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ABSTRACT

We investigated the atomic position and the chemical state of an active Sn dopant for Sn-doped
B-Ga203(001) using x-ray absorption near the edge structure (XANES) and hard x-ray
photoelectron spectroscopy (HAXPES). We found that the Sn dopant had only one chemical
state, which was a Sn*" oxidation state. The bond length around the Sn dopant atom became
longer due to the relaxation effect after the Sn dopant insertion. Comparison of the
experimental and simulated XANES spectra showed that the octahedral Ga substitutional site
in the $-Ga203(001) is an active Sn dopant site.

MAIN TEXT

In recent years, gallium oxide (Ga20O3) has gained significant attention as an ultra-wide
bandgap semiconductor because of its bandgap of around 5 eV, its high thermal stability, and
the availability of large-scale Ga>Os single crystal wafers. Such superior properties of Ga,0s
can be applied to the field of electronic and photonic devices, such as high-power transistors,
deep-UV photodetectors, and sensors. For Ga,0s, there are five crystal polymorphs: a-, -, d-,
v-, and k-Ga>0O3, among which B-Ga>Os3 has received the most attention due to its highest
thermal stability.!”’

In general, precise control of carrier density, mobility, and resistivity is essential for
the application of B-Ga20s-based devices in electronic and optoelectronic fields.® Dopants in

B-Ga;O3 can enhance the electrical properties of materials and optimize device
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performance.’!%!2 Previous studies showed that Sn is used as an n-type dopant in -Ga20s to
control electrical properties.!!"!> Ohira et al. found that Sn is uniformly dispersed in B-Ga2Os
and suggested that it may be substituted in the Ga site in the B-Ga2Os lattice.'>!® There are two
inequivalent Ga atomic sites in B-GaOs: octahedral (Octa) and tetrahedral (Tetra).!!:!?
However, it has not been clarified how many chemical states exist in Sn-doped B-Ga>O3 and
which of the substitutional Octa and/or Tetra sites is the active dopant one. Determining the
atomic structure and the chemical state of active Sn dopant in B-GaOs3 is a necessary step.
Once both have been clarified, we can create a strategy to increase the activation of the Sn
dopant. This approach might increase the industrial relevance of Sn-doped B-Ga>Os for cost-
sensitive applications, such as field effect transistors and gas sensors.

In the present study, we investigated the atomic position and the chemical state of an
active site for Sn-doped B-Ga>O3 using x-ray absorption near the edge structure (XANES),
extended x-ray absorption fine structure (EXAFS) and hard x-ray photoelectron spectroscopy
(HAXPES).

The Sn-doped B-Ga>O3(001) substrate used in this study was purchased from Novel
Crystal Technology, Inc. The Sn-doped B-Ga,Os; single crystal was grown using the edge-
defined film-fed growth process. GaxO3 powder was used as the source material. We placed the
source powder in an iridium crucible surrounded by a radio frequency (RF) induction coil and
added tin dioxide (SnO2) powder to the Ga,O3 powder as the Sn dopant source. Heating was
performed using an RF induction coil to reach a melting point of B-Ga>O3z (1800°C under
atmospheric pressure). A mixture of 98% Nz and 2% O> gas at 1 atm pressure was used for the

>17.18 whose details were described elsewhere.’ The carrier concentration of the

growth process
Sn dopant was also obtained from Novel Crystal Technology, Inc. Electrochemical
capacitance-voltage measurements estimated the carrier concentration to be 1.1 x 10! ¢cm?.
Sn metal foil (Nilaco Corporation), SnO powder, and SnO> powder (Fujifilm Wako Pure
Chemical Corp.) were used as reference samples.

HAXPES measurements for the reference samples (Sn metal foil, SnO powder, and
SnO, powder) were done using PHI Quantes (ULVAC-PHI). Monochromatic Cr Ka (5414.9
eV) was used as incident x-rays for HAXPES. Its energy resolutions were set to 1.11 eV. The
take-off angle was set to 90° (the surface normal). We used Au film to estimate the Fermi level
and perform the energy calibration. We employed a neutralizer to avoid the charging effect.
Note that for the PHI Quantes, it was very difficult to measure the Sn 2p3/> signal for the Sn-
doped B-Ga,03 because of the quite low intensity. Thus, we used SPring-8 (third generation
synchrotron institute) to obtain the Sn 2p3» HAXPES spectrum for the Sn-doped B-Ga20s.

HAXPES, XANES, and EXAFS measurements were performed at BL22XU at
SPring-8.!9?? For the HAXPES measurements, the incident photon energy was 8 keV, and the
energy resolution was set to 340 meV. We used a SCIENTA-OMICRON EW4000 with a large-

acceptance-angle as an electron analyzer.?® Kirkpatrick-Baez focusing mirrors were used and
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the beam size at the sample position was ~30 pm % ~30 um (horizontal x vertical). The take-
off angle (TOA) was set to 89° (the surface normal is 90°). Au film was used to estimate the
Fermi level and perform the energy calibration. A neutralizer was employed to avoid the
charging effect. The Sn K-edge XANES and EXAFS measurements were made using the
fluorescence yield and the transmission yields. We measured them with a 19-element high-
purity germanium detector (Mirion Technologies (Canberra) KK) and an ionization
chamber.?! The beam’s spot-size at the sample position was ~0.4 um x ~0.5 um (horizontal x
vertical).?? The energy range for the EXAFS measurements was 29,000 eV to 29,480 eV with
energy steps of 1.0 eV.

We used FEFF9**?° for the XANES simulations and employed ~ 350 atoms, full
multiple scattering, a self-consistent field, Hedin-Lundqvist (HL) exchange-correlation
potential, and the final-state effect (Z+1 approximation).?®?’ In the simulated XANES spectra,
the absorption edges were shifted by 39 eV to correct the edge energy to the experimental
value, 830

Figure 1 shows the Sn 2p3», HAXPES spectra for the Sn-doped B-Ga>O3(001), the Sn
metal foil, the SnO powder, and the SnO, powder. We used Voight function (convolution of
Lorentzian and Gaussian functions) for peak fitting after removal of the background of the
Shirley function.>!** For the peak fitting, we fixed 1.7 eV of full width at half maximums
(FWHM) of the Lorentzian componet for all the samples. Only one peak is observed at
3932.3+0.05 eV for the Sn-doped B-Ga>03(001), indicating that the dopant Sn atom exhibits a
single chemical state. In the Sn metal HAXPES spectrum, a peak is observed at 3928.8+0.05
eV. For the SnO powder, a peak is seen at 3931.0+0.05 eV in the HAXPES spectrum. The SnO»
powder HAXPES spectrum shows a peak position at 3930.5+0.05 eV. The FWHMs of the
Gausiian componet for the Sn-doped -Ga,03(001), the Sn metal foil, the SnO powder, and the
SnO, powder were 1.67, 1.84, 2.15, 1.94 eV, respectivety. Since the Sn dopant atom exhibits a
similar peak position to the SnO powder and the SnO> powder, its chemical state may be due
to an oxidation state. In addition, since the Sn dopant may be due to the oxidation state, it might
be attributed to the Ga substitution site (Snga). Note that the Sn 2p3» spectrum measured for
SnO powder shows higher binding energy level than that for SnO> powder.** Considering the
oxidation states of 2" for SnO and 4" for SnO,, the peak position of SnO, powder should show
higher binding energy level. We think this phenomenon might be attributed to the final state
effect for the photoelectron formation process.>>-

Figure 2(a) shows the Sn K-edge XANES spectra for the Sn-doped B-Ga>O3(001), the
Sn metal foil, and the SnO powder and the SnO, powders. Figure 2(b) shows the edge positions
of the Sn metal, the SnO powder, the SnO; powder, and the Sn-doped B-Ga>O3(001) whose
edge positions are observed at 29191.0+1, 29194.9+1, 29198.5+1, and 29198.0+1 eV,
respectively. These edge energies were determined by the first derivative peak of the leading

edge for the Sn K-edge XANES spectra.’’ Figure 2(c) shows the oxidation state as a function
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of the energy of the absorption edge for Sn K-edge, which was obtained from the previous
estimations.*®* This figure indicates that the Sn-doped B-Ga,03(001) exhibits ~ Sn*' state.
Since relative chemical shifts were caused by changes in the oxidation state,** the dopant Sn
atom might be attributed to the tetravalent state (Sn*') for the Sn-doped B-Ga>03(001).
Therefore, the Sn dopant state in the HAXPES spectrum (Fig. 1(a)) might be assigned to the
Sn*" oxidation state.

We employed EXAFS measurements to investigate changes in the interatomic bond
length around the Sn dopant atom for Sn-doped B-Ga>03(001). Figures 3(a) and (b) show the
EXAFS spectrum and the oscillations for the Sn-doped B-Ga03(001). The range in k-space
was chosen at 2.5-7 A™!. Figure 3(c) shows the Fourier transforms of the k*>-weighted EXAFS
and the fitting result of the Octa Sng, site. The fitting was performed using ARTEMIS software,
and the reliability factor was set to 0.026 under k? weights in the 2.5-7 A"' k range.*'*> The
fitting range was chosen at 1-2.2 A in r-space. The amplitude reduction factor was set to 0.8.
From the fitting results, the nearest Sn-O distance was estimated to be 2.03 A, indicating that
the bond length of the Sn-O of the Octa Sng. site became longer than the Octa site of the non-
doped B-Gax0;.** This bond extension may be due to the relaxation effect of the Sn dopant
insertion into the non-doped B-Ga>03. We were unable to fit the Fourier transforms of the k*-
weighted EXAFS well in the case of the Tetra Snca site (Fig. 3(d)). Therefore, the Octa Snga
site might be attributed to the active dopant site for Sn-doped B-Ga>0Os.

Figure 4 shows the experimental (Fig. 4(a)) and simulated XANES spectra for the
Octa Snga (Fig. 4(b)) and Tetra Snga (Fig. 4(c)) sites. Note that for the simulated Octa Snca
XANES, a Sn-O bond length of 2.03 A was employed. In the experimental XANES spectrum
(Fig. 4(a)), a main strong sharp peak is observed at 29204.1 eV. In addition, a weak shoulder
at 29221.9 eV and a broad component centered at 29252.7 eV are observed. (see arrows in Fig.
4(a)) For the Octa Snga simulated XANES spectrum (Fig. 4(b)), a main strong sharp peak and
a weak shoulder are observed at 29202.3 and 29219.5 eV, respectively. In addition, a broad
component centered at 29262.1 eV is observed. (see arrows in Fig. 4(b)) The simulated XANES
spectrum of the Tetra Snga structure (Fig. 4(c)) has two broad peaks at 29204.9 and 29223.2
eV and two weak components centered at 29267.9 and 29291.1 eV. (see arrows in Fig. 4(c))
From the comparison of the experimental and simulated XANES spectra, we found that the
simulated XANES spectrum of the Octa Snga has a similar shape to the experimental XANES
spectrum for Sn-doped B-Ga>O3(001). This result is supported by the density functional theory
where Octa Sng. exhibits a more stable site than Tetra Snga.** In contrast, the simulated XANES
spectrum for the Tetra Snca site does not explain the experimental spectrum. Thus, we conclude
that Octa Snga is the atomic structure of the Sn dopant site for Sn-doped B-Ga>O3(001).

In conclusion, we used HAXPES, XANES, and EXAFS to clarify the chemical state
and the atomic position of the Sn dopants for Sn-doped B-Ga,03(001). From HAXPES, we
found that the Sn dopant showed one chemical state. From the Sn K-edge XANES spectrum,
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the Sn dopant exhibited a Sn** oxidation state and the atomic position of the Sn dopant was
attributed to Octa Snga. Preparing the low resistivity at the surface of Ga>O3 based device is
very important issue to avoid the formation of the high resistivity when the surfaces contact
with other materials such as metals. Our results indicate that the surface should be covered
fully by the Octa Snga site to form the low resistivity. Thus, the low resistivity at the surface

might be realized by adding adequate amount of the Sn dopant to the surface.
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Figure Captions

Fig. 1. Sn 2p3/» core-level HAXPES spectra for (a) Sn-doped -Ga203(001), (b) Sn metal foil,
(c) SnO powder, and (d) SnO> powder. (a) measured at BL. 22XU at SPring-8. (b)-(d) measured
at PHI Quantes.

Fig. 2. (a) Normalized Sn K-edge XANES spectra of Sn-doped f-Ga>O3(001), Sn metal, SnO,
and SnO». (b) magnified absorption edge of the Sn K-edge XANES spectra. (c) Sn oxidation
state as a function of the energy of the absorption edge for Sn K-edge.

Fig. 3. (a) Normalized Sn K-edge EXAFS spectrum and (b) k*>-weighted Sn K-edge EXAFS
for Sn-doped B-Ga»03(001). Fourier transforms of the k?-weighted EXAFS (black solid line)
and the fitting results (red solid line) for Sng. in (c) Octa site and (d) Tetra site. The fitting
range was 1-2.2 A. The amplitude reduction factor and reliability factor values for Octa Snca
site and Tetra Sng. site were set to 0.8, 0.026 and 0.8, 0.051, respectively. (without phase shift

correction)

Fig. 4. (a) Normalized Sn K-edge XANES spectrum for Sn-doped B-Ga,03(001). The
simulated XANES spectra of (b) Octa Snga (red line) and (¢) Tetra Snga (blue line) sites. In the
FEFF9 simulations, the many-body amplitude reduction factor was set to 1.0. The cluster size
of 9.5 A was employed, which possessed ~350 atoms. The final state effect (Z+1

approximation) was employed for the simulations.
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