
Received 2 March 2024; accepted 21 May 2024. Date of publication 3 June 2024; date of current version 27 June 2024.
The review of this article was arranged by Editor M. J. Kumar.

Digital Object Identifier 10.1109/JEDS.2024.3407098

Investigation on the Dynamic Characteristics of
Hydrogen Plasma Treated p-GaN HEMTs Circuit

Using ASM-GaN Model
FAN LI , SHIQIANG WU , ANG LI , YUHAO ZHU , MIAO CUI, JIANGMIN GU (Member, IEEE),

PING ZHANG (Member, IEEE), YINCHAO ZHAO, HUIQING WEN (Senior Member, IEEE),

AND WEN LIU (Senior Member, IEEE)
Department of Electrical and Electronic Engineering, Xi’an Jiaotong-Liverpool University, Suzhou 215123, China

CORRESPONDING AUTHOR: W. LIU (e-mail: wen.liu@xjtlu.edu.cn)

This work was supported in part by the National Key Research and Development Program of China under Grant 2022YFB3604400; in part by the Suzhou Science and

Technology Program under Grant SYG202131; and in part by the XJTLU Research Development Funding under Grant RDF-20-02-43.

(Fan Li and Shiqiang Wu are co-first authors.)

ABSTRACT This study demonstrates the first work that achieves accurate modeling of Hydrogen plasma-
treated (H-treated) p-GaN gate devices with the ASM-GaN model, facilitating simulations for applications
in monolithic integrated circuit (IC) design. The workflow for ASM-GaN model parameter extraction and
optimization using IC-CAP is proposed. The I-V characteristics of both Enhancement / Depletion (E/D)
mode devices are modeled and fitted. The impact of device capacitance on the dynamic properties of
monolithic IC is investigated through the ASM model. The results demonstrate that Cds, Cgd, and Cgs
have different effects on the monolithic logic circuit performances. The high-level fitting of experimental
data and circuit simulation of Inverter, NAND, and Comparator circuits proves the credibility of the
modeling workflow and device capacitance modulation. This work provides a method to speed up the
GaN monolithic IC design by accurate modeling with fast parameter extraction workflow regardless of the
fabrication process. The reliable prediction of the circuit’s dynamic performance will lay the foundation
for designing and scaling up the GaN monolithic IC application.

INDEX TERMS GaN HEMTs, ASM model, hydrogen plasma treatment, DCFL circuit, capacitance,
dynamic performance.

I. INTRODUCTION
In recent years, gallium nitride (GaN) has captured the
attention of industry due to its superior properties, such as
high operating temperature, high breakdown voltage, and fast
switching speed [1]. Accurate device modeling is essential in
integrated circuit design to mitigate errors arising from the
fabrication process [2], [3], [4]. In GaN device simulation
models, the Advanced Spice Model (ASM) has exhibited
exceptional performance and has caught the interest of
industries [5], [6], [7], [8]. By leveraging various physical
effect formulas [9], the ASM can represent the physical
phenomena in GaN devices, including the trapping effect,
velocity saturation effect, temperature-dependent effect etc.

Moreover, researchers have expanded the ASM applicability
in various scenarios [7], [9], [10].
In the realm of GaN power electronics, the p-GaN gate

structure is a commercially available Enhancement-mode (E-
mode) approach. However, during fabrication, the inductively
coupled plasma (ICP) dry etching of the p-GaN layer leads
to etching damage, which reduces the devices’ uniformity
and stability. To address these reliability issues arising from
surface states in p-GaN HEMT, Hydrogen plasma treatment
(H-treated) presents a promising solution [12], [13].
For the GaN monolithic integration, early work on circuit

simulation uses the Advanced Curtice GaAs model to
characterize the HEMT devices [14], [15], where the device
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FIGURE 1. H-treated p-GaN E/D-mode HEMT structures.

FIGURE 2. Workflow of the device modeling for the Monolithic IC
Application.

performance is not accurately fitted. Hence, the circuit
performance is unpredictable. Instead, the ASM model is
preferred to provide more accurate device characteristic
fittings for GaN devices. Although much ASM model-based
progress has been made in the radio frequency (RF) field,
the application for monolithic ICs for power electronics has
not been reported, especially for the circuit modules such as
drivers and protection blocks in power electronics.
This paper presents a workflow using the ASM-GaN

model for the verification of H-treated GaN monolithic
ICs. It presents an approach for extracting key GaN device
parameters for matching device characteristics. In addition,
this research extends capacitance modulation for accurate
circuit-level dynamic performance estimation to improve
the scalability of circuit-level applications to accommodate
novel process GaN device implementations in monolithic
IC design, highlighting its broad applicability and potential
impact.

II. THE MODELING WORKFLOW OF THE H-TREATED
P-GAN HEMTS DEVICE
The structure of the H-treated p-GaN E/D-mode HEMTs in
this paper is shown in Figure 1. The ICP-induced Hydrogen
plasma can form the Mg-H bond to passivate the p-GaN
layer to restore the two-dimensional electron gas (2DEG)
channel. The high-resistance H-treated p-GaN also serves
as the dielectric layer for the D-mode HEMT. Figure 2
provides an overview of device modeling and its relevance
to monolithic IC applications. Utilizing a compact model is
instrumental in facilitating IC design during the experimental
phase of device fabrication. Incorporating the device model
enables the co-optimization of monolithic IC fabrication with
IC design, thereby potentially enhancing the scalability of
IC modules.

FIGURE 3. Illustration of ASM-GaN parameter extraction from (a) transfer
curves, (b) output curves.

After importing the ASM-GaN model, the experimental
data are used to extract the device model parameters, includ-
ing VOFF, NFACTOR, CDSCD, ETA0, U0, NS0ACCS,
VSATACCS, and RTH0 etc., through the output and transfer
characteristics. The key parameters affecting the trend of
the transfer and output curves are shown in Figure 3. The
data used are in the IC-CAP ASM Model manual [11], [16].
Ahsan et al. demonstrate that these parameters significantly
determine the performance and intrinsic capacitances of
HEMT devices [17]. Tuning the parameters would greatly
improve the accuracy of the device model.
The workflow outlined in Figure 4 provides a com-

prehensive ASM parameter extraction process overview.
This process involves fitting the device’s transfer and
output characteristic parameters using IC-CAP. As shown
in Figure 5 (a), the modified blocks within the IC-CAP
model have been specifically tailored for this purpose, with
customized instructions and codes detailed within these
blocks. The parallelepiped blocks in Figure 5 (a) indicate that
multiple files can be included without causing interference.
In addition, the red dashed box in Figure 5 (b) represents
the optimizer algorithm, as documented in [11] manual,
which offers the potential for further optimization of the
model fit. Finally, the extracted device parameters critical to
transmission and output performance are presented in detail
in Table 1, including their values and definitions.

The fitted simulation results shown in Figure 6 demon-
strate the transfer and output characteristics of D-mode and
E-mode HEMTs. Figure 6 (a) presents the transfer curve of
the D-mode HEMT, where the gate voltage was swept from
-6 V to 4 V with the drain voltage at 10 V. Figure 6 (b)
demonstrates the transfer curve of the E-mode HEMT with
the gate voltage swept from 0 V to 5 V. The output curves of
both HEMTs were displayed in Figure 6 (c) and Figure 6 (d).
Once parameters in DC sweep analysis have captured the

intrinsic capacitances of the device, it becomes imperative
to determine the parasitic capacitance, which signifi-
cantly impacts the dynamic performance [17]. Dynamic
performance is paramount in GaN monolithic ICs, as
evidenced by the circuit performance demonstrated in this
article. Careful selection of device capacitance values is
essential to reproduce the circuit waveforms accurately,
facilitating IC design. Parasitic capacitance includes access
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FIGURE 4. Fast parameter extraction workflow of the ASM Model with the aid of IC-CAP.

FIGURE 5. IC-CAP function blocks and the parameter extraction/optimization workflow: (a) PathWave Device Modeling (IC-CAP) model components. (b)
Optimization flow diagram in IC-CAP [11].

TABLE 1. The key extracted device ASM model parameters for H-treated
E/D mode device.

region capacitance, overlap capacitance and fringing capac-
itance [21]. Following the guidelines of the ASM manual,
the overlap capacitances (Cdso, Cgso, Cgdo) are used as a
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FIGURE 6. Measured (dotted line) and simulated (solid line) device
characteristics using ASM structure: transfer curves of (a) D-mode and (b)
E-mode, output curves (c) and (d), Lg/Lgs/Lgd /Wg= 2 µ m / 3 µm / 3 µm /
100 µm.

method to emulate realistic device capacitances (Cds, Cgd,
Cgs) in subsequent simulations.

Input Capacitance : Ciss = Cgd + Cgs

VOLUME 12, 2024 459



LI et al.: INVESTIGATION ON THE DYNAMIC CHARACTERISTICS OF H-treated p-GaN HEMTs CIRCUIT

TABLE 2. The device capacitances range of p-GaN HEMTs.
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FIGURE 7. Schematic of Direct-Coupled FET Logic (DCFL) inverter, NAND
gate, and bootstrapped comparator circuit.

Output Capacitance : Coss = Cgd + Cds
Reverse Capacitance : Crss = Cgd (1)

The industrial-level capacitance values were selected as
the guidance for simulating the circuits, as illustrated in
Table 2. The values were chosen based on [18], [19]
for Cds,[20] for Cds, and [10], [18], [19], [20] for Cgd.
Consequently, the simulated device capacitance values are
within the data range measured in the reference. The
definitions between the input, output, and reverse capacitance
and the device capacitance are illustrated in 1.

The circuit diagrams in Figure 7 illustrate the Direct-
Coupled FET Logic(DCFL) inverter, NAND gate, and
bootstrapped comparator circuit in this study. For the follow-
ing dynamic simulation of the DCFL inverter, a D-mode to
E-mode gate width ratio of 30:100 was used; for the NAND
circuits, a D-mode to E-mode gate width ratio of 10:200
was employed to match the fabricated circuit results.

III. THE EXPLORATION OF DEVICE CAPACITANCES CDS,
CGD, CGS IN INVERTER CIRCUITS
This section demonstrates the impact of device capaci-
tances on the dynamic performance of the inverter circuit.
Equations 2-4 present the correlation of rise time τrise, fall
time τfall with device parameters [22]. The voltage VDD
and VT,D (VT,E) corresponds to the supply voltage and
threshold voltage of D-mode HEMT (E-mode HEMT). In
contrast, the f (VDD,VT,D) and g(VDD,VT,E) are independent
to device capacitances variations. The μD and μE, Cob,D and
Cob,E are mobility and gate barrier capacitances for D/E-
HEMTs respectively. The load capacitance CL is expanded
in Equation (4) to link with device capacitances investigated
in this section.

τrise = CL
μDCob,D

(
L

W

)
D
f
(
VDD,VT,D

)
(2)

τfall = CL
μECob,E

(
L

W

)
E
g
(
VDD,VT,E

)
(3)

CL = Cgd,D + Cgd,E + Cds,D + Cds,E + Cint (4)

As depicted in Figure 8 (a), the performance of the inverter
circuit in terms of Cds has been investigated, revealing a
degradation in the charging and discharging abilities as the
Cds of either the E-mode or D-mode HEMT increases. In
the circuit, the D-mode HEMT could pull up the output
voltage while the E-mode HEMT would pull down the
output voltage. So, the significant difference between τfall
and τrise can be attributed to the device gate width scale
of D-mode: E-mode = 30:100. The gate width difference
means a much stronger discharging current than the charging
current. This explains why the τfall is much smaller than
τrise. However, there is a difference in the impact of Cds
on the charging and discharging abilities. Specifically, if the
capacitance Cds is increased to the same extent for both
HEMTs. The charging performance will be more severely
affected compared with the discharging performance. In the
inverter circuit, an increase in the Cds value of either HEMT
will weaken the charging and discharging capacities, as
evidenced by the output voltage curve of the circuit.
In Figure 8 (b), it is demonstrated that Cgd has negligible

impact on the charging and discharging capability of the
inverter circuit. Cgd is known to have a relatively low value
in GaN HEMTs [23]. Cgd has unnoticeable connections
with the charging and discharging capability of the inverter
circuit. In Figure 8 (c), the effect of Cgs on the charging
and discharging ability of the inverter circuit is investi-
gated. The simulation results indicate that increasing Cgs
minimally impacts the performance of the inverter. The low
capacitance value of Cgs has been reported by previous
researchers [1], [9], [24].

IV. THE EXPLORATION OF DEVICE CAPACITANCES CDS,
CGD, CGS IN NAND CIRCUITS
Figure 9 (a) depicts the input signals for the NAND circuits.
The four phases result in four operating states, illustrated
in Figure 9 (b). Notably, each phase of input signals and
operating conditions are depicted with the same color.
As illustrated in Figure 10 (a), increasing the Cds of the

D-mode HEMT in the NAND circuit from 30 pF to 300
pF noticeably amplifies the problem of unexpected voltage
drops in the NAND output signal when it should remain
logic high. Increasing the Cds of the E-mode HEMT results
in a higher voltage drop during the transition of the input
signal (Vin1 Vin2) from “00” to “01”. This is because the
E-mode HEMT has a path to the ground that can pull down
the voltage level more effectively, causing the output voltage
to drop significantly when a single E-mode HEMT is turned
on. From the related work [8], [19], [20], three (Cds) values
have been reported. Therefore, based on the referenced data,
these three Cds values are selected for simulation. Firstly,
the first two kinds of used simulated value Cds = 30 pF, and
Cds = 90 pF are chosen to match the reported value in [8]
and [19] separately. The last simulated value Cds = 300 pF
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FIGURE 8. The simulated switching waveform at the frequency of 100 kHz), setting (a) Cds, (b) Cgd and (c) Cgs of E-mode and D-mode HEMTs as
variables in inverter circuits.

FIGURE 9. The NAND setup (a) input signal (b) working stations of NAND
circuits in 4 different phases.

(150 pF for E-mode) capacitance is chosen to account for
potential variations due to the fabrication process [20]. The
values of Cgd and Cgs selected in Figure 10 (b) and (c) are
similar to the selection of Cds in Figure 10 (a).

The investigation of Cgd in the NAND circuit has revealed
two unique phenomena, as depicted in Figure 10 (b).
Increasing the Cgd of the D-mode HEMT in the NAND
circuit reduces the voltage drop of the output voltage when
the input signal changes from “10” to “00”. This is due to
the increased ability of the D-mode HEMT to store charge,
thereby enhancing the output voltage to maintain a high
potential. Meanwhile, the voltage drop increases when the
input voltage changes from “10” to “00”, which is similar
to the reason for increasing the E-mode Cds. The voltage
drop issue is considerably exacerbated by increasing the Cgd
of the E-mode HEMT in the NAND circuit from 0.1 pF to
30 pF.
It has been observed that the Cgs of the E-mode HEMT

affects the output of the NAND circuit, inferred from the
data presented in Figure 10 (c). Increasing the Cgs of the
E-mode from 25 pF to 100 pF leads to an increase in the

voltage drop when “10” becomes “00”. Simultaneously, an
increase in voltage summits is observed when the input signal
changes from “01” to “11”. This can be attributed to the
increased charge stored in the E-mode HEMT due to the
increase in Cgs, which releases more charge at the stage “11”
input signal.

V. THE FITTING BETWEEN THE ASM MODEL SIMULATED
DATA AND EXPERIMENTAL RESULT
After establishing the correlations between device capaci-
tance and circuit performances in Sections III and IV, it
would be easier to exploit these conclusions to match the
switching waveform of the three circuits in Figure 7. All
the GaN H-treated devices are also based on the platform
proposed in that work [25]. Because all the experiments
and simulations focus on the monolithic GaN HEMTs,
the devices’ capacitance in this section is meaningful for
exploring the All-GaN HEMTs circuits.
The Figure 11 and Figure 12 correspond to the Inverter

circuit. Specifically, Figure 11 depicts the inverter circuits’
precise voltage transfer curve fitting, which captures the
input voltage range of 0 V to 5 V. The Inverter dynamic
circuits are featured in Figure 12, with the upper figure
representing the output at 100 kHz frequency and the lower
figure corresponding to a frequency of 500 kHz. However,
there are some voltage swings at the low output voltage.
These ringing voltages are mainly caused by the parasitic
inductive effect when Vout directly connecting to the ground.
Figure 13 compares simulation and experimental results of
NAND gate at a frequency of 100 kHz. The upper and lower
figures correspond to different input phases. In Figure 14,
the output response of the comparator circuit is fitted at
different reference voltages from 2 V to 4 V, with a step
voltage of 0.5 V. Although the simulation data still shows
small deviations compared to the experimental data due
to the non-ideality of the real test environment setup, the
results demonstrate the ASM-GaN workflow’s feasibility in
modeling the monolithic IC’s dynamic characteristics.

VI. CONCLUSION
This research marks a significant milestone as it accurately
models H-treated p-GaN gate devices using the ASM-GaN
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FIGURE 10. (a) The simulated switching waveform at the frequency of 100 kHz, setting (a) Cds, (b) Cgd and (c) Cgs of E-mode and D-mode HEMTs as
variables in NAND circuits.
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FIGURE 11. The fitting of inverter circuit’s voltage transfer curve between
experiment data (dotted line) and ASM model simulation data (solid line).
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model, a novel workflow for ASM-GaN model parameter
extraction and optimization using IC-CAP is proposed. The
I-V characteristics of both E/D mode devices are modeled
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FIGURE 13. The fitting of the NAND circuit’s switching waveform between
experiment data (light colored line) and ASM model simulation data (dark
colored line) at 100 kHz, with two different phases.
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and fitted. Through ASM model analysis, the effect of device
capacitance on the dynamic characteristics of monolithic
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ICs is thoroughly investigated. The results reveal distinct
effects of parasitic capacitance Cds, Cgd and Cgs. This
study presents an efficient method for accelerating GaN
monolithic IC design through accurate modeling and rapid
parameter extraction for advancing GaN monolithic IC appli-
cations, enabling scalable and robust designs, independent
of fabrication processes.
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