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A B S T R A C T

Gallium-Nitride High Electron Mobility Transistors (GaN-HEMTs) are susceptible to trapping effects, signifi-
cantly degrading device performance. The degradation can be seen in the current–voltage characteristics and
also manifests in the form of a shift in the dynamic on-resistance and threshold voltage. In this paper, we
present pulsed characterization and empirical modeling of a 250 × 10 μm RF GaN HEMT device. To study the
impact of drain-induced trapping, pulse I-V characterization is performed at a fixed quiescent gate voltage of
−7 V with varying drain quiescent voltage. An empirical RC network approach is proposed to accurately model
the trapping in the device. The model effectively captures the impact of trapping and takes into account the
self-limiting behavior of traps. The model is implemented in Verilog-A within the Advanced SPICE Model for
High Electron Mobility Transistors (ASM-HEMT) framework. Validation of the model is done with six different
quiescent conditions of pulse measurement with on-state drain bias varying from 0 V to 20 V.
1. Introduction

Gallium Nitride (GaN) based HEMTs have garnered considerable at-
tention over the past few decades owing to their promising
characteristics — high electron density, a high saturation velocity, a
wide bandgap, and a high thermal conductivity.

In spite of its superior characteristics, there are still reliability issues
associated with this device. Although efforts are made to improve
the reliability of HEMTs [1], there is still a pronounced drawback —
these devices suffer from charge trapping [2]. Charge trapping has a
significant impact on device performance, as evidenced by the dynamic
change in current when the device is operated at different drain-gate
voltage biases [3].

It is believed that material defects and electron states at the surface
act as trapping centres [4]. Usually, in HEMTs, trap centres can be
presented as surface, interface, barrier layer, and buffer layer traps.
Various phenomena have been recorded as a result of charges en-
tering and exiting these traps, including Current Degradation (CD),
low-frequency transconductance dispersion, gate lag, drain lag, and so
on. Gate lag is most widely attributed to surface and barrier traps, while
drain lag is attributed to buffer/substrate traps [5]. Traps under the
gate predominantly change the threshold voltage, whereas traps in the
drain gate access region determine the on-resistance [6].
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GaN devices suffer from self-heating phenomena in addition to
trapping, and together, the effects include a complex nonlinear depen-
dence with regard to the instantaneous voltages applied at the device
ports [7]. Iso-thermal HEMT characteristics are commonly determined
using Pulsed-IV (PIV) measurements to avoid any heating effects in the
device [8]. It allows one to observe the CD due to charge trapping only.
There are several reports on trap modeling using both empirical [9]
and physics-based approaches [10]. However, empirical trap models
are often used in industry standard models because of their simplicity,
accuracy, and robustness. The RC network approach is an empirical
way to model charge trapping in devices, as given in [11]. The industry
standard model ASM-HEMT [12,13] consists of several mutually exclu-
sive, empirical trap RC models. However, none of the RC networks are
able to capture the influence of parasitic back gate effects [14] and
the self-limiting behaviour of traps on the process of trapping [15]. A
comprehensive empirical RC network model that is able to adequately
capture the dynamics involved in the device operation is missing in
contemporary literature.

In this paper, we characterize a GaN HEMT device under multiple
pulsed conditions and present a modified RC network-based model
(Fig. 1), implemented in the ASM-HEMT framework, to capture trap-
ping effects and their self-limiting behaviour. A single network is
vailable online 3 November 2022
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Fig. 1. RC network implemented to capture trapping dynamics. 𝑅𝐷𝐸 and 𝑅𝐿𝐸 are bias
dependent and drain-access region 𝑛2𝐷𝑒𝑔 dependent variable resistors.

implemented for trapping and de-trapping, with a diode being used to
differentiate the two processes.

The modified RC network is validated with multiple pulsed IV
measurements. To capture dynamic current behaviour for different qui-
escent bias conditions, our implementation incorporates new behavior
for various ASM-HEMT parameters, including threshold voltage (𝑉𝑂𝐹𝐹 ).

The paper proceeds as follows: Section 2 provides details about
device characterization, Section 3 discusses the model and results,
Section 4 outlines the extraction procedure, and the paper is concluded
in Section 5.

2. Electrical characterization

Dual pulse measurements are performed using an AMCAD
(AM3200) system (Fig. 2(a)) and the IVCAD suite is used for analysing
measured data. Pulsed characterization of an RF GaN HEMT device
(Fig. 2(b)) with gate length (𝐿𝑔 = 250 nm), width (W = 250 μm)
and number of fingers (NF = 10) is performed. To observe current
degradation with respect to time, quiescent voltages were set at (0 V,
0 V) and the device was measured at a bias of (−2.5 V, 10 V) over a
pulse width of 20 μsec at a 20% duty-cycle. To study the impact of drain
induced trapping, pulsed characterization is performed at a fixed gate
quiescent (𝑉𝐺𝑆𝑄) of −7 V with varying drain quiescent bias (𝑉𝐷𝑆𝑄 =
0 V, 7.5 V, 10 V, 15 V, 20 V and 25 V). For these measurements, a
pulse width of 500 ns was applied in 100 ms pulse duration.
2

Table 1
Following parameters values are extracted after
modeling the device.
Parameters Extracted values

𝛼𝑆𝐶 (℧) 1.0 u
𝛼1 (℧) 1.9
𝛼2 (V) 25.0 m
𝛼3 1.8
𝛼𝐹𝐵 (𝑉 −1) 220.0 m
RC1 250.0 m
RC2 158.0 m

3. Model description and results

3.1. Model description

The main points taken into consideration in this study and modeling
are:

• The majority of carriers are trapped during the off-stress period.
• When the device is turned on, the model traps additional carriers

if the on-state voltage is greater than the stress voltage.
• Trapping in the on-state is mainly contributed by the channel

formed under the gate. However, impact on overall characteristics
depends on off-state stress conditions. On-state trapping is visible
for 𝑉𝐷𝑆𝑄 = 0 V, where saturation currents show a flatter response
than deeply stressed quiescent conditions.

• Carriers assumed to be trapped in the drain access-region are con-
sidered to be drain access-region electrons and electrons injected
through the gate.

• Increase in the electric field under the gate is considered as a
possible cause of trapping in the gate stack — eventually leading
to a shift in the threshold voltage.

• Since surface passivation significantly reduces surface trapping,
current degradation in the device can be also be attributed to
parasitic backgate formation [14].

• The model includes variable resistors to account for self-limiting
and parasitic back-gate formation behaviour — with one resis-
tor being trap-potential dependent and the other 2-DEG-conce-
ntration dependent.

While the use of RC networks is a common approach to model trap-
ping related current degradation [16–18], a model that takes the self-
limiting behaviour of traps into account is still missing in the literature.
Fig. 2. (a) Measurement setup consisting of AMCAD Pulse IV System (AM3200), Drain Pulser (AM3221) and Gate Pulser (AM3211) (b) Device under Test (DUT).
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Fig. 3. (a) Behavior of trap potential with and without feedback network (b) Effect of
trapping on drain current over a pulse width of 20 μs (c) Drain current vs Gate voltage
at 𝑉𝐷𝑆=5V for quiescent biases shown in legends.

The self-limiting behavior implies a condition where a trapped carrier
generates an electrostatic potential that acts as a barrier for the in-
coming electrons, resulting in a decreased trapping probability [15].
Equivalent RC networks used to account for trapping without taking
the self-limiting behaviour into account may not represent the variation
of threshold voltage properly and can easily overestimate the dynamic
𝑅𝑂𝑁 . In our model, we introduce this effect using a negative feedback
𝑅𝐿𝐸 = 𝑅𝐿(1−𝛼𝐹𝐵𝑉𝑇𝑅𝐴𝑃 ). Also, following from [14], drain bias induced
space charge formation in the substrate can act as a parasitic back-gate
(𝑉𝑆𝐶 ) — degrading the current by reducing the 2-DEG [19], and simul-
taneously changing the rate of trapping. This effect is included in the
model using a variable resistor 𝑅𝐷𝐸 = 𝑅𝐷 ∗ 𝑁𝑆0𝐴𝐶𝐶𝐷∕(𝑁𝑆0𝐴𝐶𝐶𝐷−
𝑛𝑆𝐶 ), where 𝑁𝑆0𝐴𝐶𝐶𝐷 is the drain access region 2-DEG concentration
and 𝑛 = 𝑉 ∗ 𝐶 ∕𝑞.
3

𝑆𝐶 𝑆𝐶 𝐵
As can be seen in Fig. 1, the existing RC network model in ASM
HEMT [11,16] is modified to take these effects into account by making
use of the parameters 𝑅𝐿𝐸 and 𝑅𝐷𝐸 . Fig. 3(a) shows the impact of
𝑅𝐿𝐸 on 𝑉𝑇𝑅𝐴𝑃 generated over time — as 𝑉𝑇𝑅𝐴𝑃 increases, negative
feedback reduces 𝑅𝐿𝐸 , thus increasing current flow through 𝑅𝐿𝐸 and
subsequently limiting the increase of 𝑉𝑇𝑅𝐴𝑃 . Fig. 3(b) shows impact of
𝑅𝐿𝐸 on drain current transient (DCT). Furthermore, 𝑅𝐸 is kept at a
higher value than 𝑅𝑇 (emission time > capturing time) and a diode is
utilised to ensure that the charging and discharging of 𝐶𝑇 takes place
along distinct pathways.

3.2. Results and discussion

Early on in the development of GaN HEMTs, changes in 𝑉𝑂𝐹𝐹 were
attributed mostly to surface states, which, when occupied, operated
as a virtual gate. However, surface trapping is minimised significantly
in state-of-the-art devices owing to surface passivation. As a result,
the region of interest for studying CD effects remains the barrier,
buffer, and substrate. The 𝑉𝑂𝐹𝐹 shift is caused by 𝑉𝐺𝑆𝑄 — provided
that electrons trap under the gate region. However, measurements
performed in this paper demonstrate a 𝑉𝑂𝐹𝐹 shift with variable 𝑉𝐷𝑆𝑄
at a fixed 𝑉𝐺𝑆𝑄 of −7 V. With an increasing 𝑉𝐷𝑆𝑄, the device exhibits
a higher 𝑅𝑂𝑁 and a significant positive shift in 𝑉𝑂𝐹𝐹 . I. P. Singh
et al. [20] have shown that with increasing drain bias, the electric
field under gate increases proportionally. The electric field across the
barrier substantially increases gate-currents due to Poole–Frenkel (PF)
and Fowler–Nordheim tunnelling (FNT) [21]. This increase in gate-
leakage currents activates the additional trapping centres under the
gate and near the gate-drain region. Due to the drain bias, a change in
threshold voltage can thus be attributed to the increased electric field
under the gate. Further, 𝑅𝑂𝑁 of the device is affected by trapping in
the drain access-region due to applied 𝑉𝐷𝑆𝑄 for a given stress period.

Validation of the proposed network for multiple quiescent con-
ditions is shown in Figs. 3, 4, 5 and 6. Voltage dependent current
sources (Eqs. (1) and (2)) and effective trap potentials used to modulate
ASM-HEMT parameters are given by Eqs. (3) and (4).

𝐼𝑆𝐶 = 𝛼𝑆𝐶 ∗ 𝑉 (𝑑) (1)

𝐼𝑇𝑅𝐴𝑃 = 𝛼1
√

𝛼2 𝑉 (𝑑)𝛼3 (2)

𝑉𝑜𝑓𝑓1 = 𝑅𝐶1 ∗ 𝑉𝑇𝑅𝐴𝑃 (3)

𝑉𝑜𝑓𝑓2 = 𝑅𝐶2 ∗ (𝑉𝑇𝑅𝐴𝑃 + 𝑉𝑠𝑐) (4)

4. Extraction flow

With the quiescent condition of (𝑉𝐺𝑆𝑄 ∶ −7 V, 𝑉𝐷𝑆𝑄 ∶ 0 V) chosen
as reference, the initial set of ASM-HEMT parameters is extracted.
The quiescent condition of (𝑉𝐺𝑆𝑄 ∶ −7 V, 𝑉𝐷𝑆𝑄 ∶ 25 V) is then
used to estimate the final values of trap parameters (𝛼𝑆𝐶 , 𝛼1, 𝛼2,
𝛼3, 𝛼𝐹𝐵 ,RC1,RC2), keeping the basic parameters obtained in the first
extraction unchanged. The extracted values are given in Table 1. To
simplify the extraction procedure, the trap potential is stored in two
variables 𝑉𝑜𝑓𝑓1 and 𝑉𝑜𝑓𝑓2. 𝑉𝑜𝑓𝑓1 is used to modulate the parameter
𝑉 𝑂𝐹𝐹 and 𝑉𝑜𝑓𝑓2 to emulate the effect of trapping on DIBL, mobility,
saturation velocity and access region parameters.

5. Conclusion

We presented the characterization and modeling of drain-lag ef-
fects in AlGaN/GaN HEMTs using a self-limiting trapping model. The
proposed model works well under all quiescent conditions and can
be extended for gate-lag by changing the voltage dependence of the
current sources from drain to gate.
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Fig. 4. Measurement (Symbols) and Simulated (Solid lines): (a)–(f) Pulsed output characteristics for 𝑉𝐺𝑆 (−7 V to 1 V, step = 0.5 V) under the following quiescent bias points:
(𝑉𝐺𝑆𝑄 , 𝑉𝐷𝑆𝑄) = (−7 V, 0 V), (𝑉𝐺𝑆𝑄 , 𝑉𝐷𝑆𝑄) = (−7 V, 7.5𝑉 ), 𝑉𝐷𝑆𝑄 = (−7 V, 10 V), (𝑉𝐺𝑆𝑄 , 𝑉𝐷𝑆𝑄) = (−7 V, 15𝑉 ), (𝑉𝐺𝑆𝑄 , 𝑉𝐷𝑆𝑄) = (−7 V, 20 V), (𝑉𝐺𝑆𝑄 , 𝑉𝐷𝑆𝑄) = (−7 V, 25 V).
Fig. 5. (a)–(b) Measurement (symbols) and Simulated (Solid lines). (a) Drain current vs. Drain Voltage for quiescent biases shown in the legend. Variation of (b) Dynamic
onductance (c) Access region 2DEG concentration and threshold voltage, and (d) potential 𝑉𝑆𝐶 and parameter 𝑛𝑆𝐶 with drain quiescent conditions.
Fig. 6. Measurement (Symbols) and Simulated (Solid lines) (a)–(c) Dynamic conductance of the device at different gate voltages (−2.5 V, -1 V and 0 V).
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