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Abstract

Large-signal modeling of Gallium Nitride (GaN) based high electron mobility transistors
(HEMTs) demands a proper description of trapping effects. In this paper, a new, simplified
yet accurate drain-lag description is proposed, enhancing the simulation accuracy and the
extraction flow of the physics-based compact model ASM-HEMT. The present study investi-
gates the impact of drain lag on specific physical phenomena, focusing on the relation between
trap states, surface-potential calculations, and electron transport properties. It is supplemented
with a revised extraction procedure, minimizing the required measurements, thereby the
undesired consequences of several passes on the same device, using pulsed I-V and pulsed
S-parameters only, and approaches for efficient and accurate simulation results. We show
that the proposed trap model is a determinative tool for simulating both small and large-signal
behavior predicting precisely S-parameters and load-pull performance.

Introduction

Gallium Nitride (GaN) high electron mobility transistors (HEMTs) are nowadays considered
as the best option for high power and high temperature radio-frequency (RF) and microwave
amplifiers. Due to material properties, GaN HEMTs provide higher robustness under tough
environmental conditions compared with competitive materials, making them exceptionally
suitable for space, broadband communication, and automotive applications [1, 2]. Such appli-
cations demand designs with highly accurate as well as highly efficient models.

An important peculiarity of GaN-based HEMTs, which should be sufficiently described by
a model, is trapping effects [3]. Trapping effects in GaN and generally in III-Nitride semicon-
ductors are still an unavoidable feature that obstructs real performance capabilities. The con-
sequences of trapping phenomena in GaN-based devices fall into two main categories: gate lag
and drain lag. The first term (gate lag) describes trapping effects that assisted by gate voltage
variations creating the delayed response of the drain current [4, 5]. Accordingly, drain lag is
the delayed response of the drain current during drain voltage variations [6]. Trapping of elec-
trons can happen in several parts of the semiconductor heterostructure. The most predomin-
ant locations are the surface and in general the upper parts of the device as well as the channel
and buffer layers. Gate lag appears mainly due to trapping at the surface and the upper layers
of the semiconductor heterostructure, whereas the region related to drain-lag effect is the GaN
channel layer and mainly the buffer. Several techniques, such as surface passivation and treat-
ment or field plates, have achieved a serious reduction of gate lag [7–9]. In a previous study,
Luo et al. [10] have already observed the negligible gate lag for the device we are going to use in
this study. On the other hand, due to native defects in GaN, and the intentional Fe or C doping
in order to enhance electron confinement of the 2DEG, drain lag can significantly affect device
performance [11, 12].

The proposed model constitutes an enhancement of the physics-based compact model
ASM-HEMT [13, 14] in the drain-lag description. ASM-HEMT is based on surface potential
calculations providing high flexibility and a better insight into trapping phenomena because of
the direct connection of model parameters with physical effects. However, the already built-in
trap model lacks an important feature of traps, the difference between time constants of two
events, capture and emission of electrons. The closest approach to a trap’s behavior is
described by the Shockley-Read-Hall (SRH) recombination [15, 16] and therefore some trap
models have been developed in order to simulate trapping effects in ASM-HEMT according
to physics [17, 18], showing a good agreement with experimental results. However, the
employment of the above theory in compact modeling conduces to a complicated extraction
procedure due to the introduction of additional parameters that properly manage the feedback
from the respective sub-circuit. Also, original trap model’s parameters are not always capable
to fully describe pulsed I-V measurements. This can play a crucial role in the large-signal mod-
el’s performance for typical microwave applications, where the large-signal excitation covers an
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extended area of the output characteristic. Recently, Khandelwal
et al. [19] suggested a new approach for the drain-lag description.
This approach provides a sufficient prediction of pulsed output
characteristics over a very broad range of quiescent drain voltage
Vdsq, by introducing a non-linear scaling of model parameters.
However, that non-linear model can be simplified and linearized
for common microwave applications with GaN HEMTs, where
usually trapping comes from the well-known 0.5 eV level [20,
21]. First-principles Density-Functional-Theory (DFT) calcula-
tions [22, 23], as well as experiments [24], have associated that
trap level with Fe-impurities in GaN. TCAD simulations by
Uren et al. [25] have shown that trapping in a passivated
AlGaN/GaN HEMT with Fe-doped buffer will mainly affect the
region under the gate and a narrow part of the drain access region,
after high Vds stress. Electron trapping will be negligible at the
source access region and the major part of the drain access region.

In this paper, we demonstrate a trap model for GaN-HEMT
devices, focusing only on drain-lag effects, neglecting the gate
lag. The model involves both linear and non-linear scaling of
model parameters depending on quiescent drain voltage Vdsq,
simulating accurately the pulsed output I-V curves for the
whole range of gate voltage. It is capable to describe the real inter-
action of the input signal with traps by distinguishing the differ-
ent time constants for the emission and capture of electrons in a
straightforward procedure already used with other compact mod-
els [26–29]. Another aim of this study is the proposal of a simpli-
fied extraction procedure for ASM-HEMT which adds efficiency
on device modeling and minimizes the complexity of the drain-
lag description. Thus, we use only pulsed I-V and pulsed
S-parameter measurements for the model extraction, diminishing
the uncertainty created by several measurements on the same
device, as firstly proposed by Mallet-Guy et al. [30]. We investi-
gate the dependence of surface-potential parameters and the
drain access region resistance on the quiescent drain voltage.
The present study seeks not only to describe in detail our drain-
lag model for ASM-HEMT, as firstly presented in the European
Microwave Integrated Circuits Conference (EuMIC) of 2020
[31], but also to update the drain-lag model parameters. In our
previous work, we neglected the impact of trapping on the
drain access region, omitting the accurate simulation of the knee-
walkout observed in GaN HEMTs. The performance of the
upgraded drain-lag model at high RF input power is significantly
enhanced. Additionally, we continue supporting the weak impact
of trapping at the source access region, maintaining the high
numerical convergence and the efficient extraction due to the
omission of an additional non-linear scaling parameter.

The device under test (DUT) is a two-finger HEMT with 250 nm
gate length and 125 μm gate width per finger from the GaN-on-SiC
process of the Ferdinand-Braun-Institut, Leibniz-Institut für
Höchstfrequenztechnik. The semiconductor heterostructure consists
of an Al0.25Ga0.75N barrier with a GaN cap layer on top, the GaN
channel layer, and a GaN:Fe buffer grown on 4H semi-insulating
SiC substrate. The device has an encapsulated gate, formed by two
layers of SiNx passivation, deposited by plasma-enhanced chemical
vapor deposition [32].

Required measurements

As mentioned before, one scope of this study is to minimize the
required measurements for the extraction procedure. Pulsed
S-parameters for different quiescent biases are capable to provide
us with pulsed I-V measurements and S-parameters at once.

Considering the great progress on modern devices in manipulat-
ing and almost diminishing the gate-lag effect, we focus only on
the impact of different drain quiescent voltages, in order to inves-
tigate the drain-lag effect. Thus, for determining the trap-affected
parameters of the model, pulsed I-V and S-parameter measure-
ments for three different drain quiescent biases Vdsq (8, 15, and
28 V) were carried out. The gate quiescent bias Vgsq must be
adjusted according to the operating point of the amplifier. In
our simulations, we use a quiescent point related to class AB
amplifiers, hence Vgsq = −2.3 V. The three respective Idsq values
are 13, 24, and 35 mA.

At this step, the adjustment of pulse conditions is a crucial fac-
tor in order to obtain iso-trapping measurements. The processes
of electron capture and emission follow the SRH statistics [15, 16],
which describes the recombination of carriers through trapping.
The energy difference between the trap level and the conduction-
band minimum regulates the emission of electrons. Typical values
of the electron emission time constant in GaN range between
microseconds and seconds or even more. Following the well-
studied analysis of transient drain currents [33], we investigated
the trap levels in the DUT and their nature. Our study suggests
the presence of one trap level with an activation energy of 0.48
eV, and a capture cross-section of 2.94 · 10−16 cm2, creating an
emission time constant of 6 ms at room temperature. The activa-
tion energy indicates that Fe is the responsible element for trap-
ping in the DUT, in agreement with previous studies [20–24].
On the other hand, the capture of electrons from deep levels in
GaN is a fast process with a relatively short time constant. It is
strongly dependent on the density of electrons in the conduction
band (hence by the Fermi level). According to the theory [34, Ch.
5], knowing the capture cross-section, one can estimate the cap-
ture time constant considering the material properties of GaN.
Taking also into account that the main region of trapping as
shown in [25] would be the upper part of the Fe-doped buffer
and the channel, the capture process would have a time constant
in the range of nanoseconds. Gomes et al. proposed a new char-
acterization technique for the capture time constants in GaN
HEMTs [35]. Their results exhibit a fast capture, much faster
than 600 ns, making its characterization with common pulsed
measuring setups infeasible. They also observed a capture mech-
anism with a much longer time constant in the range of millise-
conds. In our case, where we are treating narrowband signals
without long off periods, that slow mechanism can be neglected.
Finally, pulse-width must be short enough to reduce temperature
variations during the pulse, maintaining the device temperature
constant [36].

Taking all the above into account, we used a pulse width of
250 ns and a pulse period of 250 μs [36, 37]. With such pulse con-
ditions, we expect iso-thermal and iso-trapping measurements.
Self-heating effect is constant during the measurement, regulated
by the dissipated power at the quiescent region. Also, traps are
remaining overcharged for Vds below Vdsq due to the insufficient
time for the slow emission. Thus, pulsed I-V measurements with
various quiescent voltages provide us with an insight on different
magnitudes of trapping in a steady state.

Trap model description

The proposed drain-lag model can be divided into two main
parts: the trap-affected parameters and the drain-lag sub-circuit.
The first simulates the device behavior during a steady state of
trapping, and the second introduces the transient response of
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the traps into the model. Then, we use both of them to simulate
all the possible trapping conditions that can arise depending on
time-dependent variations of Vds.

Drain-lag model parameters

The approach behind the iso-trapping conditions allows us to take
advantage of the steady-state region of our measurements. Traps
will be remaining charged, and the device in a steady state for the
Vds values smaller than the quiescent drain voltage Vdsq. Thus, we
focus on that bias region to extract the model parameters that best
describe all steady states, namely all the pulsed measurements.
Then we try to correlate the differences between the extracted
models. The correlation will provide the trap-affected parameters.
Those parameters will reshape our model to simulate trapping
effects in their steady states. At this step, as described in section
“Required measurements”, keeping pulses as short as possible
and in the nanoseconds range is crucial to avoid electron emission
or self-heating mechanisms. Longer pulses, e.g. microseconds,
would obstruct steady state and introduce self-heating effects dur-
ing the measurement window, creating uncertainties to the extrac-
tion procedure.

At first, the extraction of the ASM-HEMT is executed accord-
ing to the extraction flow for RF modeling suggested by Ahsan
et al. [14]. The exception here is that we start by simulating one
of the pulsed output characteristics instead of the DC one. For
this work, the model parameters have been firstly extracted
from the characteristic of Vdsq = 8 V and Vgsq = −2.3 V. Intrinsic
parasitic capacitances have been extracted from pulsed
S-parameters of the same measurement.

Figure 1 presents simulated and measured pulsed output I-V
curves for three different Vdsq ((a) 8, (b) 15, and (c) 28 V). Gate
voltage Vgs is swept from − 3 to 1 V with a step of 1 V for all
three cases. Simulations are provided by the proposed drain-lag
model (black solid line). Also, Fig. 2 presents simulated and mea-
sured DC output and transfer characteristics for comparison. The
advantage of using only pulsed output I-V curves is significant
when the typical kink effect (lies between 4 and 6 V at the
drain in Fig. 2(a)) is observed on the static measurements. This
behavior prevents the accurate extraction of model parameters
based on static measurements alone, ending up with a low mod-
eling performance. A previous study suggests that this kink effect
comes from buffer traps [38]. In Fig. 2(a), current exhibits higher
values after the kink effect, indicating a repeated electron emission
and capture, at low and high Vds, respectively. Thus, trapped elec-
trons’ population varies during the voltage sweep in static mea-
surements, creating significant uncertainties in parameters’
extraction because of the continuously affected device perform-
ance. On the other hand, iso-trapping pulsed measurements can-
not exhibit such kink effects. The population of trapped electrons
is always constant, defined by the high quiescent voltage Vdsq.

We observed that scaling only five model parameters can simu-
late pulsed output I-V curves over a wide range of Vdsq. A positive
shift of the threshold voltage with Vdsq is observed due to the
decrease of the electron concentration in the 2DEG. Scaling the
parameter VOFF allows for an accurate description of the threshold
voltage shift. As can be seen from the output I-V curves, a higher
reduction of the current is apparent for intermediate and high
values of Vgs. In our case, this effect can be accurately described
by an increase of mobility degradation UA with the vertical electric
field in the channel. Additionally, Drain Induced Barrier Lowering
(DIBL) effect is affected by electron trapping. Model parameters

ETA0 and VDSCALE should be changed according to the magnitude
of trapping. The above four model parameters exhibit a linear rela-
tion with Vdsq given by the equation

PVdsq = trP · (Vdsq − Vdsqref )+ Pref (1)

where PVdsq stands for one of the four parameters to be used for fit-
ting the output I-V curve for the desired Vdsq, trP is the respective
scaling factor, Vdsqref takes the value of Vdsq from where we extract
main model parameters, i.e. 8 V in our case, and Pref the reference
value of the parameter determined for Vdsqref.

Fig. 1. Simulated and measured pulsed output I-V curves for Vgsq =−2.3 V and three
different Vdsq ((a) 8 V, (b) 15 V, (c) 28 V). Vgs varied from − 3 to 1 V with a step of 1 V.
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The accurate simulation of the knee-walkout and the dynamic
Ron of the device is achieved by the inclusion of the drain access
region resistance in our drain-lag model. A non-linear reduction
of the parameter ns0accd (represents the 2DEG density at the
drain access region) with respect to the Vdsq is observed. We
scale ns0accd according to equation (2) (partly adapted from
[19]), where PVdsq stands for the paramater ns0accd, trP is the ini-
tial scaling factor of ns0accd, Vdsqref takes the value of Vdsq from
where we extract main model parameters, i.e. 8 V in our case, Pref
is the reference value of ns0accd determined for Vdsqref, Vdsqsat is
the Vdsq where the saturation of scaling begins, and k is used for
the best fit of the saturated scaling.

PVdsq = Pref + trP · Vdsqsat

· Vdsq

V1/k
dsq + V1/k

dsqsat

( )k −
Vdsqref

V1/k
dsqref + V1/k

dsqsat

( )k

⎛
⎜⎝

⎞
⎟⎠

(2)

The proposed drain-lag model can accurately simulate pulsed
output I-V curves for all bias regions and every quiescent voltage.
Figure 3 presents the scaling lines that every linear trap-affected
parameter follows w.r.t. Vdsq, whereas Fig. 4 shows the non-linear
scaling of ns0accd.

There is a tight connection between all the five trap-affected
parameters and the population of trapped electrons. However,

the non-linear scaling of ns0accd could provide an interesting
insight into trapping effects. In Fig. 4 one can observe a scaling
with two different slopes and the transition between them.
Parameter trns0accd is the initial scaling factor and parameter
k can change that slope when the scaling of ns0accd tends to sat-
urate after Vdsqsat. A saturated scaling suggests that the total popu-
lation of trapped electrons in that region does not change despite
the higher Vdsq. Therefore, we could hypothesize that the param-
eter k is related to the highest values of trapped electrons’ popu-
lation in the drain access region. However, further investigation is
needed for this assumption.

Drain-lag sub-circuit

A drain-lag model should adequately reproduce the interaction of
applied Vds with traps, by imitating the real trap activity in the
semiconductor. Discrete trap levels in semiconductors have charac-
teristic time constants for the capture and the emission of electrons,
creating the well-known transient response we call lag. Thus, an
accurate drain-lag model should reproduce the lagged response
that traps create when a change at the applied Vds happens.

For this purpose, we implemented a more straightforward pro-
cedure than previous studies with ASM-HEMT to simulate the dif-
ferent time constants of capture and emission. We employed part of
the well-established trap model from Jardel et al. [26] to create dif-
ferent time constants for the charging and discharging process.
Figure 5 shows the model structure used for the purpose of this
study. In the upper part, the main model consists of ASM-HEMT
accompanied by the extrinsic elements of the device, which are
determined by cold-FET S-parameter data. The drain and source
resistances, Rd and Rs, are omitted from the extrinsic part of the
device. They are fully covered by the access region resistance
model of ASM-HEMT, which contains both access region and

Fig. 2. Simulated and measured DC (a) output and (b) transfer characteristics are pre-
sented for comparison.

Fig. 3. Scaling lines that the four linearly trap-affected parameters follow depending
on Vdsq.
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contact resistances. The drain-lag sub-circuit is shown at the bottom
of Fig. 5. The two time constants are defined as follows

temission = Remission · Ctrap (3)

tcapture = Rcapture · Ctrap (4)

In this work, the emission time constant τemission is set at 6 ms,
while the capture time constant τcapture at 1 ns. Then, the extracted
ASM-HEMT model with the present drain-lag implementation can
be used for accurate device large-signal modeling. In order to com-
bine the extracted scaling parameters discussed previously, with the
R-C sub-circuit, equations (1) and (2) take the following form

P = trP · Vtrap + P0 (5)

P = trP · Vtrap · Vdsqsat

V1/k
trap + V1/k

dsqsat

( )k + P0 (6)

where the feedback of the R-C sub-circuit Vtrap takes the place of
Vdsq, and instead of Pref , we use the extracted intercept P0 from
Figs 3 and 4, which represent the value of each trap-affected param-
eter for Vdsq = 0 V.

Model validation

Before the final validation of the proposed drain-lag model with
RF signals, we tested ASM-HEMT’s temperature-dependent para-
meters [39] with our scaling approach. For this purpose, we simu-
lated pulsed output characteristics under different ambient
temperatures. Then, the proposed drain-lag description was
implemented in ASM-HEMT and used in Keysight ADS design
software [40]. A comparison of simulations with S-parameters
as well as with load-pull measurements at 8 GHz was performed.
During this step, we compare the performance of our model with
the case that we do not consider any trapping effects using only
static measurements for the extraction procedure.

Temperature-dependent effects

In real applications, GaN HEMTs are commonly subjected to
ambient temperatures varying in a wide range. High temperature

negatively affects microwave performance [41]. A compact model
needs to simulate trapping effects in parallel with temperature-
dependent phenomena. Figure 6 compares measured pulsed out-
put characteristics at different ambient temperatures varying
between 40 and 80 °C, at 26 V of Vdsq. According to SRH statistics
[15], [34, Ch. 5], the emission of electrons coming from a trap,
with activation energy close to 0.5 eV or more [20, 21], and a cap-
ture cross-section of 10−16 cm2, is not shorter than microseconds
under reasonably high temperatures (< 400 K) [42]. The above
suggests that high temperature will not affect our drain-lag
model performance for microwave GaN devices. Simulations at
high frequency allow us to neglect the temperature-dependent
nature of trap’s time constants.

The pulsed measurements shown in Fig. 6 present a steady state
of the device because of the short pulse-width compared with the
long emission time constant even at high temperature. The
temperature-dependent parameters of ASM-HEMT [39] could
cover the difference that we observe between the two measure-
ments. Indeed, Fig. 7 presents simulation results with an excellent
fit of pulsed output characteristics under three different ambient
temperatures. The presented model includes the temperature-
dependent parameters UTE, UTES, UTED (temp-dependent elec-
tron mobility under the gate, source access, and drain access,
respectively), AT (temp-dependent saturation velocity), and KRDC
(temp-dependent drain contact resistance). For the accurate extrac-
tion of the thermal model parameters, one should also consider the

Fig. 4. Extracted values of ns0accd (black dots) and the fitted line versus Vdsq. Fig. 5. Schematic of the model topology. Vtrap is fed back into the model, updating
trap-affected parameters.

Fig. 6. Measured pulsed output characteristics for two different ambient tempera-
tures (red circles for 40 °C and black dots for 80 °C).
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self-heating effect. In our case, we used the already built-in thermal
network of ASM-HEMT with a single thermal time constant. GaN
HEMTs during static I-V measurements, such as the one presented
in Fig. 2, exhibit self-heating effect appearing with the decrease of
Ids for high Vds and high Vgs. That bias region allows us to extract
the thermal-resistance parameter RTH0 [14] and consider the self-
heating effect for our model.

Small-signal model behavior

Figure 8 presents the comparison between simulation results and
measurements of pulsed S-parameters for Vdsq at 15 V and Vgsq at

−2.3 V. Instantaneous Vgs is at −2 V, and −2.5 V, whereas Vds is
at 14 V. Biasing of the device was chosen to better address its
small-signal behavior in a class-AB power amplifier. Simulations
consist of the two different cases referred to before. It is the pro-
posed drain-lag description (black-solid line), and the extracted
model from the static output I-V curve of Fig. 2 with no trap
model (blue dashed line).

S11 and S12 are strongly affected by the capacitance description.
In both Vgs conditions, the two models show an almost identical
behavior following the measurements accurately. However, trans-
conductance gm and output conductance gds have a strong influ-
ence on S21 and S22, respectively, concluding that simulations
without a drain-lag description provide poor results compared
with the ones obtained with the trap model and the exclusive
use of pulsed measurements. The appearance of the kink effect
at low drain voltages makes the extraction procedure difficult
and inaccurate. For devices with such trapping effects, the
employment of only pulsed measurements for the extraction of
the model is necessary. The ASM-HEMT with our drain-lag
description provide a great fit of the measured S-parameters, indi-
cating that the extraction from pulsed S-parameter measurements

Fig. 7. Simulated pulsed output characteristics for three different ambient tempera-
tures. (a) at 40°, (b) 60°, and (c) 80 °C.

Fig. 8. Simulations (lines) and measurements (dots) for (a) S11 and S22 at Vgsq =
−2.3 V, Vdsq = 15 V, Vgs =−2, and − 2.5 V, Vds = 14 V and (b) S21 and S12 at the same vol-
tages. Frequency at 0.5–40 GHz (solid lines: extracted from pulsed measurements
with the proposed drain-lag model, dashed lines: extracted from static measure-
ments without any trap model).
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only is a crucial and sufficient step to bridge the gap between DC
measurements and S-parameters, as seen here.

Large-signal model behavior

The validation of the model under large-signal excitation has been
examined, comparing RF power-sweep measurements with simu-
lation results. The measurement presented here was performed at
8 GHz with Vds = 15 V and Idsq = 110 mA/mm, in a region related

to class AB amplifier operation. The source and load impedances
were chosen at the optimum values for providing maximum out-
put power. Harmonic-balance simulations were carried out, tak-
ing into account source and load impedance for the
fundamental frequency and the 2nd harmonic.

Figure 9(a) presents a comparison between measurements and
simulations for the DC output current Ids, Fig. 9(b) for the RF
gain, and Fig. 9(c) for the power-added efficiency (PAE). We
observe an excellent agreement between the proposed model’s
results (solid lines) and measurements (red dots) for the whole
range of input power Pin. In the same figures, with dashed
lines, the model without considering any trapping effects,
extracted from the static measurements of Fig. 2, shows its inabil-
ity to follow the experimental results, presenting a high discrep-
ancy for the whole range of Pin. At low Pin, both models’
behavior is similar to the small-signal operation presented in
Fig. 8. Well-fitted S-parameters suggest that simulation results
here would be close to the experimental values. As can be seen
in Figs 9(a) and 9(b), the model without the trap description
begins from the correct Ids but the simulated gain is not the
real one, in agreement with the discrepancy observed in S21 and
S22. The implementation of the proposed drain-lag model fixes
this error with excellent results. As Pin increases, charging of
traps continues due to the increase of the dynamic Vds by the
RF signal. As a result, the static model cannot follow the measured
Ids and fails on providing a good representation of the device. The
drain-lag model with the scaling approach always changes its
simulation results according to the trap potential conducing to
the accurate representation of the DUT.

Conclusion

In this paper, we present a new drain-lag description for the
physics-based ASM-HEMT model, dedicated to microwave GaN
HEMTs. An R-C sub-circuit simulates trap’s transient response
by distinguishing the different time constants of capture and emis-
sion. We showed that trapping effects in the DUT influence only
five parameters of the model. Scaling them depending on Vtrap,
we can accurately describe its large-signal behavior. The proposed
description reduces the required measurements for the model par-
ameter extraction to the minimum by employing only pulsed I-V
and pulsed S-parameter measurements. The model has been vali-
dated by S-parameter and load-pull simulations, as well as with
pulsed I-V measurements at various temperatures. The good agree-
ment with the measurements suggests that it can accurately predict
trapping presence in GaN HEMTs’ performance.
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