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Abstract— This work presents mechanistic insight into
polarization-assisted charge trapping in GaN HEMTs and
demonstrates an enhancement-mode (e-mode) device
employing an antiferroelectric (AFE) Hfo.2Zro.s02 gate stack
(AFE-HEMT). The AFE gate stack, featuring enhanced
charge-trapping capability and zero remnant polarization
(Pr), allows complete utilization of trapped electrons for
channel depletion, resulting in a stronger positive threshold
voltage (V'tn) shift compared with the ferroelectric (FE) gate
stack. The AFE-HEMT achieves a Vru of 1.9 V, with a
maximum drain current (In_vax) of 481 mA/mm and an on-
resistance (Ron) of 7.4 Q-mm. Incorporating a floating gate
structure (AFE-FG-HEMT) further enhances Vru to 2.7 V
with an Ron of 6.5 Q-mm, significantly improves charge
retention, and yields negligible V'tu shift during positive bias
stress, demonstrating a compelling pathway toward stable,
normally-off GaN power devices.

Index Terms— E-mode GaN HEMT, charge trapping,
ferroelectricity and anti-ferroelectricity

Enhancement-mode (e-mode) GaN HEMTS are critical for
next-generation power electronics, offering intrinsic normally-
off behavior for improved safety, simplified gate drive design,
and reduced standby power consumption [1]. However,
conventional GaN HEMTs are inherently depletion-mode (d-
mode) due to the strong polarization-induced 2DEG at the
heterojunction [2]. Achieving robust and scalable GaN HEMTs
with true e-mode operation remains a key challenge. Several
approaches have been explored to achieve e-mode behavior,
including p-GaN gate [3], [4], recessed gate [5-8], and charge
trapping layer (CTL) technology [9-12]. Among these, CTL-
based approaches have gained attention for their tunability and
compatibility with planar device processing. In addition to
employing high-k materials as the blocking layer, the
integration of nonlinear dielectrics (e.g. FE and AFE) can
enhance charge injection [13-18]. While FE gate stacks—
particularly doped HfO,-based dielectrics (e.g. FE-HZO)—
have attracted attention for their CMOS compatibility and
scalability, the AFE-HZO gate stack offers unique benefits,
including higher saturation polarization (Ps), larger dielectric
constant, stronger depolarization effect, and minimal P;, making
it a highly promising candidate for e-mode GaN HEMTs.

In this work, we propose and demonstrate an e-mode AFE-
HEMT incorporating AFE Hfy,Zro30>. The working
mechanism of AFE/FE-gated HEMTs is analysed in detail via
band diagram and load-line analysis, supported by experimental
validation. The results clearly showcase that AFE-HZO
facilitates enhanced electron trapping, effectively depleting the
2DEG and achieving stable e-mode operation. This approach
offers an alternative path for threshold control in GaN HEMTs,
overcoming drawbacks of FE gate stacks.

As illustrated in Fig. 1, both AFE and FE gate stacks utilize
polarization-assisted charge trapping to modulate Vry. The
switching mechanism of FE-FETs involving charge trapping

has been investigated and is applicable to GaN HEMT [19-20].
During initialization, polarization of the HZO layer enhances
electron injection and trapping at the HZO/AL,O; interface in
both AFE and FE devices, which can be qualitatively described
using load-line analysis. The transistor load line shifts toward
P; (green dot) with the indication of charge trapping [Fig. 1(a)
and (d)].

After initialization, the device behavior diverges. In FE-
HZO, a large P: persists. When trapped charge (Qrwp) is
insufficient to compensate Py, the residual polarization field
attracts electrons to the channel, shifting /'y negatively. In the
load line plot, the transistor load line shifts left after
initialization, and the intersection point (light blue) between the
transistor load line and the O—V characteristic of the FE layer,
which represents Qre = Orrap, lies below 0 V, indicating d-mode
behaviour of the FE HEMT as shown in Fig. 1(b).

In contrast, the AFE-HZO gate stack exhibits a stronger
depolarization effect. At Vas = 0 V, Qrmp exceeds Oare,
effectively repelling the 2DEG, leading to a strong positive shift
in Vru. The load line plot also shows that the intersection
between the transistor load line and the AFE Q- characteristic
occurs at a positive voltage (light blue point), corresponding to
enhancement-mode operation [Fig. 1(e)]. Moreover, the AFE
phase of HZO generally exhibits a higher Ps and a larger
dielectric constant than its FE counterpart, enabling enhanced
charge injection, making AFE-HZO inherently more suitable
for charge-trapping-induced e-mode operation in GaN HEMTs.

Although the negative Vry shift in FE-gated GaN HEMTs
agrees with several prior studies [21-23], there are studies
showing positive /1y shifts that cannot be fully explained by the
conventional mechanisms. From the above analysis, the key
distinction lies in the depolarization behavior after removal of
the external bias, which determines whether the trapped charges
can effectively dominate. By intentionally enhancing
depolarization in FE gate stack, the post-initialization Qg can
be reduced, achieving an AFE-like positive Vry shift. For
instance, introducing dielectric layers in the FE gate stack can
enhance depolarization and suppress P; [12]. The engineered FE
case shows more noticeable depolarization effect, resulting in
Orap exceeding Qre after initialization, achieving e-mode
operation as illustrated in Fig. 1(c). However, FE gate stacks
intrinsically exhibit weaker depolarization than AFE
counterparts. Excessive depolarization engineering effectively
drives the FE state toward AFE behavior, further highlighting
that AFE is inherently better suited for polarization-assisted
charge trapping in GaN HEMTs.

To verify this work mechanism, AFE-HEMT was
fabricated. The GaN-on-Si HEMT structure consists of 2 nm
GaN capping layer, 7 nm InAIN barrier layer, 200 nm un-doped
GaN, a thick buffer layer, and an 8-inch high-resistivity Si
substrate. The schematic cross section of AFE-HEMT device is
illustrated in Fig. 2(a). The gate stack consists of 4 nm Al,O3
dielectric layer, 10 nm AFE Hf;,,Zr( 30> layer, and conventional
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Fig. 1. Mechanism illustration of FE and AFE gate stacks with energy
band diagram and load line analysis. During initialization, both (a) FE
and (d) AFE gate stacks are polarized, enhancing electron injection.
After initialization, (b) in conventional FE-HZO, Vu shifts negatively
as P: is higher than trapped charges. (c) Only with engineered FE gate
stack which has stronger depolarization effect can the device show
positive shift in Vru. (¢) However, AFE-HZO device shows a positive
V1 attributed to the lower Pr.

Ni/Au gate metal. The gate region is precisely recess etched to
enhance the threshold voltage and increase electron tunneling
probability from 2DEG into the HZO/AlLOs interface,
facilitating charge trapping and positive Vry shift [8].

The key fabrication steps are summarized in Fig. 2(b). The
process begins with standard surface cleaning, followed by
patterning of the source/drain (S/D) regions. A low-power
inductively coupled plasma (ICP) etch using BCl:/Cl, was
performed to recess 5 nm of the barrier layer at S/D regions. A
Ti/AI/Ni/Au metal stack was then deposited via e-beam
evaporation and subjected to rapid thermal annealing at 600 °C
for 30 s, forming ohmic contacts with a low contact resistance
0f 0.28 Q-mm [24]. Subsequently, the gate region was patterned
using electron beam lithography (EBL) and a gate recess etch
was performed using ICP to remove 7.5 nm of the barrier layer,
followed by mesa patterning and etching. Atomic layer
deposition (ALD) was performed to deposit 4 nm Al,O3 and 10
nm Hfy»Zr 30, at 250 °C. The gate electrode was then patterned
and formed by Ni/Au deposition and liftoff. Finally, a post-
metal annealing (PMA) step was conducted at 500 °C for 1 min
to activate the AFE layer. For comparison, FE-HEMTs were
fabricated with the same process flow using 10 nm FE
Hfy.5Zro 505 film deposited at 300 °C by ALD. The FE or AFE
behavior of HZO originates from its crystalline phase
composition. Lower Zr content favors stabilization of the non-
centrosymmetric orthorhombic phase, resulting in ferroelectric
behavior, whereas higher Zr content promotes the tetragonal
phase, leading to antiferroelectric behavior through a field-
induced phase transition. A PMA step is required to crystallize
the HZO film, introducing stress and activate the desired phase
composition. Fig. 2(c) and (d) show cross-sectional HRTEM

S/D Contact Formation
Recess etch, E-Beam and RTP
Gate Recess Etch
ICP BCL/Cl, low power
Mesa Formation
ICP BCI/Cl, high power
Gate Stack Deposition

AL,O; and HZO at 250 °C
Gate Metal Deposition
E-Beam Ni/Au
Post-metal Annealing
RTP 500 °C for 1 min

Fig. 2. (a) AFE-HEMT schematic diagram and (b) key process flow.
(c) and (d) are the cross-sectional TEM images of AFE-HEMT gate
region. (e) EDX elemental mapping shows distinct layers, suggesting
no diffusion of atoms after PMA.

images of the gate region, confirming the thicknesses of Al;Os,
HZO, and remaining barrier layers. EDX elemental mapping
verifies distinct interfaces without atomic diffusion after PMA
[Fig. 2(e)].

The antiferroelectric behavior of the Hfy,ZrysO; thin film
was evaluated using capacitance-voltage (C-V) and
polarization-voltage  (P-7) measurements on metal—
ferroelectric—metal (MFM) capacitors. Fig. 3(a) presents the C—
V characteristics under two voltage sweep ranges (£3 V and
+3.5 V) for samples subjected to PMA at 500 °C and 600 °C for
1 min. Fig. 3(b) displays the corresponding P—V hysteresis loops
for sweep ranges from +1.5V to £3.5 V as the critical field of
the ALD-grown AFE-HZO is 4 MV/cm. The pinched hysteresis
loops confirm the antiferroelectricity of the Hfy»Zro 30, layer.
The positive P and P; are annotated on the plots. While PMA
at 600 °C slightly increases +P;, which is beneficial in charge
trapping, it also results in postponed depolarization during
voltage ramp-down, as well as larger +P. In contrast, the
sample annealed at 500 °C for 1 min exhibits relatively high +Ps,
reduced +P;, and improved leakage characteristics. Therefore,
500°C/1 min PMA was selected as the optimal annealing
condition for integration into the AFE-HEMT fabrication
process. For comparison, a FE MFM capacitor was fabricated
and subjected to the same PMA condition (500 °C, 1 min). As
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g g ,
225 A =20 *
S005C60s] -4 500 °C, 60s
3.5 0T, ,2x,,0 MENT £ Jo[TZns0 MiM
3.0 ZA\ £ P, +P,
> 5
Cas / N\ 20
600°C,60s] 49 600°C, 60 s
4 20 2 4 4 20 2
[©) Voltage (V) @ Voltage (V)
i 1953 = FE
Z24 /\ 2\ <h B AFE|
22 / \ £
2.0 2
+P, ;g H
+P, =
o (== o SP
205
500°C, 60s] 402
4 20 2 4 0 5 10 15 20 25 30 35 40
Voltage (V) Polarization (nC/cm?)

Fig. 3. (a) C-V and (b) P-V measurements of MFM structure with 10
nm AFE-Hf0.2Zr0.802 layer activated at different PMA temperatures.
(c) C-V and P-V of MFM structure with 10 nm FE-H{0.5Zr0.502 layer
activated by PMA at 500 °C for 1 min. (d) Ps and minimum Pr
comparison between FE- and AFE-HZO.
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Fig. 4. (a) Log-scale Ip-VG curves of AFE-HEMT. (b) Ip-Vp curves of
initialized AFE-HEMT. (c) Ip-Vb curves of initialized AFE-HEMT.
(d)Breakdown voltage of the AFE-HEMT. (e)Log-scale Ip-VG plots of
FE-HEM. (f) Ip-Vb curves of initialized FE-HEMT.

shown in Fig. 3 (c), the FE C-V curve demonstrates a single
butterfly-shaped response with a lower overall capacitance
compared to the AFE counterpart. The P—V loop exhibits a
hysteresis loop with high +P;. A comparison of +P; and +P; for
AFE and FE capacitors is presented in Fig. 3(d). The AFE
capacitor exhibits a higher +P; and significantly lower +P;.

To explore the effectiveness of polarization on device
operation, the DC characteristics of both AFE- and FE-gated
HEMTs were evaluated. Both devices feature gate length Lg =
0.5 pum, gate to drain length Lgp = 15 pum, and source to drain
length Lsp =20 um. As seen in Fig. 4(a) and (b), a clear positive
shift in the Ip-Vg curve, attributed to electron trapping, is
observed after initialization at Vs =5 V. These trapped charges
induce a substantial positive threshold voltage shift from -0.7 V
to 1.9 V extracted from linear extrapolation method—totaling
2.6 V—converting the device from d-mode to e-mode. The
slight subthreshold swing degradation arises from charge loss
during measurement due to interface-based trapping in the
dielectric. The transconductance (Gv) peak is extracted to be
83.6 mS/mm after initialization at a drain voltage of 1 V. The
output characteristics [Fig. 4(c)] reveal excellent current
drivability, with Ip max reaching 481 mA/mm and Ron as low
as 7.4 Q-mm, demonstrating the effectiveness of AFE-HEMT
in achieving normally-off operation with good performance.
The breakdown voltage (BV) was defined at 1 mA/mm to reflect
hard breakdown caused by source-drain failure, the AFE-
HEMT exhibits a BV of 605 V, as shown in Fig. 4(d).

The FE-HEMT displays an anticlockwise hysteresis in /p-
Vas curve [Fig. 4(e)], indicating ferroelectric switching
behavior. The device undergoes a negative Vry shift from 0.3 V
to —0.9 V. This polarization-induced shift transforms the device
into d-mode, which aligns with the conventional FE gate stack
working mechanism. In Fig. 4(f), the FE-HEMT demonstrates
an Ip max of 357 mA/mm and exhibits a higher Rox of 10.9
Q-mm. Overall, the controlled experiment fully captures the
theoretical analysis. The AFE-HEMT achieves a pronounced
positive V' shift as expected, enabling stable e-mode operation
with excellent on-current and low on-resistance.

To further enhance charge trapping capacity and retention, a
floating gate (FG) structure was employed (AFE-FG-HEMT)
through sputtering a 10 nm tungsten (W) layer between the
Al0O3 and HZO layers. The corresponding band diagram [Fig.
5(a)] shows that electrons are confined within the FG.
Compared to interface trap states, the FG structure offers a
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Fig. 5. (a) Band diagram of the AFE-FG-HEMT with floating gate in
between Al203 and Ho2ZosO2. Electrons are trapped in the floating
gate during initialization. (c) Linear-scale /p-VG and Gwm plots of AFE-
FG-HEMT. (c) Time evolution of Vru for AFE-FG-HEMT and AFE-
HEMT under the same PBS test. AFE-FG-HEMT shows much lower
Vru shift. (d) Retention test of AFE-FG-HEMT. Stable Vtu with less
than 120 mV shift is obtained after 1000 s.
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Fig. 6. (a) Benchmark of BV versus Ron sp for the e-mode GaN devices
with different approaches. (b) Benchmark of Vru versus Ron for e-
mode GaN HEMT based on charge trapping mechanism, including
CTL technique and FE-based HEMTs.

Table |
Benchmark of state-of-the-art E-mode GaN HEMTSs with charge trapping
mechanism
Ref. Viu ™) Gu(mS/mm) R, (Q'mm) AVyy (1000s)
CTL [9] 8.4 30 10.49
CTL [10] 2.6 188.8 38 -2.2
CTL [11] 1.6 — 79
CTL [12] 1.6 54 7.1 0.9
FE [13] 2.7 30 11.1
FE [14] 37 23 9.8 -0.8
FE [15] 6 142 ~11
FE [16] 1.6 89.5 1.7
FE [17] 1 ~90 11 -1
AFE 1927 83.6/80.1 74168 -0.12

(This work)

larger trap density and suppresses de-trapping effects, enabling
a larger Vry shift and improved retention characteristics.

Electrical characterization results are presented in Fig. 5(b).
Under the same initialization bias of Vgs = 5 V, the AFE-FG-
HEMT exhibits a further Vry shift to 2.7 V while maintaining a
high Gum max of 80.1 mS/mm, suggesting enhanced trapping is
achieved with minimal mobility degradation.

The reliability was assessed using the positive bias stress
(PBS) test. For PBS test, devices were stressed at Vgs =5 V for
1000 s after initialization. During the stress, pulsed I-V
measurements were performed to extract Vry. The results are
plotted in Fig. 5(c). The device with floating gate structure
exhibits much smaller Vry shift compared with devices without
floating gate. This confirms minimal trapping/de-trapping and
stable device behaviour. exposure. Retention was further
evaluated by monitoring Vry without bias after initialization
[Fig. 5(d)]. The AFE-FG-HEMT demonstrates excellent
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retention, with less than 0.12 V of Vry drift (AVrh) over 1000 s.
These results reveal that the FG design effectively stabilizes Vru
over time, making the AFE-FG-HEMT a promising and robust
device for long-term e-mode power application.

Fig. 6(a) summarizes the e-mode GaN devices achieved via
different approaches, providing a benchmark of specific on-
resistance (Rox,sp) versus breakdown voltage metric [3], [4], [7],
[8], [12], [18], [25]. Fig. 6(b) and Table I benchmark the device
performance with the state-of-the-art e-mode GaN HEMTs with
charge trapping mechanism including CTL and FE gate stacks
[9-17]. Our devices demonstrate a relatively high Vrx, low Rox,
and stable reliability characteristics, showcasing the potential of

e-mode GaN HEMT with AFE gate stack for power applications.

In conclusion, this work presents mechanism insights and
the demonstration of an e-mode GaN HEMT utilizing AFE gate
stack. The proposed AFE-HEMT achieves effective charge
trapping, enabling robust normally-off operation, while AFE-
FG-HEMT further enhances the reliability, offering a promising
pathway toward reliable and scalable e-mode GaN power
devices.

ACKNOWLEDGMENTS

This research is supported by National Gallium Nitride Technology
Centre - Proof of Concept (NGTC-POC) Projects: M23WTNGO002.

AUTHOR DECLARATIONS
Conflict of Interest
The authors have no conflicts to disclose.

DATA AVAILABILITY
The data that support the findings of this study are available

within this article.

REFERENCES

[1] K.J. Chen, O. Haberlen, A. Lidow, C.L. Tsai, T. Ueda, Y.
Uemoto, and Y. Wu, “GaN-on-Si power technology: devices
and applications,” IEEE Trans. Electron Devices, vol. 64, no. 3,
pp. 779-795, Mar. 2017, doi: 10.1109/TED.2017.2657579.

[2] UK. Mishra, P. Parikh, and Y.-F. Wu, “AlGaN/GaN
HEMTs-an overview of device operation and applications,”
Proc. IEEE, vol. 90, no. 6, pp. 1022-1031, Jun. 2002, doi:
10.1109/JPROC.2002.1021567.

[3] I. Hwang, H. Choi, J. Lee, H.S. Choi, J. Kim, J. Ha, C.-Y.
Um, S.-K. Hwang, J. Oh, J.-Y. Kim, J.K. Shin, Y. Park, U.
Chung, I.-K. Yoo, and K. Kim, “1.6kV, 2.9 mQ cm2 normally-
off p-GaN HEMT device,” in 2012 24th International
Symposium on Power Semiconductor Devices and ICs, June
2012, pp. 41-44. doi: 10.1109/ISPSD.2012.6229018.

[4] H. Jiang, Q. Lyu, R. Zhu, P. Xiang, K. Cheng, and K.M.
Lau, “1300 V Normally-OFF p-GaN Gate HEMTs on Si With
High ON-State Drain Current,” IEEE Transactions on Electron
Devices, vol. 68, no. 2, pp. 653-657, Feb. 2021, doi:
10.1109/TED.2020.3043213.

[5] H. Lee, H. Ryu, J. Kang, and W. Zhu, “High temperature
operation of e-mode and d-mode AlGaN/GaN MIS-HEMTs
with recessed gates,” IEEE J. Electron Devices Soc., vol. 11, pp.
167-173, 2023, doi: 10.1109/JEDS.2023.3253137.

[6] M. Li, J. Zhu, L. Qin, Y. Zhou, B. Zhang, M. Zhang, Q. Su,
Z. Zhao, Q. Zhu, H. Ma, H. Duan, X. Ma, and Y. Hao, “High
RF performance enhancement-mode thin-barrier AIGaN/GaN
HEMTSs on Si substrate for low-voltage applications,” IEEE
Trans. Electron Devices, vol. 72, no. 7, pp. 3469-3474, Jul.
2025, doi: 10.1109/TED.2025.3568805.

[71 M. Hua, J. Wei, G. Tang, Z. Zhang, Q. Qian, X. Cai, N.
Wang, and K.J. Chen, “Normally-Off LPCVD-SiNx/GaN MIS-
FET With Crystalline Oxidation Interlayer,” IEEE Electron
Device Letters, vol. 38, no. 7, pp. 929-932, July 2017, doi:
10.1109/LED.2017.2707473.

[8] T.-E. Hsieh, E.Y. Chang, Y.-Z. Song, Y.-C. Lin, H.-C.
Wang, S.-C. Liu, S. Salahuddin, and C.C. Hu, “Gate recessed
quasi-normally OFF Al1203/A1GaN/GaN MIS-HEMT with low
threshold voltage hysteresis using PEALD AIN interfacial
passivation layer,” IEEE Electron Device Lett., vol. 35, no. 7,
pp. 732-734, Jul. 2014, doi: 10.1109/LED.2014.2321003.
[9]Y.Jiang, F. Du, K. Wen, J. He, P. Wang, M. Li, C. Tang, Y.
Zhang, Z. Wang, Q. Wang, and H. Yu, “Charge trapping layer
enabled high-performance E-mode GaN HEMTs and
monolithic integration GaN inverters,” Appl. Phys. Lett., vol.
124, no. 24, p. 242102, Jun. 2024, doi: 10.1063/5.0208817.
[10] B. Hou, X. Ma, J. Zhu, L. Yang, W. Chen, M. Mi, Q. Zhu,
L. Chen, R. Zhang, M. Zhang, X. Zhou, and Y. Hao, “0.9-
A/mm, 2.6-V flash-like normally-off A1203/A1GaN/GaN MIS-
HEMTs using charge trapping technique,” IEEE Electron
Device Lett., vol. 39, no. 3, pp. 397-400, Mar. 2018, doi:
10.1109/LED.2018.2791441.

[11] J. Duan, Y. Zhang, Y. Liang, Y. Cai, and W. Liu,
“Investigation of normally-OFF AlGaN/GaN MIS-HEMTs
with AI203/ZrOx/A1203 charge trapping layer,” in 2022
International Conference on IC Design and Technology
(ICICDT), Sep. 2022, pp- 89-92. doi:
10.1109/ICICDT56182.2022.9933099.

[12]Y. Cai, Y. Zhang, Y. Liang, I.Z. Mitrovic, H. Wen, W. Liu,
and C. Zhao, “Low ON-state resistance normally-OFF
AlGaN/GaN MIS-HEMTs with partially recessed gate and ZrOy
charge trapping layer,” IEEE Trans. Electron Devices, vol. 68,
no. 9, ppP- 43104316, Sep. 2021, doi:
10.1109/TED.2021.3100002.

[13] C.-H. Wu, P.-C. Han, S.-C. Liu, T.-E. Hsieh, F.J.
Lumbantoruan, Y.-H. Ho, J.-Y. Chen, K.-S. Yang, H.-C. Wang,
Y.-K. Lin, P.-C. Chang, Q.H. Luc, Y.-C. Lin, and E.Y. Chang,
“High-performance normally-OFF GaN MIS-HEMTs using
hybrid ferroelectric charge trap gate stack (FEG-HEMT) for
power device applications,” IEEE Electron Device Lett., vol.
39, no. 7, pp- 991-994, Jul. 2018, doi:
10.1109/LED.2018.2825645.

[14]J.-S. Wu, P.-H. Liao, S.-J. Chang, T.-Y. Yang, C.-Y. Teng,
Y.-K. Liang, D. Panda, Q.H. Luc, and E.Y. Chang, “Superior
breakdown, retention, and TDDB lifetime for ferroelectric
engineered charge trap gate E-mode GaN MIS-HEMT,” in 2022
International Electron Devices Meeting (IEDM), San Francisco,
CA, USA: IEEE, Dec. 2022, pp. 847-850. doi:
10.1109/iedm45625.2022.10019471.

[15] C.H. Wu, S.C. Liu, C.K. Huang, Y.C. Chiu, P.C. Han, P.C.
Chang, F. Lumbantoruan, C.A. Lin, Y.K. Lin, C.Y. Chang, C.
Hu, H. Iwai, and E.Y. Chang, “High Vth enhancement mode
GaN power devices with high ID, max using hybrid ferroelectric
charge trap gate stack,” in 2017 Symposium on VLSI
Technology, Jun. 2017, pp- T60-T61. doi:
10.23919/VLSIT.2017.7998201.



AIP
ﬁé_ Publishing

[16] H.-Y. Lee, C.-H. Lin, C.-C. Wei, J.-C. Yang, E.Y. Chang,
and C.-T. Lee, “AlGaN/GaN enhancement-mode MOSHEMTs
utilizing hybrid gate-recessed structure and ferroelectric charge
trapping/storage stacked LiNbO3/HfO2/AI1203 structure,”
IEEE Trans. Electron Devices, vol. 68, no. 8, pp. 3768-3774,
Aug. 2021, doi: 10.1109/TED.2021.3090343.

[17]J. Zhu, L. Chen, J. Jiang, X. Lu, L. Yang, B. Hou, M. Liao,
Y. Zhou, X. Ma, and Y. Hao, “Ferroelectric gate AlGaN/GaN
e-mode HEMTSs with high transport and sub-threshold
performance,” IEEE Electron Device Lett., vol. 39, no. 1, pp.
79-82, Jan. 2018, doi: 10.1109/LED.2017.2778276.

[18] C.-H. Wu, J.-Y. Chen, P.-C. Han, M.-W. Lee, K.-S. Yang,
H.-C. Wang, P.-C. Chang, Q.H. Luc, Y.-C. Lin, C.-F. Dee, A.A.
Hamzah, and E.Y. Chang, “Normally-Off Tri-Gate GaN MIS-
HEMTs with 0.76 mQ-cm2 Specific On-Resistance for Power
Device Applications,” IEEE Transactions on Electron Devices,
vol. 66, no. 8, pp. 3441-3446, Aug. 2019, doi:
10.1109/TED.2019.2922301.

[19] H.W. Park, S.D. Hyun, L.S. Lee, S.H. Lee, Y.B. Lee, M.
Oh, B.Y. Kim, S.G. Ryoo, and C.S. Hwang, “Polarizing and
depolarizing charge injection through a thin dielectric layer in a
ferroelectric—dielectric bilayer,” Nanoscale, vol. 13, no. 4, pp.
2556-2572, Feb. 2021, doi: 10.1039/DONR07597C.

[20] Z. Zheng, D. Zhang, L. Jiao, C. Sun, Z. Zhou, Y. Chen, Q.
Kong, X. Wang, G. Liu, K. Ni, and X. Gong, “BEOL-
compatible MFMIS ferroelectric/ anti-ferroelectric FETs—part
II: mechanism with load line analysis and scaling strategy,”
IEEE Trans. Electron Devices, vol. 71, no. 9, pp. 5325-5331,
Sep. 2024, doi: 10.1109/TED.2024.3421184.

[21]1J.Y. Yang, S.Y. Oh, M.J. Yeom, S. Kim, G. Lee, K. Lee,
S. Kim, and G. Yoo, “Pulsed e-/d-mode switchable GaN
HEMTs with a ferroelectric AIScN gate dielectric,” IEEE
Electron Device Lett., vol. 44, no. 8, pp. 1260—1263, Aug. 2023,
doi: 10.1109/1ed.2023.3287913.

[22]J. Casamento, K. Nomoto, T.S. Nguyen, H. Lee, C. Savant,
L. Li, A. Hickman, T. Maeda, J. Encomendero, V. Gund, A. Lal,
J.C.M. Hwang, H.G. Xing, and D. Jena, “FerroHEMTs: high-
current and high-speed all-epitaxial AIScN/GaN ferroelectric
transistors,” in 2022 International Electron Devices Meeting
(IEDM), Dec. 2022, p- 11.1.1-11.1.4. doi:
10.1109/IEDM45625.2022.10019485.

[23] Z. Zhao, Y. Dai, F. Meng, L. Chen, K. Liu, T. Luo, Z. Yu,
Q. Wang, Z. Yang, J. Zhang, W. Guo, L. Wu, and J. Ye, “The
incorporation of AIScN ferroelectric gate dielectric in
AlGaN/GaN-HEMT with polarization-modulated threshold
voltage,” Appl. Phys. Express, vol. 16, no. 3, p. 031002, Mar.
2023, doi: 10.35848/1882-0786/acbe26.

[24] G. Zheng, H. Li, L. Huang, J. Xie, Z. Zheng, H. Xie, Y.
Wang, X. Chen, W. Gu, G.I. Ng, and X. Gong, “First
demonstration of 3D monolithic-integrated BEOL OSFETSs on
GaN HEMTs: CEO-GaN,” in 2025 Symposium on VLSI
Technology and Circuits (VLSI Technology and Circuits), June
2025, pp- 1-3. doi:
10.23919/VLSITechnologyandCir65189.2025.11075225.

[25] C.-H. Wu, P.-C. Han, Q.H. Luc, C.-Y. Hsu, T.-E. Hsich,
H.-C. Wang, Y.-K. Lin, P.-C. Chang, Y.-C. Lin, and E.Y.
Chang, “Normally-off GaN MIS-HEMT with F— doped gate
insulator using standard ion implantation,” IEEE Journal of the
Electron Devices Society, vol. 6, pp. 893-899, 2018, doi:
10.1109/JEDS.2018.2859769.



