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Enhancement of Breakdown Voltage in
AlGaN/GaN HEMTs: Field Plate Plus
High-k Passivation Layer and High
Acceptor Density in Buffer Layer

Toshiki Kabemura, Shingo Ueda, Yuki Kawada, and Kazushige Horio™, Senior Member, IEEE

Abstract—We make a 2-D analysis of breakdown char-
acteristics of field-plate AlIGaN/GaN HEMTs with a high-k
passivation layer, and the results are compared with those
having a normal SiN passivation layer. As a result, it is found
that the breakdown voltage is enhanced particularly in the
cases with relatively short field plates because the reduction
in the electric field at the drain edge of gate effectively
improves the breakdown voltage in the case with the high-k
passivation layer. In the case with the moderate-length field
plate, the enhancement of breakdown voltage due to the
high-k passivation layer occurs because the electric field
profiles between the field-plate edge and the drain become
more uniform. It is also studied how the breakdown voltage
depends on a deep-acceptor density in the Fe-doped semi-
insulating buffer layer when a high-k passivation layer is
used. It is shown that the breakdown voltage increases with
increasing the relative permittivity of the passivation layer &,
and with increasing the deep-acceptor density Nps. When
er = 60 and Npy = 2-3 x 10'7 cm~3 at the gate length
of 0.3 um, the breakdown voltage becomes about 500 V at a
gate-to-drain distance of 1.5 um, which corresponds to an
average electric field of about 3.3 MV/cm between the gate
and the drain.

Index Terms—2-D analysis, breakdown characteristics,
buffer layer, GaN HEMT, high-k passivation layer.

|. INTRODUCTION

OWADAYS, AlGaN/GaN HEMTs are attractive for

applications to high-power microwave devices and high-
power switching devices [1], [2]. It is well known that
introducing a field plate enhances the power performance
of AlGaN/GaN HEMTs as well as GaAs FETs [3]-[5].
This occurs because by introducing a field plate, the cur-
rent collapse is reduced [6], [7], and the breakdown voltage
increases [8]-[10]. The increase in breakdown voltage occurs
because the electric field at the drain edge of gate is reduced
by introducing a field plate.
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To increase the breakdown voltage in AlIGaN/GaN HEMTs,
the introduction of the passivation layer with high permittivity
(high-k layer) is also considered [11]-[13]. Introducing a
high-k material may smooth the electric field profiles between
the gate and the drain [11]. The high-k material is investigated
as a gate insulator in AlGaN/GaN MISHEMTs [14]-[16],
for example, HfO, (relative permittivity &, ~ 20), LayO3
(e, ~ 27), LaLuO3 (g, ~ 28), and TiO, (¢ ~ 55) are
studied [14]-[16]. In [12] and [13], the high-k material was
considered only as a passivation layer, and we calculated the
OFF-state breakdown characteristics in AlGaN/GaN HEMTs as
a parameter of &,. It was shown that the breakdown voltage
increased as g, increased because the electric field at the drain
edge of gate was reduced. It is also shown that when the gate
voltage is more negative, the breakdown voltage is improved
in the high &, region because the buffer leakage current is
reduced [17].

In this paper, we combine the two structures and ana-
lyze the breakdown characteristics of field-plate AlGaN/GaN
HEMTs with a high-k passivation layer, and the results are
compared with those having a normal SiN passivation layer.
We investigate how the breakdown voltage is changed by
the field-plate length and the relative permittivity of the
passivation layer. We also study the breakdown characteris-
tics of AlIGaN/GaN HEMTs with a Fe-doped semi-insulating
buffer layer, where the deep-acceptor (Fe) density is varied.
The deep-acceptor density may affect the buffer leakage
current, and hence it should change the breakdown voltages
of AlGaN/GaN HEMTs.

In Section II, we describe physical models used here,
such as a device structure, buffer-trap models, and basic
equations for the device analysis. In Section III, calculated
OFF-state breakdown characteristics of field-plate AlGaN/GaN
HEMTs with different permittivities in the passivation layer
are described. In Section IV, the dependence of breakdown
characteristics on the deep-acceptor density in the Fe-doped
semi-insulating buffer layer is described. Finally, the conclu-
sion is given in Section V.

Il. PHYSICAL MODELS

Fig. 1 shows a device structure analyzed in this paper. The
gate length Lg is 0.3 um, the source-to-gate distance Lsg
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Fig. 1. Device structure analyzed in this paper.

is 0.5 um, and the gate-to-drain distance Lgp is 1.5 gm. The
thickness of the passivation layer d is 0.1 um. The field-plate
length Lpp is varied between 0 and 1 gm. The relative permit-
tivity of the passivation layer ¢, is varied between 1 and 60.
Here, we do not consider the dynamics of passivation
layer/AlGaN barrier interface states. According to our sim-
ulation on GaAs MESFETs [18], when the dominant interface
states act as electron traps, the drain voltage is almost applied
along the drain edge of the gate, which is similar to the case
without interface states. When they act as hole traps, the drain
voltage is almost applied along the gate edge of the drain. So,
if the situation is former, the results obtained here may become
similar to the case of considering trapping effects. In a semi-
insulating buffer layer, we usually consider a shallow donor,
a deep donor, and a deep acceptor [19]-[21]. The shallow-
donor density Np; is set to 101 cm™3. As an energy level of
the deep acceptor, we consider Ec— 2.85 eV (Ey + 0.6 eV).
For impurity compensation, we consider the deep donor whose
energy level is Ec —0.5 eV. The deep-acceptor density Npa is
set rather high of 10'7 cm™3. According to [22], the acceptor
density in a buffer layer should be higher than 10'7 cm™3
to suppress the short-channel effects in AlGaN/GaN HEMTs.
The buffer layer is set floating here. If the buffer layer or a
substrate is grounded, the vertical current may flow from the
drain to the substrate. However, the trap-filled limit voltage
is estimated to be about 850 V at Npa = 10!7 ¢cm™3. This
is rather higher than the breakdown voltages estimated here
(<500 V). So, the estimated breakdown voltage may not be
so changed. In Section IV, we consider a Fe-doped semi-
insulating buffer layer, where only a deep acceptor above the
midgap is considered. Here, the deep-acceptor’s energy level
is set to Ec — 0.5 eV [23], [24]. The deep-acceptor density
Npa is varied between 1017 and 3 x 107 cm™3. At higher
acceptor densities (>3 x 10'7 cm™3), obtaining convergence
in the numerical analysis becomes sometimes difficult, and
comprehensive results to show are not obtained.

Basic equations to be solved are Poisson’s equation
including ionized deep-level terms and continuity equations
for electrons and holes including a carrier generation rate
by impact ionization and carrier loss rates via the deep
levels [10], [13], [18], [25]. These are expressed as follows.

1) Poisson’s equation:

Ve (eVy)=—q(p—n+ Npi+ Ngp— Npp)- (D
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Fig. 2. Calculated (a) Ip—Vp curves and (b) Ig—Vp curves as a
parameter of Lgp. er =7 and Vg = —8 V. Dotted lines: 1 mA/mm.

2) Continuity equations for electrons and holes:

VeJ, =-qG+ q(Rpp + Rpa) 2
VeJ,=qG—q(Rpp+ Rpa) (3)

where NBLD and Ny, are the ionized deep-donor density
and deep-acceptor density, respectively. Rpp and Rpa
are the carrier loss rates via the deep donors and deep
acceptors, respectively. G is a carrier generation rate by
impact ionization and given by

G:(an|-]n|+ap|~]p|)/q 4)

where a, and a, are the electron and hole ionization
rates, respectively, and expressed as

an = Ay exp(—B,/|El) (5)
ap, = Apexp(—B,/|E)). (6)
Here, E is the electric field. Coefficients A,, B,, Ap, and
B, are fitting parameters, and deduced from [26], as in

[10] and [13]. Equations (1)-(6) are solved numerically
in 2-D.

I1l. FIELD PLATE PLUS HIGH-K PASSIVATION

Figs. 2(a) and (b) shows calculated drain current Ip—drain
voltage Vp curves and gate current /g—Vp curves, respectively,
for AlIGaN/GaN HEMTs having a SiN passivation layer (rel-
ative permittivity e, = 7), with the field-plate length Lpp as a
parameter. Figs. 3(a) and (b) shows calculated Ip—Vp curves
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Fig. 3. Calculated (a) Ip—Vp curves and (b) Ig—Vp curves as a
parameter of Lgp. er = 20 and Vg = —8 V. Dotted lines: 1 mA/mm.

and Ig—Vp curves, respectively, for AlGaN/GaN HEMTs with
a high-k passivation layer (¢, = 20), with Lgp as a parameter.
In both cases, the gate voltage Vg is —8 V, which corresponds
to an OFF state. In the cases of Lpp = 0 in Figs. 2 and 3 and
Lpp = 0.1 um in Fig. 2, the drain current increases suddenly,
showing breakdown. In these cases, the drain current becomes
equal to the gate current in the region where the currents
increase suddenly. These are considered to occur due to the
impact ionization of carriers at the drain edge of gate. In other
cases, the drain current usually increases more gradually but
steeply [except for ¢, = 20 and Lpp = 0.1 um in Fig. 3(a)].
These are also considered as the breakdown. In these cases,
the gate current is lower than the drain current by over 1 order
of magnitude in the region where the currents increase steeply.
Then, the source current becomes nearly equal to the drain
current. Therefore, it is considered that in these cases, holes
generated by impact ionization between the field-plate edge
and the drain flow into the buffer layer as well as into the gate
and are captured by the deep donors that determine the Fermi
level, lowering the barrier at the source side in the buffer and
increasing the buffer leakage current. Overall, the breakdown
voltage seems to be higher in the case of ¢, = 20. Particularly,
it is higher at relatively short Lgp.

Fig. 4 shows a comparison of electric field profiles at the
AlGaN/GaN heterojunction interface for Lrp = 0 between
the two cases with ¢, = 7 and 20. In the case of ¢, = 7,
the increase in the drain voltage is entirely applied along the
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Fig. 4. Electric field profiles along the heterojunction interface. Lgp = 0.
(a) Er= 7. (b) Er= 20.

drain edge of gate, leading to the breakdown at about 80 V as
shown in Fig. 2. On the other hand, in the case of ¢, = 20,
the electric field at the drain edge of gate is reduced.
As Vp increases, the high electric field region extends toward
the drain. Finally, the peak of the electric field at the drain
edge of gate becomes ~3 MV/cm around Vp = 275 V, which
corresponds to the breakdown voltage as shown in Fig. 3.
Fig. 5 shows a comparison of electric field profiles at
the AIGaN/GaN heterojunction interface for Lpp = 0.1 um
between the two cases with ¢, = 7 and 20. In the case of
&, =7, the reduction in the electric field at the drain edge of
gate is not so significant although the peak of the electric
field at the drain edge of gate is lower than ~3 MV/cm
at Vp = 100 V. In this case, the breakdown occurs at
Vp ~ 167 V, as shown in Fig. 2. On the other hand, in the
case of ¢, = 20, the electric field at the drain edge of gate is
greatly reduced, and it does not reach ~3 MV/cm even at
Vb = 390 V. Rather, in this case, as shown in Fig. 3(a),
the drain current does not show an abrupt increase but
increases gradually to reach a critical value (1 mA/mm). Here,
the buffer leakage current determines the breakdown voltage.
Fig. 6 shows the breakdown voltage as a function of the
field-plate length Lgp, with &, as a parameter. Four cases with
different ¢, (7, 20, 30, and 50) are shown. Here, the breakdown
voltage is defined as a drain voltage when the drain current
becomes 1 mA/mm. It is seen that the breakdown voltage
becomes higher when ¢, becomes higher, particularly in the
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region where Lpp is relatively short. This is favorable because
when Lpp becomes long, the parasitic capacitance becomes
high particularly for high &,.. From Fig. 6, it is seen that
the breakdown voltage becomes low when Lpp becomes
relatively long (0.6-1 um). This is because Lgp = 1.5 um
here, and hence the distance between the field-plate edge and
the drain becomes very short. So, the electric field in this
region becomes very high, leading to the breakdown [10].
Therefore, there is an optimum field-plate length to obtain
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Fig. 7. Electric field profiles along the heterojunction interface.
Lep = 0.3 um. (a) e, =7. (b) er = 50.

a high breakdown voltage, and it is around 0.2 and 0.3 xm
here. When ¢, = 50 and Lrp = 0.2 or 0.3 um, the breakdown
voltage becomes over 400 V, which corresponds to an average
electric field of about 2.8 MV/cm between the gate and the
drain.

Fig. 7 shows a comparison of electric field profiles at
the AlGaN/GaN heterojunction interface for Lpp = 0.3 um
between the two cases with ¢, = 7 and 50. In both cases,
the electric field at the drain edge of gate is reduced signifi-
cantly, and it does not determine the breakdown voltage. It is
determined by the electric field profiles between the field-plate
edge and the drain.

In the case of ¢, = 7, the electric fields at the drain-electrode
edge as well as at the field-plate edge become very high, and
these determine the breakdown voltage (~360 V). On the other
hand, in the case of ¢, = 50, the electric field profiles in this
region are more uniform. This is due to the high-k dielectric,
and hence the breakdown voltage becomes higher (~414 V)
than that for lower ¢,.

IV. EFFECTS OF ACCEPTOR DENSITY
IN A BUFFER LAYER

Next, we describe the case with a Fe-doped semi-insulating
buffer layer where a deep acceptor above the midgap is
considered [27], [28]. Here, we study the dependence of
breakdown characteristics on the deep-acceptor density in the
buffer layer Npa and the relative permittivity of the passivation
layer ¢,. Here, the field-plate length Lrp = 0.
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Figs. 8 and 9 show calculated Ip-Vp curves
[Figs. 8(a) and 9(a)] and Ig—Vp curves [Figs. 8(b) and 9(b)]
of AlGaN/GaN HEMTs with a Fe-doped semi-insulating
buffer layer as a parameter of relative permittivity of the
passivation layer ¢,, where the deep-acceptor densities in the
buffer layer Npa are 107 and 2 x 10'7 cm™3, respectively.
In Fig. 8, where Npp is 1017 cm™3, the threshold
voltages Vi, are about —6 V, and the gate voltage is
set to Vg = Vinh —2 V = —8 V as in the cases in Section III.
Here, the threshold voltage is defined as a gate voltage when
Ig becomes 5 x 1073 A/cm at Vp = 40 V. In the case of Fig. 9
where Npa = 2 x 10'7 ¢cm™3, V4, becomes about —5.62 V
for ¢, = 7, and hence Vg is set to Vip —2 V = —7.62 V.
It is seen that in both cases, when ¢, is low (<10), a sudden
increase in drain current occurs due to the impact ionization
of carriers, and this determines the breakdown voltage. In the
region where Ip increases suddenly, the drain current becomes
equal to the gate current. In the case of Npy = 10'7 cm™3,
when ¢, becomes high (>30), the drain current increases
gradually and reaches a critical value (1 mA/mm) before
a sudden increase in Ip. In this region, the drain current
is much higher than the gate current, and hence the buffer
leakage current determines the breakdown voltage at &, > 30.
Note that the breakdown voltage is defined here as the

Fig.9. Calculated off-state (a) Ip—Vp curves and (b) Ig—Vp curves when
Npa = 2 x 107 cm~3. Dashed lines: 1 mA/mm.

drain voltage when Ip becomes 1 mA/mm. In Figs. 8 and
9, the breakdown voltage increases as ¢, increases. This is
because the electric field at the drain edge of gate is reduced
when ¢, becomes high [28], as is similarly shown in Fig. 4.
In the case of Npo = 2 x 10'7 cm™3, even if &, becomes
high (>30), the drain current increases suddenly due to
the impact ionization of carriers and Ip is nearly equal
to Ig in this region. It is understood that in the case of
Npa = 2 x 10'7 cm™3, the buffer leakage current is reduced
due to a steeper barrier at the channel-buffer interface [29].
The dotted lines for ¢, = 40, 50, and 60 indicate extrapolated
current—voltage curves where convergence is not obtained.
Fig. 10 shows a comparison of the breakdown voltage versus
g, curves among the three cases with different Nps. The
dotted lines indicate that the convergence is not obtained until
Ip = 1 mA/mm, and the breakdown voltage is obtained as
an extrapolated value as shown in Fig. 9. In the case of
Npa = 2 x 107 and 3 x 10'7 ¢cm~3, the breakdown voltages
become much higher than that for Npp = 10'7 ¢cm™3 when
&, becomes higher than 30. This is because the buffer leakage
currents become smaller for Nppy = 2x10!7 and 3x10'7 cm—3
and the breakdown voltages become determined by the impact
ionization of carriers. In the case of ¢, = 60, the breakdown
voltage reaches about 500 V, which corresponds to an average
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three cases with different Npa.
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Fig. 11.  Comparison of electric field profiles along the heterojunction

interface. e, = 60. (a) Npa = 10" em=3. (b) Npa =2 x 107 cm~3.

electric field of about 3.3 MV/cm between the gate and the
drain. Here, it should be noted that when Npa becomes
higher, the so-called current collapse becomes higher due to
the trapping effects [29]. Therefore, there is a tradeoff relation
between the breakdown voltage and the current collapse.

Fig. 11 shows a comparison of electric field profiles at the
AlGaN/GaN heterojunction interface between the two cases

with Npa = 10!7 and 2 x 10'7 cm™3. Here, &, is 60. The
electric field profiles are similar between the two cases until
Vp = 356 V which is the breakdown voltage for Npy =
10'7 ¢cm™3, and it is determined by the buffer leakage current.
In the case of Npay = 2 x 1017 cm™3, the breakdown voltage
is 504 V which is determined by the impact ionization of
carriers at the drain edge of gate or at the gate edge of
drain. The electric field profiles between the gate and the
drain are rather uniform in this case. It is concluded that the
difference of buffer leakage current is essential to determine
the difference of breakdown voltage here.

It should be noted that for power switch application, rather
long Lgp such as ~10 um is used. In such a case, the break-
down voltage is thought to increase significantly because the
electric field profiles between the gate and the drain become
rather uniform when the high-k dielectric is used. To evaluate
the breakdown voltage for long Lgp is an important task yet
to be done.

V. CONCLUSION

A 2-D analysis of breakdown characteristics of field-plate
AlGaN/GaN HEMTs with a high-k passivation layer has been
performed, and the results have been compared with those
having a normal SiN passivation layer. As a result, it has been
shown that the breakdown voltage is enhanced particularly
in the cases with relatively short field plates, because the
reduction in the electric field at the drain edge of gate
effectively improves the breakdown voltage in the case with
the high-k passivation layer. It has been also shown that in the
case with moderate-length field plate, the breakdown voltage is
enhanced for the case with the high-k passivation layer because
the electric field profiles between the field-plate edge and the
drain become more uniform. It has also been studied how
the breakdown voltage depends on the deep-acceptor density
in the Fe-doped semi-insulating buffer layer when a high-k
passivation layer is used. It has been shown that the breakdown
voltage increases with increasing the relative permittivity of
the passivation layer ¢, and with increasing the deep-acceptor
density Npa. When &, = 60 and Npp is 2-3 x 10'7 cm™3
at a gate length of 0.3 um, the breakdown voltage becomes
about 500 V at a gate-to-drain distance of 1.5 um, which
corresponds to an average electric field of about 3.3 MV/cm
between the gate and the drain.

We think that the techniques presented here such as the
high-k passivation layer with a field plate and the high deep-
acceptor density in the buffer layer can be used for power
switch applications. However, when the high-k passivation
layer with a field plate is applied to RF devices, the effects of
parasitic capacitance on the frequency performance must be
evaluated even if the field-plate length is short. Furthermore,
even without a field plate, the fringing capacitance due to the
high-k dielectric should be taken into consideration.
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