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A novel AlGaN/GaN high electron mobility transistor (HEMT) with a source-connected T-shaped field-plate (ST-FP
HEMT) is proposed for the first time in this paper. The source-connected T-shaped field-plate (ST-FP) is composed of a
source-connected field-plate (S-FP) and a trench metal. The physical intrinsic mechanisms of the ST-FP to improve the
breakdown voltage and the FP efficiency and to modulate the distributions of channel electric field and potential are studied
in detail by means of two-dimensional numerical simulations with Silvaco-ATLAS. A comparison to the HEMT and the
HEMT with an S-FP (S-FP HEMT) shows that the ST-FP HEMT could achieve a broader and more uniform channel
electric field distribution with the help of a trench metal, which could increase the breakdown voltage and the FP efficiency
remarkably. In addition, the relationship between the structure of the ST-FP, the channel electric field, the breakdown
voltage as well as the FP efficiency in ST-FP HEMT is analyzed. These results could open up a new effective method to
fabricate high voltage power devices for the power electronic applications.
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1. Introduction

If the successful development of GaN-based material
could be considered as a vital catalyst for the invention of
GaN-based high electron mobility transistor (HEMT), the
field-plate (FP) technology could also be considered as one of
the most prominent catalysts for significantly improving the
power performance of HEMTs so as to satisfy more and more
actual requirements in recent power applications. With the
excellent ability of these FP techniques to effectively extend
the depletion region and replace a single-peak electric field
with several peaks,[!! the electric field distribution could be
uniformed, the device breakdown performance and other rel-
evant reliability performance, such as trapping effect,>! in-
verse piezoelectric effect!*> could be improved. So far, vari-
ous studies on the GaN-based HEMTs with different FP struc-
tures have been reported, [®18 of which it may be one of the
important focuses to improve the device breakdown voltage
without increasing device dimension. Therefore, it could be
concluded, to a great extent, that in order to fabricate a device
with high breakdown voltage and little degradation of its other
performances, it may be an effective and valuable method to
raise the ability of the FP per unit length to enhance the break-
down voltage as much as possible, which deserves to be ex-
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plored further.

In this paper, a novel AlGaN/GaN HEMT with a source-
connected T-shaped field-plate (ST-FP HEMT) is presented for
the purpose of a better breakdown enhancement and a better
ability of the FP per unit length to increase the breakdown
voltage. Systematic simulations of physical mechanism in
ST-FP HEMT, relating to the improvement of the breakdown
capability together with the ST-FP modulation effects on the
channel electric field and potential distributions, are conducted
in detail with Silvaco-ATLAS. In addition, the optimization
methods, the relationship between the structure of the ST-FP,
the breakdown voltage as well as the FP efficiency in ST-FP
HEMT are achieved on the basis of the simulation researches.
These research results could provide a valuable guideline for
reducing the device design complexity and simplifying the ac-
tual manufacture processings of the ST-FP HEMT.

2. Device structures and simulation models

Figure 1 shows the schematics of the S-FP HEMT and
the proposed ST-FP HEMT. The HEMT is not shown be-
cause of its same structure as that of S-FP HEMT except for
none FP. As shown in the figure, the ST-FP is characterized
by an S-FP and a trench metal. With the exception of the
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FP structure, all the devices in this paper have the same de-
vice structure, which is similar to that used in Ref. [9]. A
3-pum unintentionally doped (UID) GaN buffer layer and a 30-
nm UID Aly,5Gag 75N barrier layer are used. And the gate—
source spacing, the gate length, and the gate—drain spacing are
1.5 wm, 1.5 um, and 10 pum, respectively. The same effec-
tive FP length Lgp in S-FP HEMT and ST-FP HEMT is used.
Silicon nitride passivation is used and the thickness under the
FP is defined as Tgijn. Lgr is the distance from the gate to the
trench. Ltp is the distance between the trench and the drain
side of the ST-FP. The trench depth and width are denoted with
Tp and Lt, respectively.
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Fig. 1. (color online) Schematics of (a) S-FP HEMT and (b) ST-FP
HEMT.

The simulations are performed with Silvaco-ATLAS
and the main device model is similar to that in our early
researches.!!®1°1 The background doping concentrations in
the AlGaN layer and the GaN layer are both assumed to
be 1x10 cm™3. The positive charges with a density of
1x10"3 cm™2 are located along the AlIGaN/GaN heterojunc-
tion to model the polarization effect, which is based on the
experimental result of the approximate charge neutrality at the
AlGaN/passivation layer interface.>’! Two kinds of deep traps
are considered, of which the energy level and the density for
the deep acceptor trap are Ec —2.85 eV and 1x10'7 cm ™3 re-
spectively, and those for the deep donor trap are Ec — 0.5 eV
and 2x10'7 cm™3. The simulations about the breakdown per-
formance are carried out with the gate biased at —6 V. And the
breakdown voltage VgR is defined as the drain voltage where
the peak electric field in the channel reaches a GaN break-

down field of 3 MV/cm, whose breakdown criterion has been

successfully implemented in our early researches.[!81%:21]

3. Results and discussion

In order to evaluate the ability of FP to improve the break-
down voltage reasonably, the FP efficiency 17,*?! defined as a
ratio of the increment of the breakdown voltage Vggr to the
total effective FP length Lpp, is utilized in this paper. Fig-
ure 2 shows the relationship between the Lpp of S-FP and the
breakdown voltage Vgr as well as the FP efficiency 1 in S-
FP HEMT. In Fig. 2, each VR is approximately the maximum
breakdown voltage for a given Lpp, which is obtained by op-
timizing the passivation thickness Tgin in Fig. 1(a). It can be
observed that the breakdown voltage increases while the FP
efficiency decreases with the increase of the Lrp. And when
the Lpp is beyond 5 wum, the increment of the Vgr with the
Lpp is very small, corresponding to a small change of 1. This
phenomenon is in accordance with that in Ref. [6]. And the
simulated Vggr of 475 V for an S-FP HEMT with Lgp = 5 um
in this paper is very close to the experimental data of 470 V
for an S-FP HEMT with the same Lgp in Ref. [9]. These above
indicate a good validity of our device model.
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Fig. 2. Relationship between the Lpp of S-FP and the breakdown volt-
age VgRr as well as the FP efficiency 1 in S-FP HEMT.

Figure 3 shows the nearly optimized channel electric field
distributions for the HEMT and four S-FP HEMTs with dif-
ferent values of Lgp. And the area beneath the contour of each
electric field distribution in Fig. 3, could be used to estimate
the Vpr of each device approximately. The channel electric
field distributions away from the left edge of the gate or the
FP are very small, thus they are not shown in Fig. 3. As can
be seen, the Vgr of HEMT is only 60 V, with only one electric
field peak near the gate edge. And it is evident that two nearly
equal electric field peaks are formed at the right edge of the
gate and the right edge of the S-FP in each S-FP HEMT, indi-
cating an effective modulation of electric field with the S-FP
at higher breakdown voltage. In addition, with the increase of
Lgp, the Vgr of S-FP HEMT increases and the electric field
peak near the right edge of the S-FP shifts toward the drain.
And when the Lgp > 5 wm, the increment of the area beneath
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the contour of the electric field distribution is very small, lead-
ing to a small increment of the Vgr and a small decrement of
the 7. These results are consistent with the analyses in Fig. 2.
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Fig. 3. Nearly optimized channel electric field distributions in HEMT
and four S-FP HEMTs.

Careful observations of Fig. 3 could reveal that the value
of the electric field between the two electric field peaks in each
S-FP HEMT drops and the range of this low electric field is en-
larged with the increase of Lgp. This indicates that a consider-
able part of the S-FP between the gate and the drain edge of the
FP, especially for a long S-FP, does not really play an effective
role in modulating the channel electric field. Thus, in order
to enhance the modulation ability of the S-FP, it is full of sig-
nificance to take some measures to improve the electric field
distribution beneath the S-FP, of which the ST-FP HEMT is a
kind of structure with great potential, as illustrated in Fig. 1(b)
and Fig. 4.
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Fig. 4. Nearly optimized channel electric field distributions for the
HEMT, the S-FP HEMT, and the ST-FP HEMT.

Figure 4 shows the nearly optimized channel electric field
distributions beneath the field-plate or around the gate for the
HEMT, the S-FP HEMT with an S-FP of Lgp =5 um and an
ST-FP HEMT with an ST-FP of Lgp = 5 pm. The optimal Tsin

in the S-FP HEMT is 0.28 pm. And the optimal structure pa-
rameters of the ST-FP HEMT is achieved by optimizing the Tp
and Tgin for given Lgt = 0.5 um and Lt = 0.5 um. The op-
timal 7p and Tgin are 0.46 um and 0.5 pum, respectively. It is
clear that a new electric field peak beneath the FP is formed in
the ST-FP HEMT. And a broad electric field distribution near
the drain edge of the FP in the ST-FP HEMT channel is ob-
tained compared with that in the S-FP HEMT. This leads to a
high Vgr of 810 V and a high 1 of 150 V/um in the ST-FP
HEMT, which exhibits a remarkable improvement compared
with a Vg of 475 V and an 1 of 83 V/um in the S-FP HEMT.
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Fig. 5. (color online) Potential distributions in (a) HEMT, (b) S-FP HEMT,
(c) ST-FP HEMT.

In order to get a physical insight into the essential mecha-
nism of the modulation of the ST-FP, the potential distributions
at off-state corresponding to the three devices in Fig. 4 are in-
vestigated as shown in Fig. 5. It can be observed that most
of potential lines crowds around the drain side of the gate in
HEMT, indicating a high electric field peak could be formed,
which is in accord with the result in Fig. 4. And for the S-FP
HEMT with an Lpp of 5 um, the high potential line density
appears at two positions: one is located at the drain side of
the gate and the other at the drain side of the S-FP. This is at-
tributed to the modulation effect of the S-FP, resulting in two
electric field peaks in S-FP HEMTs. For the ST-FP HEMT,

127305-3



Chin. Phys. B  Vol. 25, No. 12 (2016) 127305

a more uniform distribution of potential lines is observed and
three high potential line density areas are formed at the gate
edge, the trench edge and ST-FP edge, which shows an excel-
lent and effective modulation of potential lines. Thus, a more
uniform distribution of electric field as well as an outstanding
blocking capability could be obtained in the ST-FP HEMT.
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5 |—O—Lr=0.5 pm, Tp =0.46 pm, Tsn = 0.50 pm (Ver =810 Vl

The smaller the Lgr, the greater the Vgr and 7 are. Besides,
it could be found that the 7p is always a little smaller than the
Tsin in both figures. Based on these analyses, the optimization
procedure of the ST-FP HEMT could be extracted. During the
optimization, first, we could choose a proper trench width Lt
according to the actual fabrication processing condition. And
then for different given gate—trench spacings Lgr, the Tp and
Tsin are optimized to achieve the target breakdown voltage.

—0-Ly=1.0 pm, Tp=0.45 um
[~A=Lt=2.0 ym, Tp = 0.41 pm
4 t+=V—Lr=3.0 pm, Tp = 0.32 pym

, Tsin =0.51 pm (Vgr =800 V)
, Tsin = 0.52 pm (Vg =800 V)]
, Tsin=0.49 ym (Vgr =770 VH

Electric field/MV-cm~!

5 | -O— Ler=0.2 pm, Tp = 0.805 pm, Tsin = 0.87 pm (Ver = 1330 V)
—0-Lgr=0.5 pm, Tp=0.46 pm, Tsn = 0.50 pm (Vg =810 V)
—o— Lgr=1.0 pym, Tp =0.373 pm, Tsn = 0.41 pm (Vg =660 V)

4 r—V— Lar=1.5 pm, Tp =0.31 pm, Tsn =0.35 pm (Ver =580 V) 7

Electric field/MV-cm~!

4 6 8 10 12
850 o T T T Distance from the left edge of the gate/pm
Ler=0.5 pm
O =4 150 1600 T T T
T~ 4250
Lt=0.5um
1400 -
o T Q 4200
Z N :
= 800} e 0. 1140 = > 1200 T
S > < =
= & \ 1150 &
= 1000} ,:,\,-'\ I Z
o J100 ©
° 130 )
(b) 800 | o O
% () 150
750 " 1 " 1 1 1 1 " 1 "-" O
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 600 | \O
LT/Hm Il Il Il 0
Fi . o . 0.5 1.0 1.5
ig. 6. (a) Electric field distributions along the channel and (b) relation-
ship between the Lt, Vgr as well as 1) for ST-FP HEMTs with different Lar/pm

values of Lt.

In the ST-FP HEMT, there are many structure parame-
ters of the ST-FP which are needed to be considered during
the device optimization. And each parameter may influence
the breakdown voltage and the FP efficiency. Here, we take
the Lt and the Lgt for example. For the purpose of illustra-
tion, the effects of the Lt and the Lgt in the ST-FP HEMT on
the electric field distribution, Vgr as well as 1 are shown in
Fig. 6 and Fig. 7, respectively. For devices with a fixed Lgt
of 0.5 um and each case of Lt in Fig. 6 and for devices with a
fixed Lt of 0.5 um and each case of Lgt in Fig. 7, they are all
optimized to obtain the maximum Vpgr by optimizing the Tp
and Tgin. As shown in Fig. 6, with increasing Lt, the electric
field peaks near the drain side of the trench shift toward the
drain, and the Vgr only shows a slight decrease, resulting in
a slight drop of 1. This indicates that the Vgr and 1 are both
weak functions of L. When the trench width Lt is set to be
0.5 pum, the Vg and 1 show strong functions of Lgt in Fig. 7.

Fig. 7. ST-FP HEMT with different LgT, (a) Electric field distributions
along the channel and (b) relationship between the Lgt, VBr as well as
n for ST-FP HEMTs with different values of Lgr.

4. Conclusions

The off-state breakdown performance of the ST-FP
HEMT with an ST-FP is investigated in this paper. With the
help of two-dimensional simulations, ST-FP HEMT exhibits
a good blocking capability compared with HEMT and S-FP
HEMT. This benefits from the advantage that the ST-FP could
effectively modulate the potential distributions, which could
extend the whole electric field distribution between gate and
drain and force all the electric field peaks around the gate edge,
trench edge and ST-FP edge to be approximately equal but
less than breakdown field. Simulations also show that the Vgg
and 7 are both weak functions of the trench width Lt and are
strong functions of the gate-trench spacing Lgt. These results
above are of great value for the design and actual manufacture
processes of ST-FP HEMTs.
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