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Abstract: The availability of monoclinic aluminum gallium oxide (β-(AlxGa1-

x)2O3) alloys and their staggered band alignment with β-Ga2O3 makes it possible to 
realize two-dimensional electron gas (2DEG) through modulation-doping. This 
brings unique advantages in improving the electrical transport properties in β-
Ga2O3, and at the same time, it provides a great platform for the evaluation of a 
range of the fundamental materials and electrical properties of β-Ga2O3. In this 
chapter, we describe the early efforts in the design and epitaxy of the heterostruc-
tures, and discuss the confirmation of a 2DEG through temperature-dependent Hall 
measurements as well as the first observation of the quantum oscillations in the 
material system. We will further discuss the realization of modulation-doped field 
effect transistors (MODFETs), which have contributed to the evaluation of the sat-
uration velocity and demonstration of high breakdown field in the material system. 
We will also discuss the methods to improve the 2DEG density, and present the first 
double heterostructure MODFET (DH-MODFET). The early efforts on β-(AlxGa1-

x)2O3/ Ga2O3 heterostructures confirmed that the modulation-doped structure could 
be a promising architecture for electronic device applications.  

Introduction  
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Beta-phase gallium oxide (β-Ga2O3) has been recognized recently as a promising 
candidate for electronic device applications because of its wide band gap energy1 
(4.6 eV) and the expected high breakdown field near 8 MV/cm2. This, together with 
good doping properties, ohmic contacts, and a relatively high estimated saturation 
velocity of ~ 2×107 cm/s 3, leads to a high figure of merit for both power electronics 
and high-frequency electronics applications. Moreover, the availability of high 
quality single-crystal material using melt-based techniques4-6 is beneficial for mass 
production of low-defect wafers, especially when compared to other wide bandgap 
semiconductors, such as SiC and GaN. Recent efforts have led to the demonstration 
of various device structures with promising device performance.7-17 Experimental 
observations of high breakdown fields above 5 MV/cm have been reported for ver-
tical Schottky diodes18,19, and near 4 MV/cm for lateral MOSFET transistors20, 
which have already surpassed the material limit for GaN and SiC. Current modula-
tion and the capability toward high frequency operations were demonstrated as well. 
However, most of the existing research relied on bulk-doped β-Ga2O3 channels, 
leading to low transconductance (gm). Besides, the on-resistance and the ability to 
operate under velocity saturation regime have also been limited by the low channel 
mobility below 150 cm2/Vs at room temperature mainly due to polar optical phonon 
scattering. These issues greatly limit the applications of β-Ga2O3 in both power and 
high-frequency devices.  

Improvements in the electron mobility is feasible in a modulation-doped two-
dimensional electron gas (2DEG) channel by reducing the effect of ionized impurity 
scattering. Theoretical calculations predicted an enhanced screening effect for high 
2DEG densities above 5×1012 cm-2, and this could lead to an improved channel mo-
bility above 500 cm2/Vs at room temperature.21 The higher channel mobility could 
bring significant research opportunities for β-Ga2O3 in a range of device applica-
tions. Additionally, the 2DEG channel provides the feasibility for charge scaling 
and aggressive device scaling in both lateral and vertical directions, making it espe-
cially favorable for high frequency electronics and power switching applications. 

In this chapter, we will review the early development of AlGaO/GaO modula-
tion-doped field effect transistors (MODFETs)and discuss the design and experi-
mental confirmation of the 2DEG channel at the heterointerface. The modulation 
doped structures were further used to determine several electronic properties of β-
Ga2O3, including low-field transport properties in a wide temperature range, quan-
tum transport, electron saturation velocity in β-Ga2O, and breakdown strength. 

Monoclinic phase (AlGa)2O3 forms a staggered band alignment to β-Ga2O3, with 
a positive conduction band offset and small valence band offset.22 When a thin sheet 
of dopants is placed in the (AlGa)2O3 layer, the free carriers could be transferred to 
the AlGaO/GaO interface23, leading to the formation of a 2DEG. The equilibrium 
2DEG density (ns) in the system is determined by electrostatics and can be estimated 
by 
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where 𝑁(9, 𝜙;, and 𝛥𝐸>  represent the activated donor concentration in the delta-
doped layer, the Schottky barrier height and the conduction band offset, respec-
tively. e and ε are the unit charge and dielectric constant. The physical definitions 
for the thicknesses 𝑑@ and D are schematically shown in Fig. 1(a). For 2DEG den-
sities above 1012 cm-2, the contribution from the second term of equation (1) is neg-
ligible and the 2DEG density is mainly determined by the first term. Therefore, 
more charge could be transferred to the 2DEG channel when the spacer thickness is 
reduced. Increasing the intentional doping concentration could lead to a similar in-
crease of the 2DEG density until the onset of a parasitic channel formed in the 
(AlGa)2O3 barrier layer. The low conductivity in the parasitic channel could com-
promise the overall conductivity of the modulation-doped structure and impact the 
device performance. Therefore, significant effort has been devoted to the optimiza-
tion of the modulation-doped structures to avoid the formation of the parasitic chan-
nel, and this also sets an upper limit on the pure 2DEG density for a given conduc-
tion band offset.  

 

Figure 1 (a) Schematic structure for the modulation-doped field effect transistor. (b) 
Schematic energy band diagram of the MODFET. A 2DEG is formed at the AlGaO/GaO 
interface through modulation doping. 

Alloying of Al with β-Ga2O3 provides flexibility for heterostructure device de-
signs. β-(AlxGa1-x)2O3 has been demonstrated to be stable with Al composition up 
to 80%, even though Al2O3 is stable in the corundum polytype.24 Epitaxial growth 
of β-(AlxGa1-x)2O3 has been attempted by several growth techniques, including mo-
lecular beam epitaxy (MBE)25-28, pulsed laser deposition (PLD)29-32, mist chemical 
vapor deposition (CVD)33 and metal-organic chemical vapour deposition 
(MOCVD)34. Because of the atomic layer precision, controlled n-type doping pro-
vided by MBE growth and maturity in the growth technique, it was the first tech-
nique used for the realization of the MODFET structures.13,16,17  



4  

The MBE growth condition of β-(AlxGa1-x)2O3 was first explored by Takayoshi 
Oshima et al on (100)-oriented β-Ga2O3 substrates26. At a substrate temperature of 
800 oC, an Al composition up to 61% was achieved. However, the films showed 
high surface roughness, and at the same time, the growth on (100)-oriented sub-
strates suffered from significantly lower growth rate compared to the growth on 
(010)-oriented substrates since it is a cleavage plane and has higher desorption rate 
at the growth temperatures. β-(AlxGa1-x)2O3 growth on (010)-oriented substrates 
was investigated by Stephen Kaun et al25, who demonstrated smooth surface mor-
phology and sharp heterointerfaces between β-(AlxGa1-x)2O3 and β-Ga2O3. How-
ever, the maximum Al composition achieved in the monoclinic phase was found to 
be less than 25%, which was further confirmed by other researchers. This limits the 
conduction band offset at the AlGaO/GaO interface below 0.4 eV.22 As a result, the 
maximum 2DEG density that can be confined at the heterointerface before the onset 
of the parasitic channel in the AlGaO barrier layer is estimated to be ~ 2×1012 cm-2 
for the structure shown in Fig. 1(a), which has a 4.5 nm spacer layer and 22.5 nm 
AlGaO barrier above the delta-doped layer.  

Preliminary demonstrations on β-(AlxGa1-x)2O3/Ga2O3 modulation-doped field 
effect transistors have been reported by several groups using either Si-delta dop-
ing15-17 or Ge doping in the β-(AlxGa1-x)2O3 layer13. Carrier confinement was demon-
strated based on capacitance-voltage measurements.13,16,35 However, high sheet 
charge densities above 5×1012 cm-2 were measured for the channels, suggesting the 
existence of a parasitic channel in the AlGaO barrier layer. This was further con-
firmed by the absence of an improvement of the channel mobility, which could have 
been reduced by parallel conduction through the low mobility channel in the 
(AlxGa1-x)2O3 layer.  

Development of the β-(AlxGa1-x)2O3/Ga2O3 modulation-doped structures by Y. 
Zhang et al15,17,36 focused on the optimization of the intentional doping concentra-
tion in the AlGaO barrier layer to avoid the formation of a parasitic channel. The Si 
delta doping concentration was controlled by varying both the cell temperature and 
the shutter pulsing time during growth.17 The impurity distribution within one mon-
olayer of (AlxGa1-x)2O3 was expected. Successes in the removal of the parasitic 
channel led to the demonstration of single 2DEG channels with densities below 
2×1012 cm-2. This allowed for the characterization of the intrinsic 2DEG transport 
properties in β-Ga2O3.  

Electrical transport in AlGaO/GaO MODFETs 

In this section, we discuss the characterization of a 2DEG at the AlGaO/GaO 
interface through the measurement of the electrical transport characteristics of the 
structure. Similar to the other 2DEG systems in AlGaAs/GaAs MODFET or 
AlGaN/GaN HEMT structures, the 2DEG carrier density is expected to have weak 
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temperature dependence because of the electrostatics. At the same time, the reduced 
impact from polar optical phonon scattering is expected to enable superior transport 
characteristics at cryogenic temperatures. Therefore, unique quantum transport 
properties of the 2DEG are anticipated in the AlGaO/GaO modulation doped 
structure. In this section, we discuss direct evidences of quantum confinement of a 
2DEG at the β-(AlxGa1-x)2O3/Ga2O3 interface based on temperature-dependent Hall 
measurements and Shubnikov-de Haas (SdH) oscillations. 

The modulation-doped β-(AlxGa1-x)2O3/Ga2O3 structure is shown in Fig. 1. To 
achieve ohmic contact, a degenerately-doped β-Ga2O3 layer was grown to enable 
sidewall contact to the electron channel.17,37 A metal stack of Ti/Au was then evap-
orated on the regrown Ga2O3 regions and annealed at 470 oC for 1 min to form ohmic 
contact. TLM measurement for the source/drain contacts indicated ohmic perfor-
mance with contact resistivity of ~ 9 Ω mm to ~ 1 Ω mm depending on the total 
charge density in the channel.15,17,37 The degenerate doping in the β-Ga2O3 contact 
layer prevented carrier freeze-out and ensured ohmic contact at cryogenic tempera-
tures. 

The temperature-dependence of Hall charge density and Hall mobility was meas-
ured using a Van der Pauw structure, as shown in Fig. 2. Weak temperature depend-
ence in the measured Hall charge density was observed for the modulation-doped 
structures. This is in contrast with the carrier freeze-out in bulk-doped β-Ga2O3 at 
low temperatures38-40, and serves as a direct proof of a degenerate 2DEG at the β-
(AlxGa1-x)2O3/Ga2O3 interface. One challenge that needs to be addressed is the pos-
sible appearance of a parasitic channel in the (AlxGa1-x)2O3 barrier layer because of 
the difficulty in the intentional doping control. It was experimentally observed that 
the 2DEG density that can be confined in the adopted AlGaO/GaO modulation 
doped structure with Al composition of ~ 18% (Fig. 2) is approximately ~ 2×1012 
cm-2 because of the small conduction band offset, which was predicted to be less 
than 0.4 eV based on first principle calculations.22 Further increase in the 2DEG 
charge density requires higher conduction band offset or using a relatively thinner 
spacer layer. 

The room temperature mobility of 180 cm2/Vs was measured in a modulation-doped 
structure. This is similar to the highest reported values in lightly-doped bulk β-
Ga2O3 films.39 The channel mobility increased significantly upon lowering the 
measurement temperature, and a low temperature mobility value of 2790 cm2/Vs 
was obtained in the β-Ga2O3 material system. To understand the scattering mecha-
nisms, the temperature dependence of electron mobility was analyzed by consider-
ing various scattering mechanisms, including polar optical phonon scattering (μPOP), 
remote impurity scattering (μRS), background impurity scattering (μbackground), acous-
tic deformation potential scattering (μADP), interface roughness scattering (μIFR) and 
alloy scattering (μAlloy). The total effective mobility was obtained based on Matthies-
sen’s rule: 1/μeff = 1/μRS + 1/μbackground + 1/μPOP + 1/μADP + 1/μIFR + 1/μAlloy.  
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Figure 2 (a) Temperature-dependence of charge density measured using a Van der Pauw 
configuration as shown in the inset. (b-c) Experimental and calculated electron mobilities 
for sample A (b) and sample B (c) by considering various scattering mechanisms, including: 
polar optical phonon scattering (µPOP), remote impurity scattering (µRS), background impu-
rity scattering (µbackground), interface roughness scattering (µIFR), and acoustic deformation 
potential scattering (µADP). Reproduced from Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. Johnson, 
Y. Zheng, S. Bajaj, M. Brenner, D. Dorsey, K. Chabak, G. Jessen, J. Hwang, S. Mou, J. 
Heremans, and S. Rajan,  Applied Physics Letters 112 (17) (2018), with the permission of 
AIP Publishing.17 

The electron scattering was found to be dominated by impurity scattering at low 
temperature, and by polar optical phonon scattering in the high temperature range. 
A significant improvement of the low-temperature mobility was observed when the 
UID β-Ga2O3 buffer layer thickness was increased from 130 nm to 360 nm. Mobility 
calculation suggested a corresponding reduction of the background impurity 
concentration through the growth of thicker buffer layer. At low temperatures, 
mobility is limited by a combination of interface roughness and background 
impurity scattering. Further optimization of the epitaxial material quality is 
expected to further increase the 2DEG mobility at low temperatures. Recently, the 
development of growth techniques, such as MOCVD39 and HVPE41, has led to high 
quality epitaxial layers with low background charge concentrations below 1016 cm-

3, and therefore, low-temperature electron mobility above 5000 cm2/Vs was 
demonstrated.41 However, the difference in the background impurity concentration 
showed minimal impact on the room-temperature mobility, which is intrinsically 
limited by the low optical phonon energy.42,43 Increasing the 2DEG density to take 
advantage of the enhanced screening effect provides a viable solution to overcome 
such mobility limits21.  

The high channel mobility at low temperature and the existence of a degenerate 
2DEG allowed for the observation of quantum transport in the Ga2O3 material sys-
tem. The dependence of the transverse magnetoresistance (Rxx) of the modulation 
doped structure on the magnetic field perpendicular to the sample surface was meas-
ured, as shown in Fig. 3. Multiple periods of oscillations were observed for the 
transverse magnetoresistance (Rxx), and plateaus corresponding to Landau splitting 
were observed in the measured Hall resistance (Rxy). These results represent the first 
demonstration of Shubnikov-de Haas oscillations in the Ga2O3 material system.17  
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Figure 3 (a) Temperature dependence of the transverse magnetoresistance of a Al-

GaO/GaO 2DEG channel as a function of the magnetic field perpendicular to the sample 
surface. (b) SdH oscillations of the transverse magnetoresistances. (c) The Hall resistances 
(Rxy) of the channel showing plateaus, which corresponds to the quantization of Landau lev-
els. Reproduced from Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. Johnson, Y. Zheng, S. Bajaj, M. 
Brenner, D. Dorsey, K. Chabak, G. Jessen, J. Hwang, S. Mou, J. Heremans, and S. Rajan,  
Applied Physics Letters 112 (17) (2018), with the permission of AIP Publishing.17 

The oscillation component of Rxx was extracted by subtracting the non-oscillating 
background, and was plotted as a function of reciprocal magnetic field (1/B) as 
shown in Fig. 3. The oscillation period Δ(1/B) is determined by the 2DEG carrier 
density through the expression: Δ(1/B)=e/πħn2D. The carrier density extracted from 
the SdH oscillations is 1.96×1012 cm-2, which matches well with the low-field Hall 
measurements. 

The first observation of quantum oscillations suggests that the β-(AlxGa1-

x)2O3/Ga2O3 modulation-doped structure could be a great platform for the studies of 
quantum transport in the material system. This could be used for the extraction of a 
range of fundamental material properties and investigate novel quantum phenomena 
in β-Ga2O3. The electron effective mass could be extracted based on the SdH 
oscillation amplitude as a function of the measurement temperature. The fitting to 
the experimental data suggested an effective mass of m*= 0.313 ± 0.015 m0, which 
is close to what was estimated from the theoretical calculations, band structure 
measurements and optical Hall measurements. At the same time, the quantum 
scattering time could be extracted to be 0.33 ps. This provides a reference for the 
analysis of the dominating scattering mechanism for low field electron transport in 
β-Ga2O3.17  

As discussed above, further increasing the 2DEG density in a single AlGaO/GaO 
heterostructure is challenging because of the limited conduction band offset that can 
be obtained in the present growth technologies. Two major solutions are possible to 
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increase the 2DEG density. The first one is to develop novel growth conditions to 
increase Al incorporation. Higher growth temperature was found to be favorable for 
the stability of AlGaO in the monoclinic phase. There are now significant research 
efforts toward higher temperature growth of AlGaO using both MOCVD and 
MBE.28,34 A recent demonstration of an In-catalyzed AlGaO growth method pushed 
the MBE growth temperature to more than 200 oC higher than the typical growth 
temperatures, which provides a tremendous growth window to explore.28 However, 
heterostructures with higher Al compositions have not been demonstrated. A second 
method to increase the 2DEG density is to introduce multiple heterostructures.15  

 
Figure 4 (a) Schematic epitaxial stack of the double heterostructure MODFET. (b) Equi-

librium energy band diagrams with and without parasitic channel and the corresponding 
2DEG charge distributions. Reproduced from Y. Zhang, C. Joishi, Z. Xia, M. Brenner, S. 
Lodha, and S. Rajan,  Applied Physics Letters 112 (23), 233503 (2018), with the permission 
of AIP Publishing.15  

Y. Zhang et al demonstrated experimentally15 a double heterostructure as shown in 
Fig. 4. Compared to the single heterostructure, the electrons are confined in a GaO 
quantum well layer sandwiched between two AlGaO barrier layers. Since Si delta 
doping exists in both AlGaO layers, electrons could be transferred from both below 
and above the β-Ga2O3 quantum well, resulting in a higher achievable 2DEG den-
sity in the quantum well. Using this structure, a confined 2DEG charge density of 
3.85×1012 cm-2 was estimated from low-temperature Hall measurement, which dou-
bled what was achievable in a single heterostructure. The experimental confirma-
tion of higher 2DEG density in the double heterostructure suggests that further 
charge scaling is feasible by increasing the number of quantum wells. This provides 
an elegant method to reach high charge densities required for high current and high 
power device operations.  

The field effect mobility of the quantum well channel was evaluated using three-
terminal measurement on a fat transistor with gate length/ width of LG/ W=100/ 100 
µm. The field effect mobility was found to peak at 150 cm2/Vs in the β-Ga2O3 quan-
tum well layer as shown in Fig. 5, however, it showed a significant reduction to 35 
cm2/Vs in the β-(AlxGa1-x)2O3 layers, which could be limited by the strong ionized 
impurity scattering and alloy scattering in the parasitic channel in the AlGaO layer. 
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The field effect mobility could be translated to Hall mobility by multiplying with 
the Hall factor, which was estimated to be ~ 1.7 by N. Ma et al.42 This leads to a 
Hall mobility of 255 cm2/Vs, which is higher than the measured Hall mobility of 
180 cm2/Vs in a single heterostructure, and further confirms the enhanced screening 
effect on the scattering centers, especially the polar optical phonons, by increasing 
the 2DEG density.15  

 
Figure 5 Depth profile of the field effect mobility (µFE) extracted from a fat transistor at 

VDS=0.1 V. Reproduced from Y. Zhang, C. Joishi, Z. Xia, M. Brenner, S. Lodha, and S. Rajan,  
Applied Physics Letters 112 (23), 233503 (2018), with the permission of AIP Publishing.15 

Modulation-doped Field Effect transistors 

AlGaO/GaO modulation-doped structure holds great promise for both high fre-
quency and high-power device applications, mainly because of the excellent 
transport properties and the feasiblity for aggressive device scaling in both the ver-
tical and the lateral directions. Preliminary device demonstrations on modulation 
doped field effect transistors were reported by Krishnamoorthy et al16 and Ahmadi 
et al13, however, the device performance was compromised by the poor contacts and 
the dominant parasitic channel in the AlGaO barrier layer. Recently, AlGaO/GaO 
single heterostructure MODFETs with pure 2DEG channel was demonstrated by 
Zhang et al.15,17,36 Using Pt/Au Schottky gate contact, the device showed normally-
off operation because of the depletion of the low 2DEG charge density ~ 2×1012 cm-

2 under the gate.  
As shown in Fig. 6, the MODFET device showed excellent drain current on/off 

ratio above 109. The subthreshold slope is ~ 90 mV/decade over more than five 
decades of the subthreshold current, suggesting high material quality of the β-
(AlxGa1-x)2O3 barrier layer. The devices showed low output conductance after satu-
ration, indicating good gate control of the 2DEG channel. The peak transconduct-
ance (gm) was measured to be 39 mS/mm at (VDS, VGS) of (10 V, 1.5 V) for the device 
with a gate length (LG) of 0.7 µm. While the transconductance is still limited by the 
low channel mobility because of the long channel length and low charge density, 
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the obtained transconductance is among the highest reported values for Ga2O3 tran-
sistors. The drain current of the devices was limited by the low charge density of 
2×1012 cm-2, and higher drain current above 250 mA/mm was achieved for double 
heterostructure MODFETs by increasing the total channel charge density.15  

 

 
Figure 6 (a) Output characteristics measured with gate bias VGS from 2 V to 0 V at a step 

of 0.25 V. (b) Transfer characteristics measured under a drain bias of VDS=10 V. (c) RF 
characteristics measured at VDS=10 V and VGS=1.5 V. The gate length, gate-drain spacing, 
source-drain spacing of the device are LG=0.7 µm, LGD=0.7 µm and LSD=1.8 µm, respec-
tively. Reproduced from Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. Johnson, Y. Zheng, S. Bajaj, 
M. Brenner, D. Dorsey, K. Chabak, G. Jessen, J. Hwang, S. Mou, J. Heremans, and S. Rajan,  
Applied Physics Letters 112 (17) (2018), with the permission of AIP Publishing.17 

The RF performance of the β-(AlxGa1-x)2O3/Ga2O3 MODFETs was characterized as 
shown in Fig. 6(c). The small-signal measurements on the MODFET device with 
LG=0.7 µm showed a cutoff frequency of 3.1 GHz, and maximum oscillation fre-
quency of 13.1 GHz at VDS of 10 V and VGS of 1.5 V. Compared to AlGaN/GaN 
HEMTs or AlGaAs/GaAs MODFETs with similar gate length, the high frequency 
performance of β-(AlxGa1-x)2O3/Ga2O3 MODFETs is still limited due to the lower 
channel mobility, which prevents electrons from reaching saturated velocity. How-
ever, due to the significant increase in the 2DEG mobility at low temperatures (as 
shown in Fig. 2), it is in fact possible to achieve velocity saturation inside the chan-
nel at lower temperatures. The small signal RF measurement of a β-(AlxGa1-

x)2O3/Ga2O3 MODFET device with gate length of LG = 0.61 µm indicated a signifi-
cant increase in the both ft and fmax from 4.0/ 11.8 GHz at room temperature to 17.4/ 
40.8 GHz at 50 K. The analysis of the low temperature ft based on device simula-
tions indicated a peak velocity of 1.2×107 cm/s.36 The current gain cut-off frequency 
is comparable to the GaN devices with similar gate length, further suggesting that 
the saturation velocity in β-Ga2O3 is comparable to that in GaN.  

Three terminal off-state breakdown measurements of AlGaO/GaO MODFETs 
suggested a breakdown voltage of 122.4 V for the device with gate-drain spacing of 
LGD = 0.38 µm. This translates into an average breakdown field of 3.22 MV/cm. 
Further incorporation of SiO2 dielectric layer for field management has led to im-
proved breakdown field near 4 MV/cm and high breakdown voltages above 1 kV 
for the AlGaO/GaO MODFETs.44  
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Summary 

The design and development of 2DEG channels in AlGaO/GaO modulation-
doped structures was reviewed in this chapter. While the research on modulation 
doping in the β-Ga2O3 system is still in its early stage, tremendous progress has been 
achieved. The main results are summarized below. 

1. Improved transport properties were observed for 2DEG channels as com-
pared to the bulk doped channels. The room temperature mobility was found 
to be 180 cm2/Vs in AlGaO/GaO single heterostructures, while the estimated 
Hall mobility reached 255 cm2/Vs in the quantum well channel of the double 
heterostructure MODFETs. The low temperature mobility of 2790 cm2/Vs 
(50 K) measured in the 2DEG channel is within the highest reported mobil-
ity values in β-Ga2O3 regardless of a high background charge estimated to 
be ~ 1017 cm-3 in the channel region. Further improvement of the material 
quality and reduction of the impurity concentration could lead to substantial 
improvement in the low-temperature mobility, making it possible to inves-
tigate quantum transport characteristics in β-Ga2O3.  

2. Due to the high channel mobility 2DEG, quantum oscillations were ob-
served in β-Ga2O3 for the first time. The analysis of the oscillation amplitude 
as a function of the measurement temperature and magnetic field led to the 
extraction of the effective mass to be m*= 0.313 ± 0.015 m0 and quantum 
scattering time to be 0.33 ps.   

3. The high channel mobility at low temperatures made it possible to extract 
the electron saturation velocity in β-Ga2O3. A saturation velocity of 1.2×107 
cm/s was estimated based on both the measured velocity-field profile and 
the analysis on the small-signal RF measurements at 50 K, which showed a 
current gain cutoff frequency of 17.4 GHz for the device with gate length of 
0.61 µm.  

4. The 3-terminal off states breakdown measurements on the MODFETs sug-
gested high average breakdown fields near 4 MV/cm.  

The experimental confirmation of the enhanced transport properties, high satu-
ration velocity and high breakdown field in the AlGaO/GaO MODFETs makes 
them promising candidates for future electronic device applications.  
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