where D stands for the supercell with a
defect state, EF stands for the Fermi level relative to the top of the

FIG. 8. (a) Absorption coefficient of the 512 nm thick Si-doped β-Ga2O3 film with the substrate (Fe-doped β-Ga2O3) vs bare substrate alone (Fe-doped β-Ga2O3). (b)
Reflection coefficient of the 512 nm thick Si-doped β-Ga2O3 film with the substrate (Fe-doped β-Ga2O3) vs bare substrate alone (Fe-doped β-Ga2O3).
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FIG. 9. Mobility vs carrier concentration
of n-type-doped homoepitaxial β-Ga2O3

films in the recent literature.

valence band in the unperturbed (bulk) lattice, and ECorr stands for
the sum of several finite size corrections: band alignment, charge
image, and band filling corrections. Here, nSi is the number of added
silicon atoms and nGa ≙ −nSi − 1 is the number of added gallium
atoms (including the vacancies). For Ga-rich conditions, μGa,Max

≙ −3.71 eV, corresponding to the metallic gallium phase, whereas
for O2-rich conditions, μGa,min ≙ −10.74 eV.46–52 The large magni-
tude of the latter determines a large shift downward of E f as the
number of Si substitutional atoms increases (increasing the number
of removed Ga atoms). For Ga-rich conditions, the defect complexes
D(nSi) ≙ nSiSi −VGa have formation energies comparable to that of
a single vacancy VGa, i.e., between −1 and −0.4 eV for EF ≙ Egap

(i.e., the Fermi level at the bottom of the conduction band CBM). By
increasing nSi, the charges of these defects decrease by 1: from VGa

−3

of gallium vacancy to Si −V−2Ga , 2Si −V
−1
Ga , and 3Si −V0

Ga. These are
deep acceptors with energy levels situated at 2.8 eV below the con-
duction band (by comparison, the gallium vacancy has a defect level
at 1.2 eV below the conduction band). The situation is dramatically

changed for O2-rich conditions when the complexes D(nSi) with
nSi > 0 become energetically favorable: E f ,O2−rich(Si −V

−2
Ga) ≙ −8.23

eV, E f ,O2−rich(2Si −V
−1
Ga) ≙ −17.74 eV, and E f ,O2−rich(3Si −V

0
Ga)

≙ −25.77 eV (for EF ≙ E_gap). The lower charge states of these
defects reduce significantly the charge impurity scattering. The
actual experimental growth conditions lay in the range between
Ga-rich and O2-rich, closer to the latter.

In conclusion, transparent conducting oxide (TCO) thin films
of Si-doped β-Ga2O3 by PLDwere investigated by XRD, AFM, TEM,
SIMS, Hall effect, and UV spectrophotometer. The highest conduc-
tivity achieved was 2323 cm−1 with 64.5 cm2 V−1 s−1 mobility and
2.24 × 1020 cm−3 carrier concentration. The calculated donor ND

value of 3.44 × 1020 cm−3 is very similar to the Si chemical con-
centration of about 3 × 1020 cm−3 from SIMS, which achieved 77%
electrical activation efficiency. The bandgap energy of the highly
conductive Si-doped β-Ga2O3 film was 4.596 eV. These results indi-
cate that Si impurities are uniformly doped in β-Ga2O3 with low
level structural distortion, and this TCO achieves transmission into
the UV region, which opens up the potential for optoelectronic
applications.
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