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ABSTRACT

Two-dimensional analysis of breakdown characteristics
in AlGaN/GaN HEMTs is performed as parameters of
relative permittivity of the passivation layer g and its
thickness d. It is shown that as €, increases, the off-state
breakdown voltage V%, increases, because the electric field
at the drain edge of the gate is weakened and the buffer
leakage current is reduced. It is also shown that Vi,
increases as d increases. It is concluded that AlGaN/GaN
HEMTs with a high-k and thick passivation layer should
have high breakdown voltages.
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1 INTRODUCTION

AlGaN/GaN HEMTs are attracting considerable interest
for high-frequency power amplifier and high-speed power
switching device applications [1, 2]. It is well known that
the introduction of a field plate enhances the power
performance of AIGaN/GaN HEMTs [1, 3, 4] because the
current collapse is reduced [1, 5, 6] and the off-state
breakdown voltage V4, is increased [7-9]. This increase in
Vi occurs because the field plate reduces the electric field
at the drain edge of the gate. However, the introduction of
field plate increases the parasitic capacitance and may
degrade the high-frequency performance.

As another way to improve Vy,, the introduction of a
high-k passivation layer can be considered. The increase in
Vo may occur because the electric field profiles between
the gate and the drain can be smoothened by introducing a
high-k dielectric [10-12]. There have been few or no
experimental and theoretical studies on how the high-k
passivation layer affects the breakdown voltages of
AlGaN/GaN HEMTs. Therefore, we performed a two-
dimensional analysis of breakdown characteristics in
AlGaN/GaN HEMTs as functions of the relative
permittivity of the passivation layer g, and the passivation
layer thickness d, and found that V}, is enhanced when ¢, is
high and d is thick.

2 PHYSICAL MODELS

Figure 1 shows the device structure analyzed in this
study. The gate length Lg is 0.3 um, and the gate-to-drain
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Figure 1: Device structure analyzed in this study.

distance Lgp is typically set to 1.5 pum. The relative
permittivity of the passivation layer ¢, and the thickness of
the passivation layer d are varied as parameters.
Polarization charges of 10° cm™ are set at the
heterojunction interface, and the surface polarization
charges are assumed to be compensated by surface-state
charges [7, 9]. Here, we do not consider gate tunneling [7,
9]. Instead, we concentrate on the breakdown due to impact
ionization of carriers and due to an increase in the buffer
leakage current. In a buffer layer, we consider a shallow
donor (Np; = 10" cm™), a deep donor, and a deep acceptor
[13-15]. We take an energy level of Ec —2.85 eV (Ey + 0.6
eV) for the deep acceptor. For impurity compensation, we
consider Ec — 0.5 eV as the deep donor’s energy level [9].
As values of the deep-acceptor density Nps, we consider a
case with a high Npx of 10" cm™ [9]. To mitigate the short-
channel effects, a study [16] indicates that the acceptor
density in a buffer layer should be higher than 10" cm™. In
a Fe- or C-doped buffer layer, the deep-acceptor density
should be very high.

Basic equations to be solved are Poisson’s equation
including ionized deep-level terms and continuity equations
for electrons and holes including the carrier generation rate
by impact ionization and carrier loss rates via the deep
levels [9, 17-21].

3 PERMITTIVITY DEPENDENCE OF
BREAKDOWN VOLTAGE

Figure 2 shows the calculated drain current /p — drain
voltage Vp curves and gate current /g — Vp curves of
AlGaN/GaN HEMTs when the gate voltage Vg is — 8 V,
which corresponds to an off state. The parameter is the
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Figure 2: Calculated Ip — Vp curves ((a)) and Ig — Vp
curves ((b)) of AlGaN/GaN HEMTs, where Lgp = 1.5 pm
andd=0.1 um. Ec — Epp=0.5eV. Vg=-8 V.

relative permittivity of the passivation layer . Here the
thickness of the passivation layer d is 0.1 um. It is seen that
for relative low values of ¢, (< 20), a sudden increase in /g
corresponds well to a sudden increase in /Ip, that is, the
breakdown. In this case, /g is nearly equal to /Ip, and it is
almost composed of hole current. It is understood that
electrons and holes are generated by impact ionization due
to a high electric field particularly at the drain edge of the
gate. The generated electrons flow toward the drain to
cause the sudden increase in Ip, and the generated holes
mainly flow toward the gate to cause the sudden increase in
I. This is the cause of the breakdown. On the other hand
when g, > 40, the sudden increase in /g is not yet observed,
but /p becomes a rather high value (> 1 mA/mm). In this
region, /g is very low compared to Ip, and I is almost equal
to the source current. Therefore, the buffer leakage current
becomes very high in this region. In the GaN device field,
the drain voltage at which /p becomes 1 mA/mm is
regarded as an off-state breakdown voltage. So, we call this
voltage as the off-state breakdown voltage here.

Figure 3 shows a comparison of the electric field
profiles along the AlGaN/GaN heterojunction interface
when ¢, is relatively low. Fig.3(a) shows the case of g, = 7,
and Fig.3(b) shows the case of & = 20. When ¢, = 7, the
increase in Vp is entirely applied along the drain edge of the
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Figure 3: Comparison of electric field profiles along the
heterojunction interface. d = 0.1 pm. Vg=-8 V. (a) &, =7,
(b) &,=20

gate, leading to the direct gate breakdown at around Vp =
80 V. On the other hand, when g, = 20, the electric field at
the drain edge of the gate is weakened, and it is not so high
even when Vp = 100 V. This occurs because in the insulator
the applied voltage tends to drop uniformly in general, and
hence when the insulator is attached to the semiconductor,
the wvoltage drop along the semiconductor becomes
smoother at the drain edge of the gate if the g of the
insulator is higher and the effect of the insulator becomes
more significant. As Vp increases, the electric field between
the gate and the drain increases, and the high electric field
region reaches the drain. In this situation, the impact
ionization of carriers may occur to some extent in the entire
region between the gate and the drain. Then the electric
field at the drain edge of the gate becomes very high (> 3
MV/cm) and the impact ionization there becomes very
significant, reaching the direct gate breakdown at
approximately Vp =275 V.

Figure 4 shows an off-state breakdown voltage V%, as a
function of g. A case of Vg = — 10 V is also shown for
reference. Vj, is defined here as a drain voltage when I
becomes 1 mA/mm. V;, increases with g when g, is
relatively low and saturates when g, becomes high. In the
region where ¢, is high, V4, becomes higher for Vg =—-10 V.
This is because the buffer leakage current becomes lower
when Vg becomes more negative.
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Figure 4: Calculated off-state breakdown voltage V;, versus
relative permittivity of the passivation layer €. Lgp = 1.5
pm and d = 0.1 pm

It should be mentioned that for longer Lgp, the off-state
breakdown voltage for high e (> 30) could increase,
because the high electric-field region can extend more
toward the drain. In fact, as shown in Fig.5, V}, becomes
higher for longer Lgp when ¢, is high.

4 INSULATOR THICKNESS
DEPENDENCE OF BREAKDOWN
VOLTAGE

Figure 6 shows the calculated /p — Vp curves and /g —
Vp curves of A1GaN/GaN HEMTs when Vg is — 8 V, which
corresponds to an off state. The parameter is the thickness
of the passivation layer d. Here ¢, = 20. It is seen that for a
relatively thin d (< 0.1um), an increase in /g corresponds
well to a sudden increase in Ip, that is, the breakdown. As
in the case of low g, in Fig.2, the gate current is almost
composed of hole current, and it is nearly equal to Ip.
Therefore, in this case, the breakdown occurs owing to
impact ionization of holes at the drain edge of the gate. On
the other hand, in the case of a relatively thick d (> 0.2 um),
Ip becomes very high (> 1 mA/mm) before an abrupt
increase in Ip. In this region /; is very low compared to Ip,
which is almost equal to the source current. Therefore, in
this case, the increase in buffer leakage current seems to be
a cause of the large drain current, as in the case of the high
g in Fig. 2.

Figure 7 shows the calculated off-state breakdown
voltage Vy, as a function of d. Here, & = 20. V4, increases
with d when d is relatively thin, and saturates when it
becomes thicker than 0.1 um. When Vg is more negative (—
10 V), Vy, is lower in the relatively thin d region because
the electric filed at the drain edge of the gate becomes
higher. But, ¥}, becomes higher in the relatively thick d
region because the buffer leakage current becomes lower.

From the above points, we can conclude that increasing
d has the same effect as increasing g: the off-state
breakdown voltage is increased.
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Figure 5: Calculated off-state breakdown voltage V, versus
&, with Lgp as a parameter. d = 0.1 um. Vg=-8 V.
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5 CONCLUSION

Two-dimensional analysis of breakdown characteristics
in AlGaN/GaN HEMTs has been performed as parameters
of relative permittivity of the passivation layer g and its
thickness d. It has been shown that as &, increases, the off-
state breakdown voltage V}, increases. This is because the
electric field at the drain edge of the gate is weakened as &,
increases and V;, due to impact ionization increases. Vi,
saturates when ¢, becomes high, because the buffer leakage
current increases and reaches a current level corresponding
to the breakdown. It has also been shown that ¥}, increases
as the thickness of the passivation layer d increases,
Increasing d has the same effect as increasing . It is
concluded that AlGaN/GaN HEMTs with a high-k and
thick passivation layer should have high breakdown
voltages
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