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Dynamic self-heating effect (SHE) of silicon-on-insulator (SOI) MOSFET is comprehensively evaluated by ultrafast
pulsed I–V measurement in this work. It is found for the first time that the SHE complete heating response and cooling
response of SOI MOSFETs are conjugated, with two-stage curves shown. We establish the effective thermal transient
response model with stage superposition corresponding to the heating process. The systematic study of SHE dependence
on workload shows that frequency and duty cycle have more significant effect on SHE in first-stage heating process than in
the second stage. In the first-stage heating process, the peak lattice temperature and current oscillation amplitude decrease
by more than 25 K and 4% with frequency increasing to 10 MHz, and when duty cycle is reduced to 25%, the peak lattice
temperature drops to 306 K and current oscillation amplitude decreases to 0.77%. Finally, the investigation of two-stage
(heating and cooling) process provides a guideline for the unified optimization of dynamic SHE in terms of workload.
As the operating frequency is raised to GHz, the peak temperature depends on duty cycle, and self-heating oscillation is
completely suppressed.

Keywords: self-heating effect (SHE), silicon-on-insulator (SOI) MOSFETs, thermal transient response, work-
load

PACS: 85.30.De, 73.40.Qv DOI: 10.1088/1674-1056/acc8c0

1. Introduction

Silicon-on-insulator (SOI) MOSFETs are widely con-
sidered in high-performance and high-reliability circuit ap-
plications. The existence of buried oxide layer greatly re-
duces the parasitic capacitance between source–drain and sub-
strate, enabling the circuit to cope with high-speed operating
conditions.[1,2] However, owing to the low thermal conduc-
tivity of oxides, the heat generated in the channel cannot be
dissipated instantaneously, resulting in the self-heating effect
(SHE). The temperature dependence of carrier mobility and
saturation velocity degrades the drain current.[3–5] In practi-
cal applications, the SHE makes device output characteris-
tic dependent on the workload. If the drain voltage varia-
tions slowly, the channel temperature will follow the chang-
ing power consumption, causing current response to oscillate
and lattice temperature to increase, thereby affecting perfor-
mance and complicating the evaluation of reliability behavior.
This case is particularly important for circuits that carry sig-
nals with various frequency components.[6–8] For SOI devices
and circuits, the effect of workload on dynamic SHE has al-
ways been a concern.

Traditional SHE characterization techniques such as gate

resistance, pulsed I–V and AC conductance extraction are
difficult to realize high-speed monitor precise changes with
time.[9–11] Therefore, the study of overall transient measure-
ment of dynamic SHE of SOI MOSFETs has been lack-
ing. Recently, an ultrafast pulsed I–V measurement system
has been realized, which can provide efficient electrical mea-
surements in tens of nanoseconds.[11] Many researches have
been carried out on modeling the SHE of devices. There are
not only lumped models that simplify electrothermal simula-
tions in circuit design, but also multi-stage models that con-
sider multiple thermal diffusion paths and complex material
systems.[13–16] However, there are few effective models with
comprehensive considerations, and most of thermal transient
modeling studies focus on cooling and rarely take into account
the mechanism that is responsible for the workload-related
heating processes. The importance of workload in studying the
practical applications of SHE has been emphasized.[10,17–21]

The dynamic SHE affected by frequency and duty cycle will
further lead the performance metrics to deteriorate and the
degradation effects to speed up, especially the bias tempera-
ture instability (BTI) and hot carrier degradation (HCD). How-
ever, most of these researches are based on simulation, and
there is a lack of experiment-based systematic research on the
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relationship between workload and dynamic SHE.
In this work, we characterize the whole SHE heating

and cooling process of SOI MOSFETs by ultrafast pulsed I–
V measurement system, and perform thermal analysis by us-
ing the technical computer-aided design (TCAD) simulation.
Based on the two-stage (heating and cooling) mechanism, the
thermal transient response model is extended to different tran-
sient thermal behaviors. The dependence of current oscillation
amplitude and peak lattice temperature on frequency and duty
cycle are studied systematically. In addition, the optimization
of dynamic SHE through workload setting is discussed, and
the high-frequency effect is extended by the model.

2. Experimental setup
As shown in Fig. 1, the device in this work was BTS-gate

nMOSFET fabricated based on 0.18-µm PDSOI process, with
a gate length of 0.18 µm, gate width of 1.8 µm, Si film thick-
ness of 400 nm, and buried oxide thickness of 300 nm. The ex-
periments were carried out at room temperature (∼ 293 K) by
using the ultrafast pulsed I–V measurement system.[9,11] Dur-
ing the measurement, the pulse voltage supplied by an arbi-
trary waveform generator is applied to the gate–drain terminal
of device, experiencing rise time phase, pulse time phase, and
off time phase. In terms of SHE, the on-state of the pulse acts
as the heating phase of device and the off-state of the pulse
functions as the cooling phase. In dynamic operation mode,
we can obtain various frequencies and duty cycles by adjust-
ing the pulse time and off time. The change of current caused
by SHE can be observed in the time domain by monitoring
the correlation between output current and measurement time.
Here, the ultrafast pulse system can realize effective transient
electrical measurement after overshoot of 20 ns. Further, using
the heating chuck combined with ultrafast pulsed I–V mea-
surement can realize the corresponding relationship between
current and channel temperature.[5] Thereby the thermal tran-
sient process is obtained.

Box

DrainSource

Substrate

G

Metal Metal

0.4 mm

0.3 mm

0.18 mm Body

Fig. 1. Cross-section of PDSOI device.

3. Results and discussion
The response of SHE can bring about significant differ-

ences in electrical characteristics of SOI device. As shown in

Fig. 2(a), the transient Id–Vd at 20 ns and the static Id–Vd at
80 µs of the device are compared through the ultrafast pulsed
I–V measurement system. The current at 20 ns represents the
beginning of SHE, and the current at 80 µs refers to static DC
with fully self-heating. In the case of VG = VD = 1.8 V, the
static current is reduced by ∼ 6% compared with that in the
transient state.

When operating at the circuit level, the device will be
driven in the AC mode. As illustrated in Fig. 2(b), the high-
speed dynamic signal is applied to the device, which means
that the device will experience incomplete heating process
and cooling process during dynamic operation, and the SHE-
induced temperature will fluctuate accordingly. With a given
voltage Vd input, the lattice temperature rises. Once the volt-
age Vd is removed, the lattice temperature will fall with time.
Figure 2(c) shows the influence of dynamic self-heating on
electrical characteristics. The response current decreases with
the duration of the pulse increasing until it stabilizes to the
same level after multiple pulses. With the cyclic accumula-
tion of residual heat, the device reaches its corresponding peak
self-heating temperature Tmax, which is the key factor affect-
ing reliability.[18,22] There is a dynamic self-heating temper-
ature oscillation during the on-to-off phase of the pulse, cor-
responding to the varying on-state response current ∆I, which
reflects the stability of the electrical properties. These above-
mentioned effects will be discussed in depth in the following.
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Fig. 2. (a) Measured transient and static Id–Vd of SOI MOSFET,
(b) schematic diagram of residual heat accumulation leading to lattice
temperature rise, and (c) current response of residual heat accumulation
in pulsed measurement.
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3.1. Complete heating and cooling process

The SHE of device is physically determined by the
heat accumulation and dissipation process inside the channel,
which is characterized by ultrafast pulsed I–V measurement
system. The schematic diagram of the measurement principle
is shown in Fig. 3(a). For the heating process of the device,
when the pulse voltage is turned on, the response current in
the on-phase is monitored and recorded in the time domain
by a high-precision oscilloscope. The decreasing process of
the response current corresponds to the increase of the chan-
nel temperature. For the cooling process of the device, when
the pulse voltage is turned off, two consecutive pulses with
various values of cooling time tcool that controls the heat dis-
sipation are used to monitor the cooling behavior. The pulse
width of the first pulse determines the degree of heating.[8]

Figure 3(b) shows the complete heating and cooling response
curves measured. The overshoot before initial 20 ns can be
clearly observed from the heating curve, and the value within
overshoot should be discarded. And it can be found that the
heating curve and the cooling complementary curve almost co-
incide. That is, the heating response and cooling response are
conjugated.
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Fig. 3. (a) Schematic diagram of single-pulse heating and double-
pulse cooling measurement technology. (b) Measured heating current
response curve, cooling current response curve, and cooling current re-
sponse complementary curve.

In order to analyze the mechanism responsible for self-
heating process of the device, the thermal simulation of the
isolated SOI device is carried out by using TCAD.[23] The
thermodynamic model is used for conducting the transport
simulation to calculate the lattice temperature. The channel
doping concentration is adjusted to better reflect the actual
electrical characteristics of the device. Comparing the I–V

data obtained by simulation with the experimental data shown
in Fig. 4(a), it can be seen that the simulation results are con-
sistent with the experimental results. The device’s thermal
path extends from the channel through the source, gate, and
drain contacts to the metal interconnect above and from the
channel to the substrate below. Therefore, the interconnect
metal edge and the substrate bottom are used as thermodes
with corresponding thermal boundary conditions. However,
owing to the high thermal resistance of air free convection
(2× 103 cm2·K/W) and the low thermal conductivity of the
oxide layer surrounding the device, the upper surface and side-
walls are treated as being adiabatic relative to the heat dissi-
pation path. In this work a surface ambient temperature of
300 K is adopted, and the surface resistance is adjusted based
on Jhih-Yang Yan et al.’s research.[24] As demonstrated in
Fig. 4(b), the simulated channel lattice temperature is consis-
tent with the Chuck experimental results, reaching a tempera-
ture of about 350 K.

I
d
 (

1
0

-
4
 A

/
m
A

)

I
d
 (

A
/
m
A

)

0 0.3 0.6 0.9 1.2 1.5 1.8
0

2.0

4.0

6.0

8.0

Vd (V)

 Experiment
 Simulation

(a)

10-8

10-7

10-6

10-5

10-4

10-3

10-2

L
a
tt

ic
e
 t

e
m

p
e
ra

tu
re

 (
K

) 

315

324

332

341

350
To BEOL

To substrate

(b)

Fig. 4. (a) Comparison of electrical characteristic between experimen-
tal data and simulated data, with bias condition Vd = Vg ranging from
0 V to 1.8 V. (b) Lattice temperature distribution of 3D SOI MOSFET
with thermal paths.

Figure 5 shows the lattice temperature distributions of
SOI device at different SHE times. When the heating starts
for 1 µs, the active region with high thermal conductivity in
the device is heated rapidly, which makes the heat concen-
trated. This is the first stage of heating process. When heated
for 10 µs, the active region is sufficiently heated and acts as a
heat source to diffuse heat to surrounding. The gradual con-
duction of heat will slowly heat the oxide layer with lower
thermal conductivity, which mainly involves the second-stage
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heating process. After heating for 100 µs, the oxide layer is
fully heated and the device reaches a stable state, with peak lat-
tice temperatures near the drain and channel. In the conjugated
cooling process, after cooling for 1 µs, the channel tempera-
ture drops rapidly, which corresponds to the heat concentrated
in the active region in the first-stage heating process, being
rapidly dissipated through the metal wire. After cooling for
10 µs, the heat obtained by the oxide layer with high thermal
resistance around the active region through the second-stage
heating process is dissipated slowly. The channel temperature
is affected, thereby changing the trend of rapid decline. After
cooling for 100 µs, the heat flow exits through the substrate
and upper metal, and the device cools completely. Therefore,
based on the material and structural properties of SOI device,
the active regions and oxide layers with different thermal con-
ductivities have a comprehensive effect on the heating process
and cooling process, resulting in the two-stage SHE.

DLattice temperature (K)

5 11 18 24 30

100 ns

10 μs 10 μs

100 μs 100 μs

100 ns

10 18 25 32 40

15 24 32 41 50

5 9 12 16 20

10 14 19 24 28

0 2 5 8 10

Heating Cooling

Fig. 5. Simulation section maps of lattice temperature distribution at different
times in complete heating and heat dissipation process.

3.2. Effective thermal transient response model

A typical thermal model for device temperature change
caused by SHE consists of an equivalent circuit with thermal
resistance Rth and capacitance Cth connected in parallel. The
thermal time constant τ of the corresponding link in the cir-
cuit satisfies τ = Rth ×Cth. The self-heating behavior of de-
vice can be modeled by using the NID method, and the com-
plex thermal behavior can be accommodated in the form of

exponential superposition.[23,25,26] The two-stage heating pro-
cess makes the device enter different stages of cooling change
speed when heating times are different. Under dynamic work-
ing conditions, it is necessary to clarify the corresponding heat
dissipation modes for different heating times.

Figure 6(a) shows the cooling measurement data and the
cooling curves of the extracted RC model under different heat-
ing times. When the heating times are 100 µs and 10 µs, the
cooling response function of the extracted model is

∆T (t) = ∆P ·Rth1 · exp(−t/τ1)+K2 · exp(−t/τ2), (1)

where K2 is the second-stage degree factor, ∆P represents
power consumption. And when the heating times are 1 µs and
100 ns, the cooling response function is

∆T (t) = K1 · exp(−t/τ1), (2)

where K1 is the first-stage degree factor. The thermal transient
response is modeled as a one-stage RC model. The variations
of K1 and K2 with heating time are shown in Fig. 6(b). The
complete heating transient response curve contains two-stage
heating process and is conjugated into a cooling transient re-
sponse curve. Its function is

∆T (t) = Rth1 · [1− exp(−t/τ1)]+Rth2 · [1− exp(−t/τ2)] , (3)

where Rth1 and Rth2 are the first-stage and second-stage ther-
mal resistance, respectively; τ1 and τ2 are the first-stage and
second-stage thermal time constant, respectively. The first-
stage and second-stage parts of the heating transient response
curve are decomposed as shown in Fig. 6(b). It can be found
that the changing trends of K1 and K2 are respectively con-
sistent with those of the first-stage and second-stage heating
model. Combined with the above-mentioned complete heat-
ing and cooling process, the analysis is made below.

When the heating time is shorter than 1 µs, a first-order
heating process is involved, and the active region of the de-
vice is heated. Corresponding to the first-stage heat dissipa-
tion mode, heat is dissipated from the active region. The K1 is
determined by the degree of first-stage heating, and increases
with heating time until saturation. Its expression is

K1 = Rth1 · [1− exp(−theat/τ1)] . (4)

When the heating time is longer than 1 µs, the active region of
device is completely heated, and the second-stage heating pro-
cess begins to further heat the oxide layer. Correspondingly,
there is a second-stage cooling process to dissipate heat from
oxide layer. The K2 is determined by the second-stage heating
degree, and it becomes significant after the first-stage heating
process has been completed. Its expression is

K2 = Rth2 · [1− exp(−theat/τ2)] . (5)
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In addition, the cooling process corresponds to the heating pro-
cessexactly, and the complex heating and cooling behavior of
SHE can be reflected simultaneously based on the two-stage
RC model. The changing trend of K1 and K2 can be extended
through the function, thereby expanding the cooling response.
In the case of short heating time, the one-stage model can be
adopted directly for simplicity. In addition, the same stage
model means that the time of complete cooling is consistent.
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Fig. 6. (a) Cooling curves of extracted RC model and measured cooling
response data corresponding to different heating times. (b) Variations
of K1 and K2 with corresponding heating time, and the heating response
curves of each stage disassembled by two-stage heating model, with
inset showing two-stage thermal equivalent RC model.

3.3. Influence of frequency on dynamic SHE

Figures 7(a)–7(c) show the response current characteris-
tics of SOI device at different frequencies when the gate-drain
voltage is set to AC mode. Figure 7(a) shows pulses at fre-
quencies of 1 MHz, 5 MHz, and 10 MHz with a duty cy-
cle of 50% which are applied to the gate and drain with the
source grounded, corresponding to heating and cooling time
of 500 ns, 100 ns, and 50 ns, respectively. The comparison in
the graph shows that a lower frequency results in a larger cur-
rent drop. This is because the on-off state of the low-frequency
signal lasts a long time, so the heat is absorbed and dissipated
for a long time. In addition, owing to the short cooling time of
10 MHz and 5 MHz, the residual heat is accumulated and the
response of the pulse gradually decreases. When the operating
frequency reaches 1 MHz, 500 kHz, and 100 kHz, the corre-
sponding heating and cooling times are 500 ns, 1 µs, and 5 µs,
respectively. As shown in Fig. 7(b), the residual heat accumu-

lation and the degree of current drop due to sufficient cooling
are no longer significant.

Figure 7(c) summarizes the peak temperature and current
oscillation amplitudes as a function of frequency. Combin-
ing the previous analysis, it can be concluded that when the
frequency is not high enough and the on-state time is long
enough, the corresponding heating time enters second-stage
heating process with slow change. The frequency is changed
from 50 kHz to 1 MHz, the Tmax is reduced from 342 K
to 340 K, and the ∆I is only reduced by 4.7% from 6.2%.
The peak temperature and current oscillation amplitudes are
weakly dependent on frequency. When the frequency is high
enough, the on-state time corresponds to the first-stage heating
process in which the degree of heating changes rapidly. The
frequency changes from 1 MHz to 10 MHz, the Tmax is re-
duced from 340 K to 315 K, and the ∆I is reduced from 4.7%
to 0.6%. The peak temperature and current oscillation ampli-
tude are significantly affected by frequency.

3.4. Influence of duty cycle on dynamic SHE

Figures 7(d) and 7(e) show the response current charac-
teristics of SOI device at different duty cycles when the gate–
drain voltage is set to AC mode. Figure 7(d) shows that the
frequency is set to 5 MHz with a duty cycle of 25%, 50%,
and 75%, respectively. The comparison in the graph shows
that a higher duty cycle results in a higher degree of current
droop. This is because as the duty cycle increases, the heat-
ing time increases and the cooling time decreases. Combined
with the analysis above, it can be obtained that when the fre-
quency is high enough, the change of the duty cycle to a longer
on-state time corresponds to a decrease in the heating time of
rapidly changing first-stage heating process. And the effect of
the duty cycle change in this stage is obvious. The duty cycle
decreases from 50% to 25%, the peak temperature decreases
from 322 K to 306 K, and the current oscillation amplitude
decreases from 1.61% to 0.77%. Under the accumulation of
waste heatnd at higher temperature base, the duty cycle drops
from 75% to 50%, the oscillation amplitude decreases slightly,
and the peak temperature decreases significantly, from 333 K
to 322 K.

However, when the operating frequency reaches 100 kHz
in Fig. 7(e), there is little difference in response current among
different duty cycles. The oscillation amplitude variation is
within 0.2%, and the peak temperature variation is within 5 K.
When the frequency is not high enough, the on-state time of
the different duty cycles is long enough, and the correspond-
ing heating time triggers off a slowly changing second-stage
heating process, in which the duty cycle change has a weak
effect.
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Fig. 7. The Id responses of SOI MOSFET in AC mode under the Vd pulses with the same 50% duty cycle but different frequencies with
frequencies being (a) 1 MHz, 5 MHz, and 10 MHz, and (b) 1 MHz, 500 kHz, and 100 kHz respectively. (c) Summarization of the effects of
frequency change on current oscillation amplitude and peak temperature, with Id1 being the current value of the first pulse at the initial 20 ns,
Id referring to responses of SOI MOSFET during the AC mode under the Vd pulses with the same frequency but different duty cycles. (d) Id
responses at frequency (d) 5 MHz and (e) 100 KHz. (f) Summaization of the effects of duty cycle changes on current oscillation amplitude and
peak temperature.

3.5. Optimization of dynamic SHE

The analysis above shows that different heating times cor-
respond to different heat dissipation modes. Therefore, the
cooling time required by the device under different workload
is different. Furthermore, the complete cooling time required
for different heating times in the same heating process is con-
sistent, thus providing a unified reference for the optimization
of dynamic self-heating. As shown in the upper panel of Fig. 8,
for the second-order heating process, taking the heating time
of 10 µs for example, the triple secondstage thermal time con-
stant τ2 can be used to realize complete cooling under dynamic
operation, thus avoiding the accumulation of residual heat and
eliminating the difference between pulses. As shown in the
lower panel of Fig. 8, for the first-stage heating process, we
set theat = 100 ns and tcool = 3τ1. Not only can the accumula-
tion of residual heat be eliminated, but also the amplitudes of
current oscillations at higher frequencies are also mitigated.

The capabilities for measuring high frequencies and ex-
treme duty cycles are limited. In such cases, the extended dis-
cussion of optimal operating strategies to suppress dynamic
self-heating oscillations based on an efficient thermal model

can be conducted.
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Fig. 8. Setting of workloads to avoid residual heat accumulation,
with setting theat = 10 µs and tcool = 3τ1 in upper panel, and setting
theat = 100 ns and tcool = 3τ2 in lower panel.

In terms of frequency, a fixed duty cycle of 50% is used.
As shown in Fig. 9(a), the amplitude of current oscillation de-
creases as the frequency increases. The suppression of dy-
namic self-heating oscillation can be divided into three in-
tervals. For high frequencies above 10 MHz, the first-stage
heating time is extremely short, resulting in a generated cur-
rent oscillation amplitude of less than 1%. This interval is the
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best choice as dynamic self-heating oscillation is effectively
suppressed. In terms of duty cycle, according to Fig. 9(b),
the duty cycle has little effect on the self-heating oscillation
when the frequency is in the non-rapid drop interval. How-
ever, for frequencies in the rapid drop interval, the best strat-
egy should avoid intermediate duty cycle values. Taking the
case of 5 MHz for example, we should choose a small duty
cycle of less than 25% to have a short first-stage heating time
or a large duty cycle greater than 75% to enter a relatively sta-
ble second-stage heating process with a shorter cooling time.
The dynamic self-heating oscillation is limited, and the current
oscillation amplitude is less than 1%.
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Fig. 9. Current oscillation amplitude with varying (a) frequency and (b)
duty cycle based on extended thermal model.

As shown in Fig. 10(a), Tmax and dynamic self-heating os-
cillations exhibit similar characteristics, gradually decreasing
with frequency increasing. A fixed duty cycle of 50% is used.
This downward trend can also be divided into three intervals.
The third interval is above 10 MHz, where the corresponding
Tmax drops below 325 K, and the downward trend slows down
and tends to be stable. After that, as the frequency continues
to increase, the decline of Tmax does not exceed 4 K. As shown
in Fig. 10(b), Tmax decreases as the duty cycle decreases. The
curves converge to a single point for duty cycles of 100% and
0%. For frequencies in the first interval and second interval,
Tmax exhibits a nonlinear relationship with a decrease in duty
cycle, and the downward trend is slow first and then fast. How-
ever, in the case of a high frequency of 1 GHz, the Tmax has a
linear relationship with the duty cycle, and the corresponding
Tmax is only 302 K under a 5% duty cycle. From the perspec-
tive of Tmax, the optimal operating load for the device is above

10 M. Considering the linear relationship at high frequencies,
setting a smaller duty cycle at this time will make Tmax closer
to 300 K, which is more beneficial to the reliability of device.
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Fig. 10. Peak self-heating temperature with varying (a) frequency and
(b) duty cycle based on extended thermal model.
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and (b) different duty cycles (the same frequency: 1 GHz).

The simulations in Fig. 11 are based on a first-stage model
at high frequencies. With the heating time much smaller than
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the first-stage thermal time constant, the dynamic self-heating
oscillations of the device can be suppressed at higher frequen-
cies. When the frequency reaches 1 GHz, the variation of heat-
ing process with time under dynamic operation is similar to a
smooth curve, and the peak lattice temperature is controlled
by duty cycle. When the duty cycle decreases from 50% to
5%, the ∆T decreases by 10 times to 2.2 K, which is propor-
tional. To sum up, the effects of workload are closely related
to the two-stage mechanism of heating process. There are dif-
ferences in the influence of workload at different stages on
dynamic self-heating. Controlling short heating and reason-
able cooling time by setting appropriate frequency and duty
cycle based on two-stage mechanism can significantly allevi-
ate SHE. And the oscillation amplitude and peak temperature
can be reduced more effectively by increasing the operating
frequency or reducing the duty cycle according to the one-
stage mode.

4. Conclusions

We comprehensively evaluated the effect of workload on
dynamic SHE of SOI MOSFETs by the ultrafast pulsed I–V
measurement. The complete SHE heating response and cool-
ing response of SOI MOSFETs are revealed to be conjugated,
with two-stage curves shown. Based on the two-stage heat-
ing process to extend thermal transient response model, the
heating time within 1 µs corresponds to one-stage simplified
model, and above 1 µs corresponds to two-stage superposition
model. The complete cooling times required for different heat-
ing times in the same-stage heating process are consistent. The
study of dependence of workload shows that setting frequency
and duty cycle control self-heating have a weak effect in the
second stage, and in the first stage, the change of workload
can significantly affect the peak temperature and oscillation
amplitude of the response current. It is emphasized that the
study of two-stage heating process can guide the unified opti-
mization of dynamic SHE, the accumulation of residual heat
can be avoided based on the thermal time constant of each
stage, and the dynamic self-heating oscillation can be further
suppressed at high frequencies.

References
[1] Chen Z F, Sun L L, Liu J, Su G D and Zhou W Y 2018 IEEE Trans.

Electron. Dev. 65 4232
[2] Zhang X, Mehr P, Vasileska D and Thornton T 2021 5th IEEE Elec-

tron Devices Technology & Manufacturing Conference, April 8–11,
Chengdu, China, p. 1

[3] Sun J, Li X J, Sun Y B and Shi Y L 2020 IEEE Trans. Dev. Mater. Rel.
20 119

[4] Kumar U S and Rao V R 2016 IEEE Trans. Electron. Dev. 63 280
[5] Cao L and Liu H X 2012 Acta Phys. Sin 61 177301 (in Chinese)
[6] Makovejev S, Olsen S H, Kilchytska V and Raskin J 2013 IEEE Trans.

Electron. Dev. 60 1844
[7] Tenbroek B M, Lee M S L, Redman-White W, Bunyan J T and Uren M

J 1996 IEEE Trans. Electron. Dev. 43 2240
[8] Zhang Y, Dong G, Yang Y T, Wang N, Wang F J and Liu X X 2013

Acta Phys. Sin. 62 016601 (in Chinese)
[9] Schwitter B K, Parker A E, Mahon S J and Heimlich M C 2018 13th

European Microwave Integrated Circuits Conference, September 23–
25, Madrid, Spain, p. 218

[10] Nguyen M, On N, Ji H, Nguyen A H, Choi S, Cheon J, Yu K, Cho S,
Kim J H, Kim S, Jeong J and Choi R 2018 IEEE Trans. Electron. Dev.
65 2492

[11] Beppu N, Oda S and Uchida K 2012 International Electron Devices
Meeting, December 10–13, San Francisco, USA, p. 28.2.1

[12] Wang J J, Zeng C B, Li J J, Ni T, Li X J, Li D L and Luo J J 2021 Semi.
Tech. 46 164

[13] Zhang L N, Song D B, Xiao Y, Lin X N and Chan M S 2018 IEEE Jour
Electron. Dev. 6 291

[14] Chen W Y, Cai L L, Zhao K, Zhang X, Liu X Y and Du G 2018 IEEE
Trans. Electron. Dev. 65 3633

[15] Wahab M A, Shin S and Alam M A 2015 IEEE Trans. Electron. Dev.
62 3595

[16] Zhang G C, Feng S W, Zhou Z, Li J W and Guo C S 2011 Chin. Phys.
B 20 027202

[17] Van Santen V M, Amrouch H, Kumari P and Henkel J 2020 IEEE
Trans. Circuits and Systems II: Express Briefs 67 1949

[18] Myeongi I, Son D, Kim H and Shin H 2019 IEEE Trans. Electron. Dev.
66 4631

[19] Mukhopadhyay S, Kundu A, Lee Y W, Hsieh H D, Huang D S, Horng J
J, Chen T. H, Lee J H, Tsai Y S, Lin C K, Lu R and He J 2018 IEEE In-
ternational Electron Devices Meeting, December 1–5, San Francisco,
USA, p. 17.4.1

[20] Jiang H, Shin S H, Liu X Y, Zhang X and Alam M A 2017 IEEE Elec-
tron. Dev. Lett. 38 430

[21] Venkateswarlu S and Nayak K 2020 IEEE Trans. Electron. Dev. 67
1530

[22] Zhao Y and Qu Y M 2019 IEEE Jour Electron. Dev. 7 829
[23] Li Y F, Ni T, Wang J J, Gao L C, Li X J, Li J J, Bu J H, Li D L, Xu L

D, Wang R J, Zeng C B, Wang Z J, Li B, Zhao F Z and Luo J J 2022
IEEE Trans. Electron. Dev. 69 5430

[24] Yan J Y, Jan S R, Peng Y J, Lin H H, Wan W K, Huang, Y H, Hung
B, Chan K T, Huang M, Yang M T and Liu C W 2016 IEEE Interna-
tional Electron Devices Meeting, December 3–7, San Francisco, USA,
p. 35.6.1

[25] Zhu Z M and Liu S B 2012 Chin. Phys. B 21 028401
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