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Transient simulation and analysis of current collapse due to trapping
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In this paper, two-dimensional (2D) transient simulations of an AlIGaN/GaN high-electron-mobility transistor (HEMT)
are carried out and analyzed to investigate the current collapse due to trapping effects. The coupling effect of the trapping
and thermal effects are taken into account in our simulation. The turn-on pulse gate-lag transient responses with different
quiescent biases are obtained, and the pulsed current—voltage (/I-V) curves are extracted from the transients. The experi-
mental results of both gate-lag transient current and pulsed /-V curves are reproduced by the simulation, and the current
collapse due to the trapping effect is explained from the view of physics based on the simulation results. In addition, the
results show that bulk acceptor traps can influence the gate-lag transient characteristics of AlIGaN/GaN HEMTs besides
surface traps and that the thermal effect can accelerate the emission of captured electrons for traps. Pulse transient simu-
lation is meaningful in analyzing the mechanism of dynamic current collapse, and the work in this paper will benefit the
reliability study and model development of GaN-based devices.
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1. Introduction

GaN-based high-electron-mobility transistors (HEMTs)
have attracted a lot of attention in the semiconductor com-
munity due to the potential capacity for next-generation high-
frequency, high-temperature, and high-power electronic de-
vices. Some successful GaN-based devices with excellent per-
formance have emerged in the commercial market.!'! How-
ever, the advantages of these devices are limited by the radio
frequency (RF) drain current collapse as well as other relia-
bility problems.!>3! The presence of defects is considered to
be the main cause of the parasitic effects. The defects can
act as trapping centers to degrade the characteristics of de-
vices. A lot of efforts and energy have been dedicated to the
investigation of trapping phenomena.*"'* Pulsed /-V mea-
surements are usually used to study the current collapse of
GaN-based devices.[3®! In addition, transient techniques are
very useful for identifying the traps in AIGaN/GaN HEMTs.
The turn-on pulse transient tests and simulation with surface
traps were carried out in Refs. [3] and [4]. The transient cur-
rent response could not be explained with only surface donor
traps, which was attributed to the interface acceptor traps.!’]
The bulk trapping effect was analyzed with the transient simu-
lation in Refs. [9]{11]. Miccoli ef al. contributed the gate-lag
and drain-lag effects to the surface donor traps and the bulk ac-
ceptor traps, respectively.!'*] Currently, two acceptable expla-
nations for the mechanism of current collapse are the virtual
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gate theory with surface trapping and the hot-electron theory
with bulk traps. However, the origin of traps is still under de-
bate. Moreover, the traps may act as the donor/acceptor elec-
tron/hole traps. In the previous research work, traps were as-
sumed to be at the surface,*! hetero-interface!”! or in the bulk
(GaN buffer layer or AlGaN barrier layer).[®~!3 Our recent
work investigated the influence of bulk acceptor traps in GaN
buffer on the gate-lag transient characteristics of AlGaN/GaN
HEMT.[1!

In this paper, based on the commercial Sentaurus TCAD
software,!'®! the two-dimensional (2D) numerical transient
simulation work on the current collapse of Alg3Gag7N/GaN
HEMT in Ref. [17] is extended and discussed. By taking into
account the coupling effect of traps and the thermal effect,
the turn-on pulse transient current responses under different
quiescent biases are obtained and the corresponding current
collapses are observed. The mechanism of the current col-
lapse can be explained by the trap occupation from the view
of physics. The simulation results indicate that the bulk ac-
ceptor traps can influence the gate-lag transient characteristics
besides surface traps and that the thermal effect may acceler-
ate the emission of electrons for traps. Therefore, the bulk
trapping effect on the gate-lag transient should be included
for modeling the AlGaN/GaN HEMT to fit the real device
characteristics more exactly. Furthermore, the pulsed current—
voltage (I-V) curves are extracted from the transient simula-
tion, showing a similar current collapse trend to the experi-
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mental pulsed /-V measurement results.

The rest of this paper is arranged as follows. In Section 2,
the device structure and simulation model are described. The
transient simulation results of Aly3Gag7N/GaN HEMT are
analyzed and discussed in Section 3. Finally, we conclude the
paper in Section 4.

2. Description of device structure and model

The schematic cross-section structure of the device used
in our simulation is shown in Fig. 1. The gate with a length
Ly =90 nm is in the middle between the source and drain,
whereas the source—drain distance is 2 um. The source and
drain are both Ohmic contacts with heavily dopped (HD) re-
gions. The hetero-structure is formed by a 2-pm-thick un-
doped GaN buffer layer over an 18.5-nm-thick Alg3Gag 7N
barrier layer. Moreover, a GaN cap layer with a thickness of
2 nm and an SiN passivation layer are adopted.

Alp3Gag 7N barrier

GaN buffer

Fig. 1. (color online) Schematic cross-section structure of the simulated
device.

Unless otherwise specified, the parameter values for the
simulation model are summarized in Table 1, and default val-
ues are used for other parameters not specified in the table.
The Schottky barrier of the gate contact is set to be 0.9 eV
in the simulation. The hydrodynamic transport equations are
adopted instead of the drift-diffusion model to consider the
role of hot electrons in the bulk trapping.!'!! For the thermal
effect, the thermodynamic model is included with a thermal
contact at the bottom of the buffer, where the ambient temper-
ature is set to be 300 K. Moreover, the electron mobility degra-
dation model (i.e., high field saturation and doping depen-
dence) and recombination mechanism (i.e., Shockley—Read-
Hall, Auger and Radiative) are considered. Following the Sen-
taurus Device User Guide!'® and the work in Refs. [7], [18],
and [19], the polarization effect is equivalent to the effect of
fixed positive charges with a concentration of 1.3x10'3 cm~2
at the Alg3Gag7N/GaN interface. The surface donor traps
with energy level Eq = 3.0 eV above the valence band (Ey)
and bulk acceptor traps with energy level E, = 0.5 eV below
the conduction band (E.) are taken into account in our simu-
lation. The concentration of surface donor traps located at the

interface of passivation/GaN cap layer is Ny = 3 x 10'3 cm 2,
while the bulk traps uniformly distributed in the GaN buffer

3. Tt is assumed

have a concentration of N, = 5 x 10'® cm™
that the electron and hole capture cross sections of the traps

are Opp =1 x 10715 cm?.

Table 1. Parameter values used in the simulation model.

Parameters Values Units
Schottky barrier for gate 0.9 eV
Concentration of polarization charge 1.3x10"3 cm 2
Electron mobility for 2DEG/buffer 1990/1200 cm?/(V-s)
Agy: for saturation velocity 2x107 cm/s
By for saturation velocity 5.5x10° cm/s
Surface trap energy level E4 from E, 3.0 eV
Concentration Ny of surface traps 3x10"3 cm~2
Bulk trap energy level E, from E, 0.5 eV
Concentration N, of bulk traps 5x10'6 cm™3
Capture cross section oy, 110713 cm?

Note: Electron saturation velocity Viy = Asat — Bsat - (T/300), where T

denotes the lattice temperature (in units of K).

3. Transient simulation results and discussion

In this section, the simulation results of Aly3Gag7N/GaN
HEMT are discussed in detail. In our work, the pulse rise/fall
time for the pulse voltage is set to be 20 ns.

First, the simulated turn-on pulse gate-lag transient re-
sponses with and without the thermal effect are shown in
Fig. 2. A transient voltage step is applied to the gate termi-
nal with a fixed drain bias Vg = 10 V. Under this condition,
the gate voltage is stepped from —8 V (pinch-off situation for
trap filling) to 0. The bottom axis in Fig. 2 corresponds to the
current curve with the thermal effect (solid symbol), while the
top axis is for the curve without the thermal effect (empty sym-
bol). As seen from Fig. 2, the transient current rises with in-
creasing time until it reaches the steady-state current, showing
gate-lag current collapse. A similar phenomenon was also ob-
served in the experimental measurement. ) It has been proved
that the gate-lag current collapse can result from surface donor
traps.>*! We also reproduce this phenomenon by the simula-
tion with only surface donor traps, where the GaN cap layer
is eliminated and the negative polarization sheet charge at the
interface of the AlGaN barrier/passivation layer is included,
proving the influence of surface traps (see Fig. 3, the surface
trap energy Eq4 refers to the conduction band for this simula-
tion). However, except the result in Fig. 3, since the negative
polarization charge at the interface of the AlGaN barrier/GaN
cap layer is not taken into account in this work, the surface
trapping effect will not manifest itself according to the virtual
gate theory. Therefore, the current collapses are mainly due to
the bulk acceptor traps, and we have investigated the bulk trap-
ping effect on the gate-lag transient of AIGaN/GaN HEMT. [!3]
In other words, bulk traps also played an important role in
the gate-lag transient characteristics of AlGaN/GaN HEMT,
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which cannot be eliminated by passivation and should be con-
sidered in the model development of these devices. Moreover,
an interesting phenomenon is found from Fig. 2, i.e., the rising
time of the transient current with the thermal effect is shorter
(~ ps) than that without the thermal effect (~ms). This indi-
cates that the thermal effect may play a part in accelerating the
emission of electrons for traps.
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Fig. 2. Simulated turn-on pulse gate-lag transient current responses of
Al 3Gap7N/GaN HEMT with/without (w/o0) the thermal effect.
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Fig. 3. (color online) Simulation results of gate-lag transient of
Alp3Gag7N/GaN HEMT with only surface donor traps.

The thermal effect exists in the practical devices and in-
fluences their electric characteristics. Therefore, we take the
thermal effect into account in all the following simulations.
The transient currents of Aly3Gag7N/GaN HEMT with dif-
ferent quiescent biases are plotted in Fig. 4. In this simulation,
the device is first set to be the pinch-off situation with differ-
ent quiescent bias points (Vgsq, Vasq) and then turns into an
open-channel state (Vg5 = 0, Vg = 10 V). The current mani-
fests arising trend in the case of V5o = —8 Vand Vg =10V
compared with in the case of Vg = 0 and Vg = 0 (see
Fig. 4). This can be explained from the view of physics with
the bulk trapping effect in the GaN buffer. The trap occupa-
tion maps for different cases at t = 1 ps after turning on the
device are shown in Fig. 5. It is obvious that traps deep in the
GaN buffer are occupied by the electrons for the second case
(Vesq = =8V, Vyso = 10 V), i.e., electrons are captured by the

bulk traps deep in the buffer [see Fig. 5(b)]. Therefore, the
corresponding current collapse is observed. However, the cap-
tured electrons are partially emitted by the traps with the time
increasing, leading to the increase of transient current (Fig. 4).
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Fig. 4. Transient current curves of Aly3Gag7N/GaN HEMT with dif-
ferent quiescent biases.
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Fig. 5. Trap occupation maps at t = 1 us after turning on the device at
(@) Vgsq =0, Vs = 0; (b) Vgsq = —8 V, Vs = 10 V.

With the purpose of investigating the current collapse ob-
served in the pulsed /-V measurement, the pulse transient
simulation results of Aly3Gag7N/GaN HEMT with different
drain voltages are illustrated in Fig. 6. The pulsed drain volt-
age and the corresponding pulse transient current are shown
in Figs. 6(a) and 6(b), respectively. The device is biased at
Vesq = 0 and Vyeq = O for the pinch-off state, while the gate
voltage remains at O for the open-channel condition. The pulse
width of 2 pus and pulse period of 10 pus are used. Based on
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this simulation, the pulsed /-V measurement result for study-
ing current collapse can be reproduced as discussed below.
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Fig. 6. Pulse transient simulations of Aly3Gag7N/GaN HEMT with
different drain voltages (a) and drain currents (b).
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Fig. 7. (color online) Comparison among the pulse transient currents at
different quiescent biases.

For comparison, the pulsed transient simulation with
stress during the pinch-off situation is also carried out (Fig. 7).
In this case, the device is biased at Vgo = —8 V and Vyq =
10 V for the pinch-off situation. It can be seen from Fig. 7 that
the current with Vgyg = —8 V and Vgsq = 10 V is smaller than
with Vgsg = 0 and Vysq = 0. This is because the pulse width
is not long enough for the current recovering, i.e., there is not
enough time to detrap the captured electrons. If enough time

is given, the final steady-state currents will achieve the same
level for the two cases as shown in Fig. 4.
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Fig. 8. (color online) Pulsed I-V curves of GaN-based devices: (a) ex-
perimental results; (b) simulation results extracted from the transient of
Alp3Gag7N/GaN HEMT.

Furthermore, the pulsed /-V curves are extracted from
the transient results with a pulse width of 400 ns and pulse
period of 10 us. The experimental pulsed Ig—Vys curves
of a passivated AlGaN/GaN HEMT device are given in
Fig. 8(a), and the simulated corresponding characteristics of
Al 3Gag 7N/GaN HEMT are illustrated in Fig. 8(b). It is ob-
served that current collapse can be minimized but cannot be
eliminated completely by passivation due to the existence of
bulk traps. Additionally, the simulation result shows a sim-
ilar trend to the experimental result. Moreover, the current
collapse at Vgs = 4 V near the knee point is larger than at
Vs = 10 V for both the experimental and simulation results.
In order to explain this phenomenon, a comparison of the
simulated transient current response between Vg = 4 V and
Vs = 10 V is made as shown in Fig. 9. The corresponding
vertical electric field (Ey) along the y direction at x = 0.1 um
for the time # = 1 ps is shown in the inset. The lattice tem-
perature is kept at 300 K for this simulation to exclude the
influence of the thermal effect. As seen from Fig. 9, the cur-
rent collapse at Vgg =4 V is larger and the current rising time
is longer than at Vgg = 10 V. This is because the vertical elec-
tric field at Vg = 10 V is too much larger than Vgg =4 V [see
Fig. 9(b)], which can help the trapped electrons in the buffer
return to the channel quickly.
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Fig. 9. (color online) Comparison of current collapse between Vg3 =
4 V and Vg, = 10 V without thermal effect: (a) transient current re-
sponse; (b) the corresponding electric field E, along the y direction at
x=0.1 um for the time # = 1 ps.

4. Conclusions

In this paper, the transient simulations of AlGaN/GaN
HEMT are carried out and analyzed to investigate the current
collapse, taking into account the coupling effect of trapping
and the thermal effect. The simulation reproduces the exper-
imental results of both the gate-lag transient current and the
pulsed /-V curve. In addition, simulation results indicate that
bulk acceptor traps can influence the gate-lag transient char-
acteristics besides surface traps. Moreover, the thermal ef-
fect may play a role in accelerating the emission of electrons

for traps. Pulse transient simulation is helpful for analyzing
the dynamic current collapse. The work in this paper may be
conducible to the reliability study and model development of
GaN-based devices. The influence of traps with different prop-
erties (e.g. space location, trap energy level, and capture cross
section) and method of reducing current collapse will be stud-
ied in our future work.
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