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The impact of Fréhlich scattering on $-Ga203 Schottky
barrier diodes (SBDs) electron mobility, particularly at high
temperatures, is investigated. This scat- tering is crucial due
to electron—polar optical phonon interactions.
Temperature- dependent |-V characteristics of a f-Ga203
SBD from 300 to 473 K showed significant current
reduction due to electron—polar optical phonon scattering,
supported by correlation with mobility profiles. Additionally,
in situ temperature- dependent XPS analysis revealed a
notable positive shift in core-level binding energy, attributed
to heightened electron—phonon interactions. This study
provides crucial insights into carrier transport mechanisms,
essential for power device design and operation.

|. Introduction

B-Gallium oxide (Gaz03), has emerged as a standout ultrawide
bandgap semiconductor. 8-Gaz03 boasts exceptional material
properties, including an impressive critical electric field strength
of up to 8 MV cm-1 and an ultrawide bandgap ranging from 4.6
to 4.9 eV.[12] These characteristics uniquely position it for high-
voltage applications and enable it to thrive in high-temperature
environments.3] An additional significant advantage of 3-Gaz03
lies in its capacity for precise n-type doping,[1.4] distinguishing it
from other ultrawide bandgap semiconductors like AIN and dia-
mond.[56] As a result, 3-Gaz03 has driven significant advance-
ments in power devices, particularly Schottky barrier diodes
(SBDs) and transistors.[7-12]

However, it is crucial to understand the impact of high tem-
peratures on carrier transport properties, particularly carrier
mobility, for devices operating in high temperature. While
B-Gaz03 power devices exhibit promising performance, a detailed
understanding of scattering mechanisms and carrier transport,

particularly at high temperatures, remains
a subject of ongoing research. Complex
phonon modes are excited in §-Ga203 due
to its highly anisotropic monoclinic crystal
structure, including acoustic deformation
potential, ionized impurity, and neutral
impurity scattering; electron—polar optical
phonon scattering predominantly governs
transport behavior in Gaz0s, particularly
at room temperature.[13-16] Preliminary
studies have debated the dominant scatter-
ing mechanism, whether nonpolar or polar,
in electron transport within B-Gaz203 at
room temperature.[l7-191 However, it is
widely acknowledged that polar optical pho-
non scattering primarily limits electron mobility.[20-22] Recent lit-
erature indicates that electron—phonon interaction is expected to
be the dominant factor at high temperatures, as suggested by
transmission spectroscopy.[?3] Additionally, it is reported that polar
optical phonon scattering dominates the carrier transport at high
temperature, consistent with calculated long-range interactions.[16]
Furthermore, temperature-dependent Hall-effect measurements
were conducted to confirm that the sole limiting mechanism
for mobility at high temperatures is indeed polar optical phonon
scattering.[14]

Comprehensive knowledge of the performance of §-Gaz203
power devices at elevated temperatures and their impact on car-
rier transport is vital for device design and operation. In this
work, we fabricate a 8-Gaz03 SBD and employ temperature-
dependent I~V characteristics to assess the role of electron—polar
optical phonon scattering in reducing current and limiting
mobility at elevated temperatures. In situ temperature depen-
dence of X-ray photoelectron spectroscopy (XPS) analysis in
Gaz03 was performed, revealing a positive shift in core-level
binding energy due to enhanced electron—phonon interactions
driven by phonon thermal energy. This work illuminates
B-Gaz03 power device performance at high temperatures, provid-
ing insights into crucial carrier transport mechanisms for device
design and operation.

2. Results and Discussion

In semiconductor devices, carrier transport depends not only on
the intrinsic carrier concentration but also on carrier mobility,
which is affected by scattering mechanisms. In polar semicon-
ductor, the Frohlich scattering is particularly strong.[24] The
Frohlich scattering is one of the elementary interactions between
charge carriers and lattice vibrations.[25] It involves the direct
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Figure I. a) Electron effective mass versus saturation drift velocity and b) electron mobility versus Frohlich coupling constant for various polar semi-

conductors at room temperature 300 K.

coupling of polar optical phonon to charge carriers, known as
Frohlich coupling. Figure 1a shows conduction band minimum
(CBM) electron effective mass m*. for various polar semiconduc-
tors versus saturation drift velocity at 300 K.[26-33] 8-Ga203 exhib-
its an electron-effective mass of 0.26mo and a saturation drift
velocity of 6.8 X 105 cm s-1.13435] This relatively small electron-
effective mass is attributed to the strong hybridization effects of
Ga orbitals in the conduction band.[?4] It can be seen that the
electron-effective mass and saturation drift velocity of Ga203
are similar to that of GaN. However, as seen in Figure 1b, while
the electron effective mass and saturation drift velocity of Gaz03

are similar to GaN, the electron mobility at 300 K in unintention-
ally doped Gaz03 (194 cm? V-15s-1) is nearly an order of magni-
tude lower than that of GaN bulk (1300 cm?2 V-1 s-1).[36-38] This
stark contrast in mobility can be attributed to Frohlich scattering.
The Ga—0 chemical bond in Gaz203 is exceptionally strong,
resulting in high bond ionicity and a low phonon energy
(hwo) of 29 meV.116:39401 This low phonon energy leads to sub-
stantial electron—polar optical phonon interaction. The dimen-
sionless Frohlich coupling constant,[41-45] depicted in Figure 1b,
highlights that coupling in Gaz0s is nearly three times stronger
than that in GaN, effectively renormalizing the electron effective
mass. Furthermore, the electron—phonon scattering time of
Gaz03 (4.5fs) is an order of magnitude shorter than that of
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GaN (25 fs).[18] This can be explained by significant Frohlich cou-
pling. Therefore, it is imperative to emphasize the profound role
of Frohlich scattering, serving as the primary limiting factor for
the diminished electron mobility observed in §-Gaz03.[46]
Understanding the charge carrier transport properties and
their temperature dependence is pivotal, particularly for practical
device applications. Many power devices typically operate under
high-temperature conditions. To thoroughly assess the perfor-
mance of 3-Ga203 power devices at high temperature and eluci-
date the impact of elevated temperatures on electron transport,
we conducted a comprehensive investigation through the
temperature-dependent [-V characteristics of 8-Ga203 SBDs.
Itis vital to account for carrier concentration since impurity scat-
tering can be a significant factor, especially when doping levels
exceed 2.76 X 1018 cm-3.[14] Therefore, to reduce experimental
complexity, we selected a lightly doped Ga203 concentration of
=1 X 1016 cm-3. Figure 2a illustrates the temperature-dependent
I-V characteristics of the 3-Ga203 SBD in the temperature range
of 300—-473 K. The inset in Figure 2 offers a cross-sectional sche-
matic of the device structure. Notably, as the SBD is turned on,
the current density decreases with increasing temperature.
Current density data was collected under forward bias conditions
of 2V at each temperature, allowing the device to turn on while
avoiding multiple high-field effects. As presented in Figure 2b,
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Figure 2. a) The temperature-dependent |-V characteristics of 8-Ga2O3 SBD. The inset shows cross-sectional schematics of the device. b) The temper-
ature dependence of current density extracted at 2V and the calculated Hall-effect electron mobility at various temperatures from 300 to 473 K.
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the current density at 2V exhibits a progressive decline from
294.2 Acm-2at 300 K to 187.4 A cm-2 at 473 K, marking a sig-
nificant 36.3% reduction with rising temperature. Note that
charge carrier transport properties result from a complex inter-
play of various scattering mechanisms. However, among diverse
mechanisms, electron-polar optical phonon scattering predomi-
nantly governs transport behavior in Gaz03, particularly at room
temperature.[1314 Furthermore, the prominence of electron—
polar optical phonon scattering is further enhanced with increasing
temperature.[16] Therefore, we hypothesize that electron—polar
optical phonon scattering is the primary cause of reduced current
at elevated temperatures. To validate the aforementioned hypoth-
esis, we conducted theoretical calculations based on the following
model that underscores the dominance of electron—polar optical
phonon scattering in governing carrier mobility.[14]

56 exp/2508=T7]-1
N S8 Q]
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b V2T-278]x2.8x10

where y, Np, and T are calculated theoretically based on the
model, with a doping concentration in Gaz03 of =101¢ cm-3 and
a temperature range spanning from 300 to 473 K, respectively.
These calculations were performed across a range of tempera-
tures, and the calculated mobility values have been graphically
represented in Figure 2b. It facilitates the examination of the
temperature-dependent behavior of carrier mobility as influ-
enced by electron—polar optical phonon scattering, revealing a
significant relationship between current density and carrier
mobility in B-Ga203 and providing valuable insights into the
underlying physics of the system. As the temperature increases,
there is a notable reduction in both the experimentally collected
current density mentioned above and the calculated carrier
mobility. Notably, the dynamic evolution of the calculated mobil-
ity profiles aligns closely with the experimentally collected
current density data, further confirming the fidelity of our
analysis. It is evident that electron—polar optical phonon scatter-
ing plays a key role in dominating carrier mobility in 8-Ga203 at
high temperature.

Considering that electrons interact with polar optical phonons
and undergo energy absorption or emission during coupling, it
can significantly impact the binding energy of electrons. In order
to investigate the influence of Frohlich coupling on electron
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states, XPS characteristics were conducted, which are sensitive
to electronic states and binding energy. Figure 3a shows the
XPS spectrum of survey for Gaz03 at 300 K. It can be identified
as the peak of Ga LMM, GaZ2ps/2, O1s, and O KLL, which is cali-
brated by C 1s peak. Figure 3b shows energy band diagram of
Gaz03 and core level of GaZps/2. Note that the energies obtained
from XPS are referenced to the Fermi level energy. For the sake
of discussion, the energy derived from the valence band spec-
trum in XPS is measured relative to the valence band maximum
(VBM) with respect to the Fermi level, denoted as a. Similarly,
the binding energy of the core-level Ga2ps2 is referenced to the
Fermi level and designated as b.

In order to investigate electron—polar optical phonon interac-
tion at high temperature furtherly, in situ temperature depen-
dence of XPS characteristics on Ga203 was conducted. Figure 4a
e A 5 SNBSS AR
and Ga2p core level () are obtained with elevated temperature.
The VBM is determined by identifying the intercept between the
extracted baseline and the linear extrapolation of the leading edge
of the valence band. It is consistent with the estimation of the
hole energy level derived from the Fermi level. Note that the elec-
tron effective mass is dependent on the electron states on CBM
derived from the hybridization of Ga orbitals. Therefore, the
GaZp core levels were selected to investigate. To show the
dynamic evolution qualitatively, the temperature dependence
of aand b is depicted in Figure 4b. Interestingly, insignificant
variations of VBM are found with increasing temperature, and
it is consistently observed to be approximately 3.2 eV below
the Fermi level. Note that the Fermi level actually matches with
VBM.[47] Therefore, it suggests that the Fermi level experiences
insignificant movement despite exposure to high temperature,
aligning with stable energy band structure in Ga203 under high
temperature. On the other hand, a noteworthy positive shift
in the binding energy of GaZp core levels from 1117.37 to
1117.78 eV is observed as the temperature increases from
300 to 473 K. This elevated binding energy arises from a charge
transfer effect.[4849] As the temperature increases, the interplay
between electrons and phonons becomes more pronounced,
driven by the heightened thermal energy carried by the phonons.
This heightened energy prompts a more efficient absorption
of phonon energy by electrons, triggering a consequential

Ga2p;,

Figure 3. a) XPS spectrum of survey for Ga2O3 at 300 K. b) The energy band diagram of Ga2Os. The a and b refer to VBM and Ga 2p3n core-level.
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Figure 4. Temperature-dependent XPS spectrum of for Ga;O3 from 300 to 473 K. a) VBM a and Ga 2p3» core-level b. b) The dynamic evolution of VBM

and Ga 2p3n core level based on the temperature from 300 to 473 K.

redistribution of electrons and instigating a charge transfer
effect.50]1 This phenomenon, observed in our study, serves as
a critical precursor to the manifestation of the Frohlich coupling.
In essence, the heightened absorption of phonon energy by elec-
trons, especially in the escalating temperatures as detailed in our
observations, serves as a pivotal prelude to the intricate influence
of Frohlich coupling in Ga203. The ensuing adjustments in elec-
tron distribution, coupled with the consequential charge transfer
effects, underscore the significant role played by Frohlich cou-
pling in the observed increase in binding energy. This phenom-
enon shares similarities with the behavior observed in Zn0.[51]
To a certain extent, in our study, the temperature-dependent XPS
analysis provides a unique window into the evolving nature of the
electron—phonon coupling strength as temperatures vary. This
analytical approach significantly bolsters the robustness of our
investigation into the intricate realm of Frohlich coupling in
Gaz03 at elevated temperatures.

The investigation of electron—polar optical phonon coupling,
as elucidated in Figure 5, reveals a crucial interaction mecha-
nism. Here, the de-Broglie momentum of electrons is denoted
as P,[521 while the polar optical phonon energy is represented
by hwo, signifying the quantized energy associated with lattice
vibrations. This electron—polar optical phonon interaction mech-
anism is fundamentally one of the primary interactions between

' . Oxygen

Figure 5. Schematics of the Frohlich coupling mechanism: polar optical
phonon—electron interaction.

charge carriers and lattice vibrations. Within this mechanism,
polar optical phonons, carrying the distinct energy quantum of
hwo, facilitate an energy exchange with electrons. Simultaneously,
electrons manifest a specific de-Broglie momentum, reflecting
their wave-like nature and momentum within the Ga203 material.
The intricate interaction results in the absorption and emission of
energy, establishing a coupling between electrons and lattice vibra-
tions. Consequently, it assumes a pivotal role in governing charge
carrier transport within Gaz03, significantly influencing electron
mobility.

3. Conclusion

In conclusion, our study unveils the pivotal role of the Frohlich
scattering mechanism in governing electron mobility in Gaz03,
particularly at high temperature. This insight holds profound
implications for the field of power devices, where high-temperature
operation is often a critical requirement. By fabricating a
B-Gaz203 SBD and conducting temperature-dependent [-V char-
acteristics, we highlight the significance of electron—polar optical
phonon scattering in reducing current at elevated temperatures.
The close alignment between experimentally collected current
density data and calculated mobility profiles underscores the
practical relevance of the Frohlich mechanism. Furthermore,
our in situ temperature dependence of XPS analysis reveals a
positive shift in core-level binding energy due to enhanced
electron-phonon interactions driven by phonon thermal energy.
These findings emphasize the essential role of electron—phonon
interactions in Gaz03 and their implications for optimizing
power device performance under high-temperature conditions.
This work contributes to the broader efforts in semiconductor
physics and the development of high-performance electronic
properties.

4. Experimental Section

A -Ga,O3 SBD was fabricated on a commercial Ga;O3 wafer. A 10 um-
thick n-type lightly doped Ga»Os drift layer was grown on a heavy doped
B-Ga;03 (001) substrate with a concentration of =1.6 X 10'® cm= by
halide vapor phase epitaxy (HVPE) technique. The electron concentration


http://www.advancedsciencenews.com/
http://www.pss-b.com/

was determined to be 135 cm* V-' s=' from Hall measurement. The cath-
ode Ti/Au (20/200 nm) was deposited entirely on the Ga;O3 substrate by
e-beam evaporation and subsequently subjected to Ohmic annealing at
470 °C. The circular anode Ni/Au (45/200 nm) with a radius of 60 pm was
deposited on a drift Ga2O;s layer. The temperature-dependent |-V charac-
teristics of devices were conducted with Keysight BI500A Semiconductor
Device Analyzer at temperature ranging from 300 to 473 K. The in situ tem-
perature-dependent XPS characteristics were employed to analyze the
dynamic evolution of VBM and Ga 2ps3;» core-level of B-Ga;Os within a
temperature range of 300473 K. We used Al Ky (hv = 1486.6 eV) as an
X-ray radiation source and calibrated the measurements with the C |s peak
(284.8 eV). A charge neutralizer was employed to counterbalance electrical
signals, preventing positive charge accumulation due to X-ray photon exci-
tation at the surface of sample. The XPS characteristics met an energy
resolution of 0.1 eV. Therefore, the spectral shifts from XPS characteristics
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