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In this paper, we present the combination of drain field plate (FP) and Schottky drain to improve the reverse blocking
capability, and investigate the reverse blocking enhancement of drain FP in Schottky-drain AlIGaN/GaN high-electron
mobility transistors (HEMTs). Drain FP and gate FP were employed in a two-dimensional simulation to improve the
reverse blocking voltage (Vgg) and the forward blocking voltage (Vgg). The drain-FP length, the gate-FP length and the
passivation layer thickness were optimized. Vgp and Vg were improved from —67 V and 134 V to —653 V and 868 V
respectively after optimization. Simulation results suggest that the combination of drain FP and Schottky drain can enhance

the reverse blocking capability significantly.
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1. Introduction

Due to high critical breakdown electric field and high
two-dimensional electron gas (2DEG) density, AlGaN/GaN
high-electron mobility transistors (HEMTs) have been widely
investigated as promising candidates for power electronics
applications.['=3] Except for the high forward off-state block-
ing performance and low specific on-resistance (R, ), excel-
lent reverse blocking capability is also desired in a number of
applications, such as electric vehicles, class-S amplifiers, and
bidirectional switches.[*>] The drain terminal may be biased at
a negative voltage in these applications and this would result
in the significant increase of drain current. In previous studies,
an AlGaN/GaN HEMT with an integrated recessed Schottky
protection diode was fabricated and the reverse blocking capa-
bility of this device was better than —110 V.[®!

Various field plates (FPs) were employed in GaN-based
HEMTs to improve the forward blocking voltage (Vgg), in-
cluding gate FP, source FP, and slant FP.["-!%1 These FPs re-
duce the electric field at the gate edge and increase the forward
blocking voltage significantly. In conventional GaN-based
HEMTs, there is no depletion region formed in the vicinity
of the drain contact and potential would not concentrate at the
drain contact. Hence, drain FP was seldom adopted to improve
Ves except for several unconventional GaN-based HEMTs.
Resurf AlGaN/GaN HEMT!'! and AlGaN/GaN HEMT with
undoped AlGaN layer!'?! have an electric field peak at the
drain terminal and drain FP is desirable in these HEMTs. For
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GaN-based HEMT with Schottky drain, Schottky-drain con-
tact depletes the electrons near the drain edge when the drain
is reverse biased. Thus, drain FP is necessary in the Schottky-
drain AlIGaN/GaN HEMTs to be employed to improve reverse
blocking capability.

In this paper, the reverse blocking enhancement of the
drain field plate (FP) in Schottky-drain AIGaN/GaN high-
electron mobility transistors (HEMTs) was investigated by
Silvaco-ATLAS. Drain FP and gate FP were employed to im-
prove the reverse blocking voltage (Vgp) and Veg. The re-
verse blocking enhancement of the drain field plate (FP) in
Schottky-drain AlIGaN/GaN HEMTs has been proposed in a
previous work!!3! and this paper focuses on the optimization
of the drain-FP length, the gate-FP length, and the passivation
layer thickness. There can be a very high electric field at the
edge of the drain FP or the gate FP, and in-depth discussion
about this were carried out to prevent breakdown in the SiN
passivation layer.

2. Device structure and simulation model

The simulated Schottky-drain AlGaN/GaN HEMTs uti-
lize a gate FP and a drain FP as shown in Fig. 1. Both the
FPs are deposited on a uniform passivation layer ensuring pro-
cess feasibility. The AlGaN layer under the drain contact is
removed and a recessed Schottky-drain HEMT is obtained.
Besides the AlGaN layer, the Schottky drain can contact the
2DEG and GaN buffer layer directly to achieve a low onset
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voltage. The Ni metal is utilized to form the gate electrode
and Schottky-drain electrode. The HEMT structure includes
a 2-um unintentionally doped (UID) GaN buffer layer above
a sapphire substrate, and a 20-nm UID Aly3Gag 7N barrier
layer. The background doping concentration in GaN and Al-
GaN layers was assumed to be 1 x 101> cm™3. The gate length
(Lg), the gate—source spacing (Lgs) and the gate—drain spac-
ing (Lgp) were set to 1 um, 1 pum, and 10 pwm, respectively.

AlGaN barrier layer

GaN buffer layer

Fig. 1. (color online) Schematic cross section of Schottky-drain Al-
GaN/GaN HEMT with gate and drain FPs.

The HEMTs were simulated using Silvaco-ATLAS. The
positive polarization charge is modeled as a positive fixed
sheet charge with a density of 1 x 103 cm~2 along the in-
terface of the heterojunction. The impact ionization is mod-
eled as apexp(—Ec/E), where ap = 2.9 x 103 cm~! and
Ec = 3.4 x 107 V/em.!'*] Using the electron affinity values
of 3.8 eVl and 1.9 eVI!® for GaN and AIN, respectively,
the electron affinity value for Aly3Gag7N was calculated to
be 3.23 eV. The Vgg and Vrp are defined as the drain voltages
at which the peak electric field reaches 3 MV/cm.

3. Results and discussion

Figure 2 shows the output characteristics of conventional
HEMT and Schottky-drain HEMT. The drain current in the
conventional HEMT reaches 457.3 mA/mm with Vgs =2 V,
and the specific on-resistance Ry, is 1.53 mQ-cm?. The active
device areas used in the calculation of R, include a total trans-
fer length of 2 pm for source and drain contacts. In contrast, an
onset voltage of 1.0 V (at the drain current of 1 mA/mm) can
be observed from the output characteristics of the Schottky-
drain HEMT. As a result, the specific on-resistance of the
Schottky-drain HEMT is increased to 2.02 mQ-cm?. The out-
put characteristics of the AlGaN/GaN HEMTs with gate FP
or drain FP are almost the same as that of the AlGaN/GaN
HEMTs without FPs.

Figure 3 shows the simulated logarithmic electron con-
centration in two HEMTs for off-state condition during for-
ward and reverse drain bias. One of the simulated devices is
a Schottky-drain HEMT without FPs, the other is a Schottky-
drain HEMT with FPs. For the Schottky-drain HEMTs with-
out FPs, the drain metal and the semiconductor materials
around it form a Schottky diode. When the drain is reverse

biased, strong depletion of electrons in the AlGaN layer and
the GaN buffer layer around the Schottky drain electrode can
be formed, preventing electrons injecting into the materials, as
shown in Fig. 3(a). Thus a good reverse blocking capability
was obtained in Schottky-drain HEMT and Vrg was —67 V.
By using a drain FP, the depletion layer at the drain terminal
can be extended, alleviating the electric field concentration at
the drain electrode edge, as shown in Fig. 3(b). Simulations in-
dicate that two electric field peaks exist in the HEMT with the
drain FP. One peak locates at the edge of the Schottky drain,
and the other peak occurs at the edge of the drain FP, as shown
in Fig. 4(a). Therefore, the reverse blocking capability can be
enhanced by using the drain FP.
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Fig. 2. Output characteristics of (a) conventional HEMT and (b)
Schottky-drain HEMT.

When the drain is forward biased, a depletion layer would
be formed in the AlGaN layer and the GaN layer around the
gate, as shown in Fig. 3(c). There is little depletion layer at
the drain terminal formed during forward drain bias, leading
to no electric field peak at the drain terminal. For HEMTs
without gate FP, the forward blocking voltage was 134 V. The
depletion layer at the gate terminal can extend significantly by
employing a gate FP, as shown in Fig. 3(d). Two peaks are
formed in the electric field distribution, locating at the edge of
the gate and gate FP respectively as shown in Fig. 4(b). Thus
the forward blocking capability can be improved by employ-
ing the gate FP.
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Fig. 3. (color online) Logarithmic electron concentration distribution of the Schottky-drain HEMT (a) without and (b) with FPs in the off state during reverse
drain bias, Vps = —50 V. Logarithmic electron concentration distribution of the Schottky-drain HEMT (c) without and (d) with FPs in the off state during

forward drain bias, Vpg = 100 V.
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Fig. 4. (color online) Electric field distribution along the AlGaN/GaN

interface during (a) reverse drain bias and (b) forward drain bias, Vgs =
—6V.

Several parameters were optimized to obtain high Vrp
and Vgp, including the drain-FP length, the gate-FP length and
the passivation layer thicknesses beneath the two FPs. Both
the FPs are deposited on a uniform insulator ensuring pro-
cess feasibility. The optimization was carried out as follows.
The optimum 7gjn was obtained from a simulation of Vrp as
a function of Tgin, keeping Lpr and Lgp to be 3 um. For
Tsin = 0, the electric field at the drain edge is O and there is
only one peak in the electric field distribution locating at the

drain FP edge. With the rise of Tgjn, the electric field peak at
the drain edge increases and the peak at the drain FP edge de-
creases. According to the simulation results, the two electric
field peaks at the drain edge and the drain FP edge are leveled
at Tsin = 0.24 pm, and a high Vgp of —634 V was achieved.
For Tsiy > 0.24 pum, the peak at the drain edge exceeds the
peak at the drain FP edge. As shown in Fig. 5, Vgp increases
for Tsin < 0.24 um and decreases for Tgjn > 0.24 wm, indicat-
ing the optimum 7giny = 0.24 um. The maximum Vg was ob-
tained from a simulation of Vrp as a function of Lpp, keeping
Tsin to be 0.24 pm. As shown in Fig. 6, Vgp increases with Lpp
for Lpp < 2.2 um and achieves the maximum Vgg = —653 V,
suggesting the drain FP enhances Vgp by about 10 times. For
Lpr > 2.2 pm, the peak at the drain FP edge will exceed the
peak at the drain edge, leading to the slight decrease of Vgrg.
In a similar way, the optimum Lgp was obtained from a sim-
ulation of Vg as a function of Lgr, keeping Tsiy = 0.24 pm.
As shown in Fig. 7, the maximum Vgg = 868 V was achieved
for Lgr =1 pm.
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Fig. 5. The Vrg—Tsin dependence of the Schottky-drain HEMTs with
FPs.
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Fig. 6. The Vrg—Lpr dependence of the Schottky-drain HEMTs with
FPs.
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Fig. 7. The Vgg—Lgr dependence of the Schottky-drain HEMTs with
FPs.

The electric fields discussed above are the ones along the
AlGaN/GaN heterojunction interface. There can be a very
high electric field at the edge of the drain FP or the gate FP
and devices may breakdown in the SiN passivation layer first.
Thus, it is necessary to discuss the electric field in the SiN
film. With Lpp = 2.2 um and Lgg = 1 pum, the distance be-
tween the drain FP and the gate FP is 6.8 um. When the
drain is biased at —653 V, the average electric field between
the two FPs in the SiN layer is 0.96 MV/cm. The electric field
in the SiN layer is nonuniform distributed, and the maximum
electric field of 9.1 MV/cm occurs at the drain FP edge. The
value of 9.1 MV/cm was achieved at which the peak electric
field along the AlGaN/GaN interface reaches 3 MV/cm. If the
judging criterion of device breakdown changes from 3 MV/cm
to 2 MV/cm or 1.5 MV/cm, the maximum electric field at the
drain FP edge would reduce to be 6.8 MV/cm or 5.7 MV/cm.
When the drain is biased at 868 V, the average electric field
between the two FPs in the SiN layer is 1.28 MV/cm. For the
judging criterions of 3 MV/cm, 2 MV/cm, and 1.5 MV/cm, the
electric field at the gate FP are 8.6 MV/cm, 6.6 MV/cm, and
5.4 MV/cm, respectively.

The drain-FP length and gate-FP length are optimized
from the view point of the optimization of Vgp. As a result,

the Vpp is not the optimal value. In order to achieve the opti-
mal Vg and VRg, the SiN thickness under the two FPs should
be designed separately, which will increase the process com-
plexity. Besides, it should be noted that a long drain FP can
reduce Vpp and a long gate FP can reduce Vg for a certain
gate—drain spacing. The distance between the two FPs should
be larger than a certain value that can avoid the squeeze of
the potential between them.[!3] However, the figure-of-merit
of power device V;%3/Ron would be reduced by the increased
R for a larger gate-drain spacing Lgp. Therefore, it is neces-
sary to consider Vgp, VrB, and R,, simultaneously and design
the device geometry according to the characteristics require-
ment. For the fabricated ohmic-drain HEMT, the drain and
source are ohmic contacts and the deep metallic spikes around
the ohmic contact could be formed after high temperature an-
nealing. These deep spikes would cause the electric-field lines
to concentrate at the spikes, which may lead to the premature
breakdown at the drain terminal. Thus, a drain FP can allevi-
ate the electric field crowding effect in the vicinity of the drain
ohmic contact and increase Vgg.!!"!

The breakdown field of the insulator film strongly de-
pends on the deposition process. The SiN film is generally ob-
tained by a plasma-enhanced chemical vapor-deposition sys-
tem, and the breakdown field of SiN of 5-10 MV/cm was
observed over a wide range of the N/Si ratio.!'8! The influ-
ence factors of the breakdown field are the vacuum degree,
SiH4/NH3 flux ratio, temperature, and so on. A high vacuum
degree is necessary to reduce impurities in the reaction cham-
ber and improve the purity of the SiN film. The SiH4/NHj3
flux ratio should be optimized to ensure that the Si/N ratio ap-

191 Temperature has

proaches the stoichiometric value, 0.75.
an impact on the activities of the atoms and ions decomposed
from the two gases, and the value is generally set between
250 °C and 350 °C. The breakdown field of SiN can achieve
12 MV/cm by the optimized process conditions. Besides, He
has been proved to be superior to N, as a dilution gas and it can
improve the properties at decreasing process temperatures. At
a temperature of 100 °C, the breakdown field can be enhanced
from 4.3 MV/cm to 11.3 MV/cm by using He as a dilution

gas. 20!

4. Conclusion

The reverse blocking enhancement of the combination of
a drain FP and a Shcottky drain has been investigated in this
paper. In two-dimensional simulation, a drain FP and a gate
FP were employed to further improve Vrp and Vgg and the
design parameters are the drain-FP length, the gate-FP length
and the passivation layer thickness. A drain FP can alleviate
the electric field at the edge of the drain electrode, and Vrp
was improved from —67 V to —653 V by utilizing the drain
FP. Simulation results suggest that the combination of drain FP
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and Schottky-drain is an effective way to enhance the reverse

blocking capability.
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