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ABSTRACT: Charge trapping in Gallium Nitride based devices affect their reliability and performance.
In this work we study the dynamics of charge capture and emission in donor-like surface traps and the
impact of trapped charges on transient response of the drain current in Gallium Nitride High Electron
Mobility Transistors (GaN HEMTs). To simulate transient characteristics, traps are excited into their
empty or filled state by applying initial pulse on gate (gate-lag technique) or on drain (drain-lag) and
then the drain current is monitored during transition toward steady state condition. The results show up
to 44% variation in drain current level, which reflects the importance of trapped charges in the device
characteristics. The effect of physical parameters, including trap energy level and temperature have been
characterized using gate and drain-lag. A simple physical model is proposed (based on the Arrhenius
relation) and calibrated with simulation results to obtain the emission and capture time-constants. The
results extracted from the physical model show that the time constant for capture and emission varies
from few microseconds up to few seconds depending on temperature and trap energy level and the result
are in good agreement with TCAD simulations. This is an important step toward incorporation of charge
trapping effect into the charge-based compact model of GaN HEMTs.
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1- Introduction

AlGaN/GaN High Electron Mobility Transistors (HEMTs)
are promising candidates for high-power and high-frequency
applications due to their high breakdown voltages, high sheet
carrier densities, and excellent performance at high tempera-
tures due to high thermal conductivity of Gallium nitride [1-
4]. However, dispersion effects induced from trapping phe-
nomena, occurring in different locations of the device leads
to critical issues and therefore can extremely limit the perfor-
mance in such devices. Current collapse is one of the major
dispersions originated from charge trapping effects, which
has detrimental consequences on the device output charac-
teristics [5-8]. In the recently developed charge-based EPFL
HEMT model, the effect of charge trapping on device char-
acteristics has not yet been included [2-4]. In the absence of
charge trapping process, the dc and ac device characteristics
predicted by the model have been validated against TCAD
simulation results and experimental data. However, in order
to accurately capture the characterization of the device per-
formance, it is required to take the non-ideal charge trapping
effects into consideration. In the presence of charge trapping,
the conventional dc characteristics can no longer be represen-
tative of the device behavior at high frequencies. Therefore,
pulsed characterization of the device, also known as pulsed-
IV (a widely used technique), can be applied for such purpos-
es [9]. Fig. 1 compares the TCAD simulation results obtained
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from dc voltage sweep (without the charge trapping effect),
and pulsed-IV characteristics (with charge trapping effect). In
this technique, the gate and drain voltages are pulsed from a
quiescent bias point (V g, =-6.8 V, V(=10 V) to the final
values of V., =-4 Vto 0V, V =0 to 20 V. The pulsed I-V
characteristics show significantly lower current level com-
pared to DC measurements, which is the signature of trapped
charges. Based on their location in the device structure, traps
can be characterized into four groups: surface states, barrier
traps, interface traps, and buffer/substrate traps [10-11]. Sur-
face states and barrier traps are reported to be responsible for
the gate-lag transient effect in GaN HEMTs, as shown in [12].
On the other hand, buffer layer traps or substrate traps are
usually responded to drain voltage switching, and are there-
fore considered as the dominant cause of drain-lag related
dispersion effects [13].

In this paper, the gate-lag and drain-lag turn-on techniques
are employed to observe transient characteristics in the drain
current when the gate and drain voltages are instantly pulsed
within a short time domain. In this study, we have investi-
gated the effects of traps located at the surface of the AlIGaN
layer since they have the highest impact on 2DEG charge
density modulation [14]. These donor-like surface states lead
to a delayed response in the drain current when the gate volt-
age is pulsed from an initial value below the pinch-off volt-
age to above turn-on voltage of the channel (Gate-lag) [8].
The delayed response of the current is due to a second puls-
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Fig. 1. Simulated ID-VD characteristics in the case of dc analysis (without traps) and pulsed-IV (with traps).
The gate and drain voltages are pulsed from a quiescent bias point (VGSQ =-6.8 V, VDSQ = 10 V) to final
values of V  =-4VtoO0V,V =0to20V

ing condition which allows the filling of the mentioned traps
by electrons, and is similarly investigated (Drain-lag). The
charge induced by these traps can modulate the free carrier
density of the device by depleting the 2DEG density inside
the GaN layer. The gate-lag effect has been experimentally
studied by several other works [5, 6, 15, 16]. The aim of this
paper is to study and characterize capture and emission time
constants and relate those variables to physical parameters,
including temperature and trap energy level. This result en-
ables us to extend the charge-based compact model of GaN
HEMT device to include the charge trapping effects.

This paper is organized as follows: in section 2, AIGaN/
GaN HEMT structure, device parameters, models and as-
sumptions used in numerical TCAD simulations are pre-
sented. In section 3, the gate-lag and drain-lag setups and
simulation techniques are reviewed and simulation results are
presented. In section 4, a physical model is used and calibrat-
ed to obtain the time constants of the emission and capture
processes related to the gate-lag and drain-lag techniques, and
the results are compared to TCAD simulations. Finally, sec-
tion 5 concludes the paper.

2- Device Structure and Parameters

The AlGaN/GaN HEMT étructure analyzed in this work
is inspired from [17], and is shown in Fig. 2. The structure
is used for both gate-lag and drain-lag techniques, and the
physical parameters corresponding to each analysis is shown
in Table 1. The two-dimensional device simulator used in this
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study is ATLAS, Silvaco [18]. The equation of Poisson and
the continuity equations for electrons and holes are numeri-
cally solved, and the drift-diffusion transport model is used
for the drain to source current derivation.

The spontaneous polarization and strain (piezoelectric ef-
fect) are considered as fixed sheet charges. A positive sheet
charge +opol = 1.5x1013 cm-2 was located at the interface
of AlGaN/GaN. The equivalent negative sheet charge —opol
was located at the surface of AlGaN. Surface states included
through a fixed donor trap density of 6T1 = 4x1022 cm-3
(2x1015 ecm-2) [17] and 6T2 = 0.8%x1020 cm-3 (4x1012 cm-
2) respectively for gate-lag and drain-lag, are uniformly dis-
tributed on the ungated surface between the electrodes and
with a depth of 5 A° within the AlGaN layer. We have used
k.p model in our simulation to take into account the quantum
confinement in the quantum well formed in the surface of the
GaN part of AlGaN/GaN layer [18]. The dynamic traps are
simulated by a Shockley-Read-Hall recombination term, in-
cluded in the continuity equations. An additional differential
rate equation is solved to account for the capture and emis-
sion processes in the transient trap simulations. The capture
cross sections considered for electrons and holes (on = op)
are consistent with the values of other reported numerical
simulations [17, 19, 20]. The discrete trap energy level with
reference to the top of the valance band is considered as a
parameter in this study. Table 2 shows the values for doping
and mobility used in TCAD simulations.
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2DEG Channel

Fig. 2. 3-D schematic cross section of the simulated AlIGaN/GaN HEMT device in the presence of donor-like
surface traps (@ symbols)

Table 1. Physical parameters for gate-lag and drain-lag analysis used in TCAD simulations

Parameter Value (gate-lag) [17] Value (drain-lag) [20]
Al composition 27 % 36 %

AlGaN thickness 30 nm 20 nm

GaN thickness 2.97 um 0.9 um

Gate length (Lg) 0.6 um 5 um
Source-gate length (Lsc) 0.9 um 1.5 um
Drain-gate length (Lpg) 1.5 pm 2 um
Electron and hole capture cross sections 1x10715 cm? 1x107" cm?

(60 = 0p)
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Table 2. Values of doping and mobility used in TCAD simulations (gate-lag and drain-lag)

Parameter Value
Source & Drain doping 5x10'% ¢m™
Electron mobility in AlGaN 100 cm?V-ig!
Hole mobility in AlGaN 5 ecm?V-ig!
Electron mobility in GaN 1100 cm?V-1s!
Hole mobility in GaN 30 cm?V-is!

3- Simulation Method and Results

The gate-lag turn-on technique is utilizable by applying a
transient voltage step to the gate terminal, while keeping the
drain voltage at a constant value. Fig. 3 (a) shows the circuit
setup and biasing protocol used for this technique implement-
ed in our transient simulations, and also the corresponding
effect on the position of the surface states within the band dia-
gram. A fixed voltage of 10 V is applied to the drain terminal,
and the gate terminal is pulsed from the quiescent bias point
of an off-state value below pinch-off (V=10 V) to a turn-
on potential (V= 0 V). The transient device current (I (t))
is simulated under these conditions for 20 s to observe the
emission process. The emission time from the trap depends
on the trap energy level, and we used the transient time of
20 seconds to observe the contribution of various traps with
different energies. To associate the circuit represented in Fig.
3 (a) to the simulated device of Fig. 1, a Mixed-mode TCAD
simulator has been used [18], which integrates circuit and
device simulators and allows us to merge both as a SPICE-
like netlist. Fig 3 (c) shows the charge state of traps for two
excitation states of “0” and “1” applied by Vgs, respectively.
Positive voltage discharges the trap after a characteristic time
called the emission time, and the results in this step increase
in 2-DEG charge density and current level.

Fig. 4 shows the transient drain current in response to the
pulsed gate voltage for different values of donor trap energy
levels. The energy level E_ is measured referenced to the top
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of the valence band. The reference curve shows the tran-
sient response for the device without any trapping process.
Fig.4 also compares the results of this study to the results
presented in [17], which shows very similar characteristics.
The simulations have been performed at room temperature
(T =300 K). A donor-like trap can be either positive or neu-
tral, similar to a donor dopant. A donor-like trap is positively
charged (ionized) when is empty and neutral when is filled
with an electron [21]. Two major effects can be noticed in the
current characteristics of Fig. 4. The first effect is a transient
step in the current level, which is lower than the final cur-
rent level (in the order of 0.5 A/mm to 0.7 A/mm), followed
by a current jump to its final value in the order of 1.1 A/mm
to 1.25 A/mm. The transient step is the result of current col-
lapse phenomenon. This can be attributed to the formation of
a virtual gate next to the gate contact [8]. In other words, the
surface donor states located in the ungated surface between
the contacts can capture the electrons injected from the gate
through tunneling mechanisms during the pre-pulse condi-
tion. presently, the channel is not solely controlled by the
gate terminal, but these trapped electrons also contribute in
controlling the channel underneath by partially depleting the
2DEG and acting as a secondary gate next to the main gate
contact. The amount of the transient drain current reduction
obtained from Fig. 4 with respect to the reference curve is al-
most 44%, which is analogous to the experimentally obtained
values (~40%) for a drain bias value of V =10V [8].
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Fig. 3. Circuit setup used to implement transient gate-lag and drain-lag turn on techniques. (a) gate-lag technique
setup. (b) drain-lag technique setup. (c) band diagrams showing the trap states in both cases (gate-lag and drain-lag).
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Fig. 4. Simulated drain current gate-lag transient characteristics for the case of: (I) no traps, and (II) donor trap
energy levels of ET = 0.0, 0.1, 0.2, 0.3 and 0.4 eV. blue lines: TCAD simulations, red lines: results from [17].
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Fig. 5. Simulated drain current transient gate-lag characteristics under different temperatures. T =300, 325,
350 and 375 K. (ET =0.3 eV)

The second effect observed in the transient characteristics
of Fig. 4, is an increase of the duration of the transient step,
which is linked to emission time constants as the energy lev-
els increase from 0.0 to 0.4 eV above the valence band. This
parameter varies from nanoseconds for trap energy level of
0.0 eV to seconds for a trap level of 0.4 eV as extracted from
Fig. 4 (the horizontal axis is in logarithmic scale). Similar
time constants have been reported for surface traps emission
in AlGaN/GaN HEMTs [6, 22, 23]. In addition, temperature
variation has a huge role in the trapping and de-trapping pro-
cesses [24]. Fig. 5 shows the current gate-lag transient char-
acteristics obtained at different temperatures for trap energy
level of E. = 0.3 €V. As can be seen, increasing the tempera-
ture results in faster emission rate. In other words, it would
be easier for the charges to de-trap at higher temperatures.
We may use a simple physical model to relate the transient
characteristics with the temperature and trap energy levels.
This model is discussed in the following section.

Fig. 6 shows the TCAD transient simulations of drain-lag
and gate-lag turn-on technique at room temperature (T = 300
K). In both techniques, the current finally settles down to the
same value after a transient period, however in the drain-lag
technique, the current level is high at the beginning and grad-
ually decreases toward the final value. This can be explained
by considering that a large number of traps are initially de-
pleted from electron charges in the pre-pulsed condition and
some of them would capture electrons and reach the steady
state condition. This means that, positive voltage on the sec-
ondary gate decreases with time due to the filling of the traps
and finally reaches a steady state value. As clearly shown in
fig. 6, as the energy level of trap increases, it taes longer time
to reach the steady state current level which means the cap-
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ture time increases.

Fig. 7 shows the capture process of a trap energy level
of E = 0.3 eV at various temperatures. Faster capture times
are observed in higher temperatures, a behavior analogous to
gate-lag related emission time constants.

We have also compared the simulation results with the
experimental and simulation results presented in [20] using
similar physical parameters as listed in Table. 1, column (II).
Fig. 8 shows comparison for ET=0.25 eV, indicating very
good agreement between the simulation and experimental
data except for a short transient time at the beginning. This
result confirms validity of the interface trap model and drain-
lag characterization protocol used in TCAD simulation.

4- Physical Model for Time Constants

From a physical point of view, the transition from “full”
to “empty” state is a stochastical process, described as a
Markov process [25]. The probability of transition as a func-
tion of time is obtained from the Master equation, which is
a first order differential equation in time domain and shows
exponential decay characteristics with a time constant, called
emission time constant.

The emission time constant (t, . . ) is related to the trap
energy level depicted in Fig. 4. We may extract the emission
time constant from simulation results by measuring the time
difference between the initial drain current peak value and
the point in the middle of falling transition step, as in Eq. (1).

Temission — t<[initial +1ﬁnal> = Uyiiad) ()
2
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Fig. 6. Simulated drain current for gate-lag and drain-lag transient characteristics for the case of donor trap

energy levels of ET =0, 0.1, 0.2, 0.3 and 0.4 eV.
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Fig. 7. Simulated drain current transient for gate-lag and drain-lag characteristics under different tempera-
tures. T =300, 325, 350 and 375 K. (ET = 0.3 eV)
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Fig. 8. Simulated drain current transient (drain-lag) characteristics compared with the results of [20].
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Fig. 9. Comparison of emission time constants obtained from TCAD and model with respect to trap energy levels at
T=300 K (a) and with respect to temperature for a trap level of ET = 0.3 eV (b). y-axis is set to log10 scale.

it i ar€ the values of the drain current at
the initial turn-on step and at the end of the emission process,
respectively. Fig 9 shows emission time constant as a function
of trap energy extracted from TCAD transient simulations in
the logarithmic scale. The emission rate of an electron from a
trap level can be obtained from the Arrhenius relation given
below [12].

e, = AT exp [—i—;] 2
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where € [1/s] is the trap emission rate, T is the tempera-
ture, k is the Boltzmann constant, E, is the activation energy
of the trapped charge and A is a constant which is propor-
tional to the trap capture cross section [12]. By choosing an
appropriate value for A (170 [1/ s.K?]) as a fitting parameter
in Eq. (2), one can reproduce the time constants of the emis-
sion process with respect to variations of two main physical
parameters, i.c., the energy level and the temperature. (a),
compares the time constants obtained from Eq. (2), with the
values extracted from Fig. 3 for five different energy levels at
T =300 K. Fig. 9 (b) also manifests the agreement between
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Fig. 10. Comparison of capture time constants obtained from TCAD and model with respect to trap energy levels at
T=300 K (a) and with respect to temperature for a trap level of ET = 0.3 eV (b). y-axis is set to log10 scale.

model and TCAD simulations in time constants for a constant .
. List of symbols
energy level of E = 0.3 €V, and at several temperatures in
the range of 300 K to 380 K. A constant parameter, 1/ s.K?
To extract the capture time constants corresponding to the
trap energy level from TCAD simulation results of Fig. 7, E, (Er) Trap activation energy, eV
we used Eq. (1), similar to emission time constant extraction.
The rate of electron capture inside a trap in a filling process e emission rate, 1/s

is affected by the trap’s capture cross section parameter. As
mentioned in the previous section, the calibration parameter
A is used to account for this dependency. Thus, by changing
A in Eq. (2), it is possible to reintroduce a similar physical . L

model for the capture time constant which is in agreement Iﬁna/ Drain current at end of emission(capture), A/
with TCAD simulation results (A=60 [1/ s.K?]). Fig. 10 (a) mm

compares the time constants related to the capture of elec-

Drain current at transient step, A/mm

trons in the drain-lag technique extracted from TCAD simu- k Boltzmann constant, eV/K
lations of Fig. 7 and the model. Fig. 10 (b) also shows agree-
ment between the extracted values of TCAD and quel for L Gate length, um
a constant trap energy level of ET = 0.3 eV in four different e
temperatures.
L, Source-gate length, pm
5- Conclusion
In this paper, the impact of donor-like traps on the tran- L. Drain-gate length, pm
sient characteristics of the device triggered by a gate-lag and
drain-lag turn-on techniques are investigated through TCAD T temperature, K
simulations. We assumed that the transient response of traps
follows the mgéter equation with the expor'lential Qecay re- o Electron capture cross section, cm?
sponse and a time constant based on Arrhenius relation. This "
physical picture is used to characterize the effects of trap ac- .
P . . o Hole capture cross section, cm?
tivation energy and temperature on the transient characteris- P
tics of both methods. The trap emission times obtained from
physical model are found to be consistent with the extracted Ol Polarization charge, cm™
values from TCAD simulation, and also reported from mea-
surements [6, 22, 23]. The results of this study are physically o, Donor trap density, cm™
sound and can be used for compact modelling of the device
characteristics. Further investigation is ongoing to study the on  EMission time from trap, s
effects of other types of traps on the characteristics of AlIGaN/
GaN HEMTs.
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