27 2
2006 2

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.27 No.2
Feb. ,2006

Numerical Explanation of Sow Transients
inan AlGAN GN HEMT"

Zhang Jinfeng’ and Hao Yue

( Key L aboratory of the Ministry of Education for Wide Band-Gap Semiconductor Materials and Devices,

Microelectronics Institute, Xidian University, Xi’ an 710071, China)

Abgract : A series of slow drain current recovery transients at different gate biases after a short-term stress are
observed in an AlGaN/ GaN HEM T. As the variation of the time constants of the transients is small ,the working
trap is determined to be electronic. A numerical simulation verifies this conclusion and reproduces the measured
transients. The electron traps at different spatial positions in the device-on the ungated surface of the AlGaN lay-
er,in the AlGaN barrier ,and in the GaN layer are considered;corresponding behaviorsin the stress and the transi-
ents are discussed; and for the simulated transients,agreement with and deviation from the measured transients are
explained. Based on this discussion ,we suggest that the measured transients are caused by the combined effects of a

deep surface trap and a bulk trap in the GaN layer.
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1 Introduction

Current collapse (CC) phenomena limit the
application of AlGaN/ GaN high electron mobility
transistors (HEMT) . It has been shown that their
slow transients are directly related to CC
effects’™?’. The theoretical explanation of such
slow transients is generally based on the trap
eff ects in the access region of the device surf aces.
The suppression or even elimination of CC effects
and slow transients by passivation have been
widely observed and strongly support the surface
trap model. Klein et al.'® suggested that the bulk
trap in the GaN buffer layer may also cause CC
effects in GaN MESFETs. Thus the slowness of
the transients may be the result of bulk traps.

In this paper, according to a series of slow
drain current recovery transients measured after a
short-term stress in an AlGaN/ GaN HEMT, we
determine that the working trap is electronic.
Based on this finding,an effort is made to repro-
duce the measured transients by numerical simula-
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tion. The electron traps at the ungated surface of
the Al GaN layer ,in the AlGaN barrier ,and in the
GaN layer are considered,and corresponding sim-
ulated transients and behaviors are discussed.

2 Principles for judging the trap
properties

The rate equation for trap charging is ex-
pressed in Shockley- Read- Hall statistics as f oll ows
(in the form of electron traps) .

dFEn
dt

= - mCnFn+ nCn(l- Fa) +
P1 Co (1 - Fa) - pCoFa (1)
The four terms on the right correspond to e-
lectron emission, electron capture, hole emission,
and hole capture,respectively. Fnis the trap occu-
pancy factor ,and C. is the electron capture coef-
ficient. Ch =Onvn ,where0 , is a capture cross sec-
tion and vn is the electron thermal velocity. n is
the free electron density ,and n: is a constant de-
fined by the trap energy level. The quantities for
the hole terms carry analogous meanings.
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According to the above trap rate equation,
the capture rate for atrap (Cn n) is proportional
to the free carrier density,and the emission rate
(Cn n1) is always constant. This means that when
the overall behavior of a trap is capturing (relea
sing) carriers,the time constants of the resulting
transients are variable (constant) . Theref ore,sim-
ilar transients with diff erent biases are good indi-
cators of trap behavior. The transient simulations
of an AlGaAs GaAs HIFET with electron trapsil-
lustrate this fact in Ref.[5].

In the drain current recovery (collapse) tran-
sients of an AlGaN/ GaN HEMT, the electron
traps release (capture) electrons,while the hole
traps capture (release) holes. So the trap property
can be determined from the dependence of the
time constants of drain current transients on the
bias conditions.

3 Measured transients

The structure of the measured device is
shown in Fig. 1. The heterostructure is grown in
our laboratory, and the room-temperature Hall
eff ect shows that its two-dimensional electron gas
(2DEG) density and mobility are 1. 1 x 10°cm”?
and 949cm?/ (V - s) , respectively. The device was
processed in the No. 13 Research Institute of the
China Electronics Technology Group Corpora-
tion.

| 1.5pm | 1.0pm : 1.5um |
Source Gate Drain
Al,,:Ga, N, 16nm,Si-doped,
Ny=1x10"cm™
Al,,:Ga, N spacer,8nm,UID
GaN,1000nm,UID
(UID:Ny=1x10"cm™)

Fig.1 Device structure The gray regions are taken
to be GaN in the simulation.

The measured drain current transients at Vad
=1V under different V4 are shown in Fig.2. The
transients are obtained immediately after a 10s
stress of V4 =10V and Vg4 = - 4V. Accompanied
by a very large gate current ,the curve at Vg =1V
is quite different from the other curves,which are

almost parallel to each other. The average dis
tance between two adjacent curves increases as Vy

decreases.
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Fig.2 Measured drain current transients at Vq = 1V

under different Vg The gate current at V4 =1V is al-

so shown.

We take a fitting procedure for these transi-

ents similar to that described in Ref.[6],or
la(t) =4 lafat +D lasow (1)

D loson (1) = Ton(1- exp(- (t/Ton)?)) 2

The time constantT ., and stretching parame-
terP arelisted in Table 1. For Vg4 =1V ,the fitting
parameter values for the source current transient
are also shown in Table 1 to account for the influ-
ence of the gate current. It can be seen that the
time constants show a very weak reduction with
the increase of gate bias. Meanwhile the time con-
stants of the drain-on transients of the same de-
vice change significantly with Va. Therefore the
traps causing the above transients are electron
traps.

Table 1 Time constantT o, and stretching parameter3

of drain current transients For V4 =1V ,the source

current transient is also fitted,and the fitting parame-

ter values are shown in parentheses.

Vgl V 1 0.5 0 - 0.5 -1

Ton/s 94.03(82.65) 86.56 | 100.71 | 117.24]171.19
B 0.47(0.43) 0.52 0.52 0.56 0.67

4 Numerical ssmulation

To verify our finding,two-dimensional drift-
diffusion simulations of the AlGaN/ GaN HEMT
were carried out using the code ATLASSILVA-
CcO''. We used the nominal values of thickness
and doping for all layers (see Fig.1) . To avoid the
contact resistance problem at the heterostructure,
we extend the GaN layer to the source and drain
electrodes through the AlGaN layer (shown in
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Fig.1 as the gray regions) . The thermionic model
is used for the gate. The material parameters used
for the nitrides involved are taken from the built-
in libraries of ATLAS". A 5nm thick channel
layer with a low field mobility of 1100cm?/ (V -
s) is defined under the Al GaN/ GaN hetero-inter-
face to account for the 2DEG properties. Trap-
ping effects are modeled in the simulator by sup-
plementing the semiconductor transport equations
with the Shockley-Read-Hall trap rate equation
and by including the contribution of traps to the
space-charge density and to the time change of e-
lectron and hole densities into the Poisson and
carrier-continuity equations, respectively. Simula-
tions were carried out assuming T =300K.

Since the positions of the traps in the device
are unknown ,three possibilities are considered :on
the ungated surface of the AlGaN layer (surface
trap) ,in the AlGaN barrier (AlGaN bulk trap) ,
and in the GaN layer (GaN bulk trap). All traps
are defined to be acceptor traps. The polar charge
definition for each situation is made combining
the transfer characteristics as f ollows.

Figure 3 shows the measured transfer charac-
teristic curves (thick solid lines). The absolute
value of the threshold voltage | V| issmall.In an
AlGaN/ GaN HEMT,| V| depends on the Schot-
tky barrier height of the gate,the material, the
doping and thickness of the barrier layer ,the con-
duction band offset,and the polar charge at the
Al GaN/ GaN heterointerface. All these factors are
easily determined except for the polar charge,
which depends on the strain relaxation. So in the
simulation the polar charge at the AlGaN/ GaN
heterointerface Opoz) is adjusted to give a reason-
able | V| ,and the polar charge at the AlGaN
surface Opo1) is adjusted to give a reasonable sur-
face potential. The polar charge definition and the
calculated transfer characteristics for each trap
model are also shown in Fig. 3.

4.1 Surface trap

It is assumed that the surface traps are uni-
formly distributed within 1nm under the surface
over the ungated gate-source and gate-drain re-
gions. The trap density is Nt =4 8 x10%cm ? ,and
the capture cross section isG, =1 x 10" *cm*. We
first investigate how the trap energy influences
the transients;the simulation results of the transi-
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Fig.3 Measured and simulated transfer characteris-
tics The thick solid lines are measured curves,and the
other curves are simulated ones. Traps are only added
in the device for simulation of curves 2a (surface
trap) ;2 b(AlGaN bulk trap) and 2c(GaN bulk trap) .
The polar charges at the AlGaN surface Opo1) and at
the AlGaN/ GaN heterointerface@pq2) are defined for
the simulations as 1 aOpa1 = 0 Opoz = 8 86 X 10%cm™ ?;
1b,2a0p01 =0 0paz =4 8 X10%cm ™ ?;1¢ Opar =0paz =
8 86 x10”cm ?;2b Opon =3 0 X 10%cm 2 Opaz = 4. 8
x 10 cm ™ 2;2¢0po1 = 3 75 X 10%cm™ 2 Opoz = 7. 0 X
10%cm"?

ent at Vq =0V areshownin Fig.4. When E:- Eris
larger ,the transient is slower. Fitting the simula-
tion curvesin Fig. 4 by Eq. (2) ,and letting E -

Er = 0. 835eV ,we findT o =98 34s,which agrees
well with the measured value. So the trap energy
is set at 0. 835eV below the conduction band for
the surface trap model.
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Fig.4 Simulated laqson (t) waveforms at different
trap energy levels

To show the trap behavior in the transients,
the transient simulations are carried out for the
whole measurement process,which includes three
stages. The first is a 10s stress of V4 = 10V and
Vg = - 4V ,the second is a transition interval from
stress to transient measurement,a zero bias state
about 2s long,and the third is a 1000s transient at
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Va=1V.

During the stress,the change of the trap oc-
cupancy factor Fn with time at the surface is
shown in Fig.5(a) . In this stage there is no signif-
icant current in the channel ,and the trap captures
electrons. Since the Schottky barrier height of the
gate is not high (about 0. 3eV , determined from
the I-V curve of gate-drain diode) ,the electron
density nis higher under the gate than that at the
ungated surface (less than 10°cm %) . We find in
the simulation that for the AlGaN/ GaN hetero-
structure under the gate when the gate is negative-
ly biased, the electronic quasi-Fermi level is not
level ,but is bent with the conduction band in the
Al GaN layer.In the deep depletion state of V4 =
- 4V , though the peak electron density in the
channel is greatly reduced to about 10*°cm™®,the
electron density in the whole AlGaN layer under
the gate is almost constant and not very low (a
bout 10“cm™®) . As a result, n is higher under the
gate than that at the ungated surface. Thus the
trap captures more electrons near the gate,there-
by changing Fn more.
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Fig.5 Change of the trap occupancy factor Fn with
time at the surface in the stress(a) and in the slow
transient (b)  The time reference is the moment im-
mediately after the respective rise edge, and zero bias
means the stable state.

In the interval ,the trap state tends to recover
to that before the stress,but the time is too short
and there is almost no change.

Intheslow transient ,the trap state transits to
the stable state of V4 =1V ,and the trapped elec-
trons are released steadily. Figure 5(b) shows the
change of Fn.lIn thiscurrent transient the applied
bias is constant so the recovery of the current is
mainly caused by the change of the channel elec-

tron density ,which results from not only the re-
lease of electronsfrom the trap but also the recov-
ery of the drift regions depleted by the virtual
gates formed by the negatively charged trap. The
virtual gate effect is shown more clearly in the
transients at different Vg4 ,for which the simulated

curves are shown in Fig. 6.
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Fig.6 Simulated transient curves at different Vq

Comparing Fig. 6. and Fig. 2, an obvious
difference is that the simulated curves are not par-
allel but closer at the start of the transients. Asfor
the change of the average distance between two
adjacent curves with Vg4 and the specific curve at
Vgy =1V with its gate current ,the simulated curves
reproduce them well.

Since the electron emission rate ( Cn ni) of
the trap is independent of Vg4, the nonparallel
property could only be related to the virtual gate
effect. Figure 7 shows the surf ace conduction band
edge at different times for Vg =0.5V and V4 =
- 1. OV. The difference between the two bias
states is small at Os but increases over time. The
negatively charged surface trap is in almost the
samestateimmediately after theriseedge (t = 0s)
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Fig. 7 Surface conduction band edge at different
timesfor V¢g=0.5V and Vg= - 1.0V
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for each transient ,since the rise edge is too short
(1ms used in simulation) compared to the time
constant of the trap ( 100s). The small differ-
ence of the drain currents at t =0sin Fig. 6 re
flects the weak control of the gate bias. In the
transient, electrons are released constantly from
the trap ,the depletion of the virtual gates is wea-
ker and the control of the gate bias is stronger. At
the end of the transients,the virtual gates have al-
most disappeared and the final states at different
gate biases are reached. So the nonparallel proper-
ty of the transients results from a competition be-
tween the virtual gates and the real gate.

The drain current transient at Vg = 1V with
its gate current is also worth being mentioned. At
the other gate bias the gate current issmall.But at
Vg =1V ,the gate is opened,the current is large
and shows afalling transient. When the trap is re-
leasing electrons,some of them go into the gate
current ,and the others go into the channel. As the
virtual gate effect gets weaker ,the lateral electric
field driving the released electrons into the gate
gets smaller ,and thus the gate current is weakened
and the channel current is recovered.

4.2 AlGN bulk trap

The traps are assumed to be uniformly dis-
tributed within the AlGaN barrier layer with Nt
=4.0%x10"cm * 0, =1%x10 "“cm’,and E - Er
=0. 835eV. A surface polar charge of 3 0 x 10*
cm ?is defined to keep the trap partially empty at
zero bias. Figure 8 shows the simulated transients,
which show similar characteristics to those of the
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Fig.8 Simulated transient curves at different Vg

surface trap model ,but the relative change of the
current magnitude is smaller. The smaller change
is ascribed to the smaller trap density. At 5nm be-
low the surface,the change of Fn. during the stress
and the transient at V4 =0V is shown in Fig. 9.

The traps capture (release) electrons in a way is
similar to the surface trap model, and changes
mainly take place in the region under the source
and drain edges of the gate.

o
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Trap occupancy factor
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Fig.9 Change of the trap occupancy factor F, with
time at 5nm below the surface in the stress(a) and in
the slow transient (b)

4.3 &N bulk trap

The traps are assumed to be uniformly dis
tributed within the GaN layer, Nt = 5. 0 x 10"
cm *0,=1x10 *cm’. The trap energy is set at
0. 625eV below the conduction band and is also
obtained by adjusting Er to show aTo (123 97s)
close to the measured value. Since the trap density
influences the threshold voltage | Vw| ,the polar
charge definition is quite different from the above
models. A surface polar charge of 3. 75 x10%cm"?
is defined so that Ec - Er =1 53eV at the surface.
A light p type doping of 1. 0 X 10*cm™® (same as
the UID density) is added under the channel layer
to keep the trap partially empty at zero bias.

Figure 10 shows the simulated transients. U n-
like the surface trap model and the AlGaN bulk
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Fig.10 Simulated transient curves at different V4
trap ,the curves are almost parallel ,and the gate

current at Vg =1V shows an increasing transient,
so the gap between the drain current transient
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curves at Vg = 1V and Vg = 0. 5V widens over
time.

It is necessary to show the trap behavior in a
single transient ,for example at Vg = 0V. As the
trap isin the GaN channel and buffer layers,the
spatial complexity of the trap behavior should be
noted. At the drain edge of the gate in the longi-
tudinal direction,the change of F. in the stress
and in the transient at Vg =0V is shown in Fig.
11. During the stress,the trap captures electrons.
In the slow transient ,the trap behavior is differ-
ent at different depths. From the AlGaN/ GaN
heterointerface to 10nm below it (34nm) ,the trap
state shows no change as the electron density is
very high and stable. From 34 to 48nm,the traps
weakly release from t =0sto t =1s,and then cap-
ture for the rest of the transient. From 48 to
160nm ,the traps release electrons the whole time.
Below 160nm,the traps capture electrons from t
=0sto t =100s,and then release them f or the rest
transient. No obvious change is observed below
220nm. In all these changes, the trap release
process is relatively strong in magnitude and spa-
tial range,so the overall trap behavior is release.
A similar spatial complexity of the trap behavior
is also observed at the other longitudinal profiles
in the device, and the trap state change takes
place mainly in the region under the drain edge of
the gate.
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0.8f ——0s
5 0.6 —e— 100ms
3 04 —O—1s
% 0.2+ —&—10s
§ 0 1 1 1 1 |
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Fig.11 Change of the trap occupancy factor Fn with
time at drain edge of the gate in the stress (a) and in
the slow transient (b)

The simulated transients at different V4 are
almost parallel since the traps influence the chan-
nel electron density from below the channel ,and
the gate control is not affected. The gate current
at Vg =1V is a pure component of the channel
current formed by thermionic emission, so its

transient takes on a shape similar to that of the
drain current transient.

5 Summary

A series of drain current recovery transients
at different gate biases after a 10s high voltage
stress are observed in an AlGaN/ GaN HEMT. The
working trap is determined to be electronic, and
an effort is made to explain the measured transi-
ents by numerical simulation. The electron traps at
different positions in the device are considered,
corresponding behaviors are discussed, and none
of them can reproduce all the characteristics of
the measured transients.

As the most significant deviation of the simu-
lated transients from the measured one,the non-
parallel property of the surface trap model is de-
termined to be caused by competition of the virtu-
al gates and the real gate,and the increasing tran-
sient of the gate current at V4 =1V for the GaN
trap model is similar to the drain current transi-
ent. Though it is not clear whether the nonparallel
property isinherent in the surface trap model ,it is
observed in simulation that when E-~ Er is quite
low so as to give a time constant comparable to
the length of the rise edge,or is quite high so asto
give a time constant much larger than 1000s, the
1000s transient would be almost parallel. It is also
noted that the simulated transients of the GaN
trap model show much smaller spans in the cur-
rent magnitude than the measured ones in spite of
quite a high trap density. So there is a possibility
that the measured transients are caused by the
combined effects of a deep surface trap and a bulk
trap in the GaN layer with the latter’ s time con-
stant shown in the measured transients. To verify
this prediction, both longer transient measure-
ments and trap characterization experiments
should be done in future work.

There are still two problems to be solved. The
first is that the time constants of the measured
transients show a very weak reduction with thein-
crease of gate bias. This seems abnormal. In the
three trap models considered here,the time con-
stants of the simulated transients show a weak in-
crease as Vg increases. This can be explained as
follows. The electron density is higher under the
gate (the first two trap models) or in the channel
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(GaN bulk trap model) when Vq increases,so the
traps capture more electrons,the overall electron
emission rates are reduced, and the transient is
slower. The second is that there are two virtual
gates that appear at the source and drain edge of
the gate respectively in the simulation, and they
are almost equally important. In the stress when
the virtual gates areformed, Vg = - 4V but Vg =
14V ,so the virtual gate effect should be much
more serious between the gate and the drain.Both
problems may result from some unknown mecha-
nisms and need further consideration.
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