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ABSTRACT 

In this paper, we analyze the threshold voltage stability of beta-Ga2O3 FinFETs for power applications using Al2O3 as gate 
insulator. In dynamic characterization measurements, when the filling bias condition is moved from off-state to on-state a 
positive threshold voltage shift is induced, caused by the trapping of electrons in the insulator or at the insulator interface 
with the semiconductor. 

The threshold voltage variation was found to be stable in rest condition, but illumination by 280 nm UV light was able to 
slowly recover the threshold voltage even below its value before the filling condition was applied, suggesting the presence 
of natively trapped charge into the oxide even in the as-grown device. In order to obtain more information on the role of 
the external illumination, monochromatic excitation in the range from 1.5 eV to 5 eV was applied to the device before a 
transfer characteristic measurement. Results show that photon energies lower than 2.2 eV cause a positive threshold voltage 
shift, caused by charge trapping during the measurement phase and not related to illumination. Photon energies between 
2.2 eV and 3.5 eV promote electron detrapping, leading to a partial recovery in the threshold voltage. Finally, energies 
above 3.5 eV cause an additional charge trapping process. 

The physical origin of the photon energy difference was investigated by monochromatic light-induced current transients, 
and a suitable model considering the conduction band discontinuities between the gate metal and the oxide and between 
the oxide and the semiconductor was developed to explain the experimental data. 
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1. INTRODUCTION 

Gallium oxide in the beta crystal structure is a promising material for next generation power electronics, thanks to its high 
bandgap, critical electric field and mobility, and only a minor loss in thermal conductivity compared to other wide bandgap 
semiconductors [1]–[3]. Both diodes and transistors based on beta-Ga2O3 with excellent performance are already 
demonstrated, relying on various device structures [4]–[8]. The current trend in power electronics is to move to vertical 
device topologies, which result in higher breakdown voltage and higher current density for the same area use of a lateral 
device [9]–[11]. The use of gate insulators in devices at a low technology readiness level still poses problems of 
performance and reliability that have to be addressed [12], [13]. 
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2. EXPERIMENTAL DETAILS 

The devices under test are based on the FinFET architecture. The structure is fully vertical, so the Ti/Au drain contact is 
placed directly below the substrate. The drift region is a 10 µm thick n--Ga2O3 layer grown by hydride vapor phase epitaxy 
(HVPE) on top of a n-doped (001) Ga2O3 substrate. The 1.39 µm fins are obtained by dry etching of the drift layer. The 
gate insulator is Al2O3, deposited by atomic layer deposition (ALD) and 35 nm thick, and the gate metal is a 50 nm Cr 
layer. In order to improve the source contacts, the Ti/Al/Pt stack is deposited on top of a 400 nm n+-Ga2O3 layer, obtained 
by ion implantation of silicon atoms. Al2O3 is used also as the spacer between the gate and source metals, which are also 
used to form field-plate structures. The sketch of the structure is shown in Figure 1, and more details can be found in [14]. 
The behavior of the sample was investigated by means of pulsed ID-VG measurements, ID-VG sampling and photoassisted 
ID-VG and IDG measurements. 

 

 
Figure 1. Schematic structure of the FinFETs under test. 

 

3. THRESHOLD VOLTAGE INSTABILITY 

 

A common occurrence in insulated gate devices is the presence of electron trapping at high positive gate bias, due to the 
injection of the channel electrons into the gate dielectric. This effect is present in the devices under test, as shown in Figure 
2 (a): when the filling gate bias is higher than the OFF-state voltage a rigid positive shift in the ID-VG is visible, caused by 
the electrostatic repulsion between the electrons trapped in the gate oxide and the electrons of the channel. The amount of 
threshold voltage variation and the filling gate voltage leading to it is shown in Figure 2 (b). The electrons are supposed to 
be trapped in interface or border traps [15]. 
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Figure 2. (a) positive shift in the ID-VG curve and (b) dependence on the filling gate voltage during pulsed ID-VG 
measurements at increasing positive gate filling bias.. 

 

 
Figure 3. Repeated ID-VG measurements during (a, c) filling at VG = 4V and VD = 0V, and (b, d) and recovery 
time. The recovery is carried out at room temperature in (b) dark condition and (d) under 288 nm UV light. 
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The detected variation in threshold voltage can, in principle, be caused also by a permanent degradation of the device. In 
order to understand if the charge trapping hypothesis is correct, we monitored the shift in the ID-VG curves during filling 
and recovery time, as shown in Figure 3 (a-b). The detected shift, plotted in Figure 4 (a-b) is only partially recoverable at 
room temperature, a finding compatible with emission of trapped electrons but not excluding possible degradation effects. 

For this reason, the same experiment was carried out by shining UV light with a 288 nm LED. As shown in Figure 3 (c, 
d), the photons are able to promote the de-trapping of electrons, suggesting that no permanent degradation takes place in 
the filling phase. 

Moreover, the threshold voltage recovers to a value even lower than the initial one (see Figure 4 (c, d)), suggesting that in 
the initial state of the sample some electrons are natively trapped in the oxide, possibly deeper in energy or position than 
the ones filled in the filling phase, which can be removed by the high-energy photons. 

 

 
Figure 4. Shift in threshold voltage extrapolated from the ID-VG measurements in Figure 3. 
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4. EFFECT OF MONOCHROMATIC LIGHT 

 

The finding that light is able to penetrate the structure and lead to a change in trap charge state is relevant, since it allows 
for characterization of the related deep levels by means of monochromatic photoassisted measurements. The devices are 
measured in dark condition, after five minutes of illumination in rest bias condition. 

 

 
Figure 5. Variation in ID-VG measurements under excitation with monochromatic light with different photon 
energy. 

 

 
Figure 6. Variation in threshold voltage extrapolated from the measurements in Figure 5. Gray lines are guides for 
the eye. 
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The results of the ID-VG measurements, shown in Figure 5, highlight a complex interplay between the photons and the 
behavior of the device. Analysis of the threshold voltage variation, reported in Figure 6, shows a positive shift up to 2.2 
eV, followed by a negative shift up to 3.5 eV and by a subsequent additional increase. 

 

 
Figure 7. Variation over time in drain-gate leakage induced by illumination with photon energies from 1.5 eV to 
5 eV, step 0.1 eV. A non-monotonic trend is detected. 

 

 
Figure 8. Variation in drain-gate leakage extrapolated from the measurements in Figure 7. Gray lines are guides 
for the eye. 

0 500 1000 1500 2000

90%

100%

110%

120%

130%

140%

150%

160%
D

ra
in

-g
at

e 
le

ak
ag

e

Time (s)

Photon energy from 1.5 eV to 5 eV

1 2 3 4 5
0%

200%

400%

600%

800%

1000%

1200%

1400%

1600%

D
ra

in
-g

at
e 

le
ak

ag
e

Energy (eV)

Proc. of SPIE Vol. 11687  116870E-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 
 

 

 

The interpretation on the physical meaning of this result relies on additional photoassisted current transient measurements, 
in a configuration similar to the one of internal photoemission spectroscopy measurements (IPS). The measurement of the 
drain-gate leakage at VG = 0 V and VD = 2 V under monochromatic light is shown in Figure 7, and the corresponding end 
value of the current transient is plotted in Figure 8 as a function of the photon energy. 

Below 2.2 eV the drain-gate current does not change, since the energy is not high enough to remove the trapped electrons 
or to transfer electrons across the gate dielectric. Therefore, the detected increase in threshold voltage is ascribed to the 
effect of the cumulative ID-VG measurements, where the gate is brought up to 3 V, enough to induce some charge trapping 
as shown in Figure 2. Between 2.2 eV and 3.5 eV, the photon energy is high enough to promote detrapping. The detrapped 
electrons drift towards the drain increasing the measured leakage, and the lower electrostatic repulsion causes the recovery 
in the threshold voltage. Above 3.5 eV, electrons from the metal are injected in the insulator, leading to additional electron 
trapping. This electron trapping produces the increase in threshold voltage, due to the increase in electrostatic repulsion, 
and the decrease in leakage current, since they oppose the injection of additional electrons from the metal towards the 
oxide. A 3.5 eV barrier in the conduction band between Cr and Al2O3 is confirmed by some reports in the literature [16], 
[17]. 

 

5. CONCLUSIONS 

In summary, we analyze the threshold voltage stability of beta-Ga2O3 FinFETs for power applications using Al2O3 as gate 
insulator. After a filling bias condition a threshold voltage shift is induced, recoverable by illumination with UV light. 
Illumination with different photon energies causes positive or negative threshold voltage shifts, depending on the specific 
wavelength used. By means of monochromatic light-induced current transients a suitable model considering the conduction 
band discontinuities between the gate metal and the oxide and between the oxide and the semiconductor was developed to 
explain the experimental data. 

 

ACKNOWLEDGEMENTS 

 

This work was supported in part by University of Padova through the “Novel vertical GaN-devices for next generation 
power conversion,” NoveGaN project, STARS CoG Grants. At Cornell, this activity has been supported in part by AFOSR 
under Grant FA9550-17-1-0048 and Grant FA9550-18-1-0529, carried out at CNF and CCMR Shared Facilities sponsored 
in part by the NSF NNCI Program under Grant ECCS-1542081, in part by MRSEC program under Grant DMR-1719875, 
and in part by MRI under Grant DMR-1338010. 

 

REFERENCES 

[1] M. Higashiwaki, K. Sasaki, H. Murakami, Y. Kumagai, A. Koukitu, A. Kuramata, T. Masui, and S. Yamakoshi, 
“Recent progress in Ga2O3 power devices,” Semicond. Sci. Technol., vol. 31, no. 3, p. 034001, Mar. 2016, DOI: 
10.1088/0268-1242/31/3/034001. 

[2] M. Higashiwaki and G. H. Jessen, “Guest Editorial: The dawn of gallium oxide microelectronics,” Appl. Phys. 
Lett., vol. 112, no. 6, p. 060401, Feb. 2018, DOI: 10.1063/1.5017845. 

[3] J. Y. Tsao, S. Chowdhury, M. A. Hollis, D. Jena, N. M. Johnson, K. A. Jones, R. J. Kaplar, S. Rajan, C. G. Van 
de Walle, E. Bellotti, C. L. Chua, R. Collazo, M. E. Coltrin, J. A. Cooper, K. R. Evans, S. Graham, T. A. Grotjohn, 
E. R. Heller, M. Higashiwaki, M. S. Islam, P. W. Juodawlkis, M. A. Khan, A. D. Koehler, J. H. Leach, U. K. 
Mishra, R. J. Nemanich, R. C. N. Pilawa-Podgurski, J. B. Shealy, Z. Sitar, M. J. Tadjer, A. F. Witulski, M. 
Wraback, and J. A. Simmons, “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” 
Adv. Electron. Mater., vol. 4, no. 1, p. 1600501, Jan. 2018, DOI: 10.1002/aelm.201600501. 

Proc. of SPIE Vol. 11687  116870E-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 
 

 

 

[4] E. Swinnich, M. N. Hasan, K. Zeng, Y. Dove, U. Singisetti, B. Mazumder, and J.-H. Seo, “Flexible β-Ga 2 O 3 
Nanomembrane Schottky Barrier Diodes,” Adv. Electron. Mater., vol. 5, no. 3, p. 1800714, Mar. 2019, DOI: 
10.1002/aelm.201800714. 

[5] J. Yang, S. Ahn, F. Ren, S. J. Pearton, S. Jang, and A. Kuramata, “High Breakdown Voltage (−201) $\beta $ -
Ga2O3 Schottky Rectifiers,” IEEE Electron Device Lett., vol. 38, no. 7, pp. 906–909, Jul. 2017, DOI: 
10.1109/LED.2017.2703609. 

[6] M. H. Wong, K. Sasaki, A. Kuramata, S. Yamakoshi, and M. Higashiwaki, “Field-Plated Ga2O3 MOSFETs With 
a Breakdown Voltage of Over 750 V,” IEEE Electron Device Lett., vol. 37, no. 2, pp. 212–215, Feb. 2016, DOI: 
10.1109/LED.2015.2512279. 

[7] K. Chabak, A. Green, N. Moser, S. Tetlak, J. McCandless, K. Leedy, R. Fitch, A. Crespo, and G. Jessen, “Gate-
recessed, laterally-scaled β-Ga2O3 MOSFETs with high-voltage enhancement-mode operation,” in 2017 75th 
Annual Device Research Conference (DRC), 2017, pp. 1–2, DOI: 10.1109/DRC.2017.7999398. 

[8] W. S. Hwang, A. Verma, H. Peelaers, V. Protasenko, S. Rouvimov, H. (Grace) Xing, A. Seabaugh, W. Haensch, 
C. Van de Walle, Z. Galazka, M. Albrecht, R. Fornari, and D. Jena, “High-voltage field effect transistors with 
wide-bandgap β -Ga 2 O 3 nanomembranes,” Appl. Phys. Lett., vol. 104, no. 20, p. 203111, May 2014, DOI: 
10.1063/1.4879800. 

[9] M. H. Wong, K. Goto, A. Kuramata, S. Yamakoshi, H. Murakami, Y. Kumagai, and M. Higashiwaki, “First 
demonstration of vertical Ga 2 O 3 MOSFET: Planar structure with a current aperture,” in 2017 75th Annual 
Device Research Conference (DRC), 2017, pp. 1–2, DOI: 10.1109/DRC.2017.7999413. 

[10] K. Sasaki, Q. T. Thieu, D. Wakimoto, Y. Koishikawa, A. Kuramata, and S. Yamakoshi, “Depletion-mode vertical 
Ga 2 O 3 trench MOSFETs fabricated using Ga 2 O 3 homoepitaxial films grown by halide vapor phase epitaxy,” 
Appl. Phys. Express, vol. 10, no. 12, p. 124201, Dec. 2017, DOI: 10.7567/APEX.10.124201. 

[11] Z. Hu, K. Nomoto, W. Li, L. J. Zhang, J.-H. Shin, N. Tanen, T. Nakamura, D. Jena, and H. G. Xing, “Vertical fin 
Ga2O3 power field-effect transistors with on/off ratio &gt;10 9,” in 2017 75th Annual Device Research Conference 
(DRC), 2017, pp. 1–2, DOI: 10.1109/DRC.2017.7999512. 

[12] C. De Santi, A. Nardo, M. H. Wong, K. Goto, A. Kuramata, S. Yamakoshi, H. Murakami, Y. Kumagai, M. 
Higashiwaki, G. Meneghesso, E. Zanoni, and M. Meneghini, “Stability and degradation of isolation and surface 
in Ga2O3 devices,” Microelectron. Reliab., vol. 100–101, p. 113453, Sep. 2019, DOI: 
10.1016/J.MICROREL.2019.113453. 

[13] C. De Santi, M. Fregolent, M. Buffolo, M. H. Wong, M. Higashiwaki, G. Meneghesso, E. Zanoni, and M. 
Meneghini, “Carrier capture kinetics, deep levels, and isolation properties of β -Ga 2 O 3 Schottky-barrier diodes 
damaged by nitrogen implantation,” Appl. Phys. Lett., vol. 117, no. 26, p. 262108, Dec. 2020, DOI: 
10.1063/5.0029295. 

[14] W. Li, K. Nomoto, Z. Hu, T. Nakamura, D. Jena, and H. G. Xing, “Single and multi-fin normally-off Ga 2 O 3 
vertical transistors with a breakdown voltage over 2.6 kV,” in 2019 IEEE International Electron Devices Meeting 
(IEDM), 2019, pp. 12.4.1-12.4.4, DOI: 10.1109/IEDM19573.2019.8993526. 

[15] Z. Hu, K. Nomoto, W. Li, Z. Zhang, N. Tanen, Q. T. Thieu, K. Sasaki, A. Kuramata, T. Nakamura, D. Jena, and 
H. G. Xing, “Breakdown mechanism in 1 kA/cm 2 and 960 V E-mode β -Ga 2 O 3 vertical transistors,” Appl. 
Phys. Lett., vol. 113, no. 12, p. 122103, Sep. 2018, DOI: 10.1063/1.5038105. 

[16] H. B. Michaelson, “The work function of the elements and its periodicity,” J. Appl. Phys., vol. 48, no. 11, pp. 
4729–4733, Nov. 1977, DOI: 10.1063/1.323539. 

[17] J. Robertson and B. Falabretti, “Band offsets of high K gate oxides on III-V semiconductors,” J. Appl. Phys., vol. 
100, no. 1, p. 014111, Jul. 2006, DOI: 10.1063/1.2213170. 

 

Proc. of SPIE Vol. 11687  116870E-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


