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ABSTRACT A GaN-based vertical superjunction high electron mobility transistor (SJ] HEMT) with a
composite structure (CS-SJ HEMT) is proposed and analyzed by Silvaco TCAD to improve the breakdown
voltage and specific on-resistance (Ropa). In this paper, CS-SJ HEMT is compared with SJ] HEMT with
traditional structure (TS-SJ HEMT), SJ HEMT with only particular doping pillars (DP-SJ HEMT) and SJ
HEMT with only special P-gate (SP-ST HEMT). The particular doping pillars mean the doping concentration
of n-pillar increases with a gradient from top to bottom, and the concentration of p-pillar is the same as the
middle of n-pillar, which reduces the Ropa by only 4%. The special P-GaN cap layer can reduce the Rona
by 10%, and it can even increase the on-state current in the saturation region. The CS-SJ HEMT combines
both doping pillars and special P-gate structures, and the Ropa can be reduced by 14%. By the optimized
design, the Ropa can be reduced by 30% with BV = 2580 V, or the Ropa can be reduced by 21% with
BV = 2720 V. These results show that the composite structure of ST HEMT contributes to improving the
BV and Ropa and propose a useful approach for improving the vertical HEMTs.

INDEX TERMS GaN-based vertical SJ] HEMT, particular doping pillars, special P-gate, specific

on-resistance, breakdown voltage.

I. INTRODUCTION

As arepresentative of the III-nitride material, GaN has a wide
band, high electron saturation drift velocity, high electron
mobility, high critical field strength, high thermal conductiv-
ity and other excellent physical properties, so it has become
an ideal power electronic material [1]-[5]. Compared with
traditional Si materials, power-switching devices based on
GaN power electronic materials have higher power density
output and energy conversion efficiency. They can make
the system smaller and lighter, effectively reducing the size
and weight of power electronic devices [6]-[9], thus greatly
reducing system fabrication and production costs. It has a
huge market application prospect.
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In recent years, vertical GaN-based HEMT
devices [10]-[12] have attracted much attention in the field
of high-power electronics with their excellent performance.
Research on what methods are used to improve the con-
duction characteristics of vertical devices has become a hot
spot in this field. The introduction of structures such as
P-buried layer [13], superjunction (SJ) [14]-[17] and current
barrier layer (CBL) of SiO; material [18] has promoted
the improvement of vertical device performance and laid
the foundation for the current demand for a wider range of
applications. However, the existing technology to reduce the
specific on-resistance (Ropna) of vertical devices is still rel-
atively limited. Therefore, how to solve the above problems
better and improve the performance of power devices further
is the focus of attention of many scholars in the world, and it
is also the research focus of this paper.
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In this paper, a GaN-based vertical superjunction high
electron mobility transistor (SJ HEMT) with a composite
structure (CS-SJ HEMT) is proposed and analyzed. In order
to study this structure, SJ HEMT with traditional structure
(TS-SJHEMT) is compared to ST HEMT with only particular
doping pillars (DP-SJ HEMT), SJ] HEMT with only special
P-gate (SP-SJ HEMT) and CS-SJ HEMT. Compared with
traditional structure, the doping concentration differences
between p/n-pillar can reduce the Rona while the special
P-gate can reduce the Ropa and increase the on-state cur-
rent in the saturation region. Then TS-SJ HEMT is com-
pared with CS-SJ HEMT to confirm whether the composite
structure impacts breakdown voltage (BV). Two-dimensional
device simulation using Silvaco-TCAD software reveals
its intrinsic operation mechanism by exploiting the poten-
tial distribution, electric field distribution and current den-
sity distribution. These results have important implications
for the optimization and design of GaN-based vertical
HEMTs.

Il. DEVICE STRUCTURES AND PARAMETERS

According to Ref. [14], Z. Li and T. P. Chow have designed
and analyzed an original kind of GaN vertical superjunction
HEMT, so the model and some parameters can refer to it. The
device structures proposed in this paper have been calibrated
by previous experimental results [19].

Fig. 1 shows four kinds of the half-cell schematic
cross-section of the proposed structure. There is only one
difference between each of the two device structures for com-
parison, and their important parameters are given in Table 1.
The GaN epi layer is divided into left and right parts from
the middle, with an Mg-doped p-pillar on the left and several
Si-doped n-pillars on the right. In TS-SJ HEMT, all the
p/n-pillar is a uniform doping concentration of Ny, and it
is the same as SP-SJ HEMT. As for the other two device
structures, both n-pillars have a consistent doping gradient,
namely Nj, N», N3, N4, and Nj, determined from top to
bottom in each gradient layer, while the concentration of
p-pillar is the same as the middle of n-pillar. The sum of the
thickness of all small n-pillars is 10 um, and the thickness of
each small n-pillar can be the same. The Al composition in the
AlxGaj«xN barrier layer is closely related to the polarization
charge. When x is too high, the large lattice and thermal
mismatch between the GaN buffer layer and the barrier layer
cause the high structural defect density and rough interface
in AlGaN to limit the mobility of 2DEG; when x is too
low, the difference of conduction band energy will become
very small, resulting in no good limit on the carrier con-
centration. Alp.1Gag9N may be chosen as the barrier layer
after analyzing the results in Refs. [20] and [21]. This is
because the 2DEG must be fully depleted under OV gate
bias by the P-GaN cap to reduce the electric field under
the gate in off-state and achieve an enhancement operation
mode of the device [14]. The special P-gate is only in SP-SJ
HEMT and CS-SJ HEMT for comparison. The gate looks like
the letter “T’, and the Mg-doped [22]-[24] p-type GaN cap
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FIGURE 1. Device structure (a) TS-S} HEMT (b) DP-S) HEMT (c) SP-SJ} HEMT
(d) CS-S) HEMT. (Tp = Tepi/5) Lines L1L2 or L3L4 represent the vertical
direction of n-pillar junction or the middle of the structure, respectively.

layer is divided into two pieces with the same size T.. The
bottom of the gate and the top of the AlGaN barrier layer
are separated by SiN. Except for the above differences, other
device structures are the same in both doping concentration
and shape.

Silvaco-TCAD software is considered a tool for
two-dimensional numerical simulations. The concentration-
dependent recombination model is used for concentration-
dependent lifetimes. At high current densities, it is important
to use the Auger recombination model for the direct tran-
sition of three carriers. In order to simulate the generation
of 2DEG, the polarization effect [25], [26] must be considered
at the interface of the Alp1GagoN barrier layer and GaN
channel layer. The effect also applies to the P-GaN cap
layer and Alp.1Gag 9N barrier layer to deplete 2DEG under
the cap layer. The Faramand Modified Caughey Thomas
model and Nitride Field Dependent model are also used
for electrons and holes [27], [28]. Besides, Selberherr’ s
Impact Ionization model is used for calculating breakdown
voltage.
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TABLE 1. Key parameters for the simulations.

Symbol Quantity Value

Teap P-GaN cap thickness 200 nm

Neap P-GaN cap doping concentra- 1x 1018 cm—3
tion (Mg-doped)

Taigan Alp.1Gag 9N thickness 25 nm

Tehannet GaN channel thickness 100 nm

Tcgr,  CBL thickness 1 um

Ncpe CBL  doping  concentration 1x10'8 cm—3
(Mg-doped)

Tepi Epi-layer thickness 10 um

Ly Length of the p-pillar 8 um

5

Tn Thickness of each doping gra- 0~10 pm (3 Ta=Tep;)
dient n=1

Te Length of the special cap layer 0.1~6 um

N1 Initial doping concentration of 0.5x10'6~1.5x1016 cm—3

p/n-pillar (Mg/Si-doped)

Nseep  Doping concentration incre- 0~2x1016 cm—3
ment of n-pillar

Nn Doping concentration after in- Np+(n-1)XNgtep
creasing (Si-doped)

T T T T T T T T T
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FIGURE 2. On-State transfer I-V characteristics for four devices.

IIl. ON-STATE AND OFF-STATE ANALYSES

The on-state I-V characteristics for TS-SJ] HEMT, DP-SJ
HEMT, SP-SJ HEMT and CS-SJ] HEMT are shown
in Fig. 2 and 3. According to Fig. 2, these devices have the
same threshold voltage of 1.4 V, so neither special P-gate nor
doping pillars have an effect on the threshold voltage. When
the gate voltage is beyond the threshold voltage, the drain
current of TS-SJ HEMT is the lowest among the four devices,
which means it has the largest on-state resistance. The drain
current of two structures with special P-gates is much higher
than that of the other two devices, while the drain current of
two structures with the doping pillars is a bit higher than that
of the other two devices. In other words, the CS-SJ] HEMT
has the smallest on-state resistance among these structures.
In Fig. 3(a), the I-V curve shows that the slope of the tra-
ditional structure is smaller than that of another structure.
The Rona of the traditional structure is 4.01 m$2-cm?, while
the Rona of DP-SJ HEMT is 3.86 mQ-cm?, which means
the latter is 4% lower than the former. The Roya of SP-SJ

VOLUME 9, 2021

40 T T T T T T T 40 T T T T T T T
N;=1x10" cm® N;=1x10" em™
a5 Ni=1x107em” Vgs=1-3Vstepby1v A ssp T 1
Ny1ep=0-5x10"" o Te=2um Vgs=1~3Vstepby 1V
30 | B 30 | 4
225 r —— TS-SJ HEMT 1 E“ r 1
< 2 < ——TS-SJ HEMT
Exnl Rona=4.01 mezem 1 Exf Rona=4.01 mQcm’ d
H DP-SIHEMT € SP-SJ HEMT
% 15k Rona=3.86 mQ-cm 41 55¢ Ropa=3.61 mcm? g
£ £
[ s
aor 4 S0} ]
5F e 5k <
0F 4 0F B
(a) (b)
sL L L L L L Y L L L L
0.0 0.5 10 15 20 25 3.0 0.0 05 10 15 20 25 3.0
Drain voltage / V Drain voltage / V'
40 T T T T T T T 40 T T T T T T T
N;=1x10" cm™ N;=1x10" cm™
35 6 3 {1 st o 1
Ngtgp=0-5x10"cm Vgs=1~3V step by 1V Ng1ep=0-5x10" cm Vge=1~3 V stepby 1V
sl Te=2um 1 ol Te2um 1
——TS-SJ HEMT
B B - 2
E 25| 4 525 L Rona=4.01 mQcm
< ——TS-SJ HEMT < DP-SJ HEMT
>
Enl Rona=4.01 ma.om’ 1 Enl Rona=3.86 ma.cm
5 CS-SJ HEMT H SP-SJHEMT
St Rona=347 ma.cm’ { 5t Rona=3.61 macm ]
< =~ CS-SJ HEMT
s s 2
510+ 4 atwop R,na=3.47 mQ.cm -
5F — 5F B
0F — [ B
(c) (d)
Jry - L n L L L L sl L L L L L L

0.0 05 10 15 20 25 30 0.0 05 1.0 15 2.0 25 3.0

Drain voltage / V Drain voltage / V

FIGURE 3. On-State output I-V characteristics. TS-S) HEMT is compared
with (a) DP-S) HEMT, (b) SP-SJ HEMT, and (c) CS-SJ HEMT, as well as
(d) comparison at the same time.
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FIGURE 4. Off-State I-V characteristics. CS-S) HEMT is compared with
TS-SJ HEMT.

HEMT is 3.61 mQ-cm?, and it is 10% lower than that of the
traditional structure in Fig. 3(b). Similarly, the Roya of CS-SJ
HEMT is 3.47 m§2-cm?, and it is 14% lower than that of the
traditional structure in Fig. 3(c). They are all shown in Fig. 3.
Besides, in the saturation region, the on-state current of the
structures with special P-gates is higher than that of the struc-
tures without P-gates. In Fig. 4, when Vg = 0V, the off-state
I-V curves look similar. If the current of the device is higher
than 1 x 10~° mA-mm™! on the off-state, it is considered to
be broken down. Fig. 4 performs that both structures have the
same BV = 2570V, which proves the composite structure can
reduce Ropa while having few influences on BV.
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FIGURE 5. On-State current density two-dimensional distributions for
(a) TS-SJ HEMT, (b) DP-SJ HEMT, (c) SP-SJ HEMT and (d) CS-SJ HEMT. The
value of the current density is in the log scale.
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FIGURE 6. On-State current density along epi layer (line L1L2) as shown
in Fig. 1 for four devices.

Though physical observation, the status of the device could
be clearly understood according to current density, electric
field and equipotential surface. In Fig. 5, the current density
only exists in the right half of the device during on-state,
which means the current path is along the n-pillar instead
of the p-pillar. The current cannot flow into the p-pillar
because the PN junctions formed by p-pillar/n-pillar and
p-pillar/N-GaN substrate are both under reverse bias condi-
tions. The current along the top of the n-pillar is cut down
from left to right by the depletion effect [29], [30]. The special
P-gate can shrink the depletion region on the right signif-
icantly, so the current density can be increased using this
method. The boundary between the p-pillar and n-pillar of the
device with doping pillars is different from the device without
pillars, proving it could improve current density through
widening effective current path [30]. As shown in Fig. 6,
the device with composite structure has the highest current
density in the epi layer, which means both structures are
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FIGURE 8. Off-State performance of TS-S) HEMT compared with CS-S)
HEMT according to electric field distribution along line L3L4 as shown

in Fig. 1.

good for current transmission with the reduction of Ropa . The
breakdown state of TS-SJ HEMT and CS-SJ HEMT is illus-
trated in Fig. 7 and Fig. 8. The equipotential surfaces of both
structures are shown in Fig. 7. The high equipotential-area of
the former near the bottom of n-pillar is higher than that of
the latter. It means that the electric field strength of the upper
pillar is enhanced while that of the lower pillar is weakened,
which could be demonstrated by the vertical electric field
distributions along the line L1L2 in Fig. 8. The area beneath
the contour of each electric field distribution can be used
to estimate the BV of each device approximately [14], [31].
As Fig. 8 shown, the value of the electric field of CS-SJ
HEMT is greater than TS-SJ HEMT in the upper part of the
pillar, while smaller in the lower part of the pillar. Equal
areas can be found as shown, so it represents the same
BV =2570 V.

IV. OPTIMIZATION AND DISCUSSION FOR MINIMIZED
SPECIFIC ON-RESISTANCE

Fig. 9 shows the relationship of the optimized BV and Rona
versus length T. for given Ny and Ngep in structures. It is
worth noting that the structure will be considered as TS-SJ
HEMT or DP-SJ] HEMT when T, = 6um. As shown,
the Ropa of the device with particular doping pillars is lower
than that of the device without pillars, but BV is almost the
same, which means this doping method has little impact on
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in Fig. 8.

BV with Ny = 1 x 106 cm™3 and Ngep = 0.5 x 10'® cm—3

There is a peak Ropa with T, = 5pum whether having partic-
ular doping pillars or not, and Rops decreases monotonically
with the decreasing T.. BV is almost unchanged before T,
decreases to 1 um, and when T, is less than 1 wm, BV drops
off a cliff. The optimized T, depends on minimizing Rgna
with less reduction of BV, and it is easy to find that the
optimized T, seems to be close to 1 um. For a given Ny and
Nstep, the BV of the structure will remain the same if T¢ is
higher than the optimal value, while the BV will decrease a
lot if T, is lower than the optimal value. These changes of the
breakdown voltage in different structures can be illustrated
in Fig. 10. As shown, although the values of T are different,
the shapes of the electric field distributions are almost the
same. When T, is more than 1 um, there is no further change
in the curve, and the potential of the device with T, = 2um is
as same as the traditional device in Fig. 11, which means BV
remains unchanged. Because the distance between the gate
and drain does not change, and the thickness of the epi layer
has no change. Besides, the length of the exhausted 2DEG
is long enough to keep the off-state. As T, decreases to less
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than 1 um, the electric field strength also drops to a certain
degree because the device is easily broken down if the length
of the exhausted 2DEG under the gate is too short. Therefore,
itis very important to choose a suitable value of T, to balance
the lower Ropa and higher BV.

Fig. 12 shows the relationship of the optimized BV and
Rona versus the N for given Te. The structure could be
considered as SP-SJ HEMT when Ngep = 0. As shown in the
figure, both BV and Ropa will decrease with the increasing
Nj, consistent with the reported results [29], [30]. When
the Ngep is low enough, the BV of the structure remains
unchanged. However, as N| gradually increases, the critical
value of Nep for keeping BV unchanged will decrease by
degrees. It should be noted that the Ropa of the structure has
a rebound zone, which means the Rypa is not always in a
downward trend with the increasing Niep.

The relationship of the optimized BV and Ryns versus
length T3 for given Ny and Ngtep is shown in Fig. 13. Accord-
ing to Ref. [29] and previous experimental results, the aver-
age concentration of the n-pillar will directly affect BV and
Rona, so it is important to keep the thickness of the gradient
concentration on the upper and lower sides symmetrically the
same (T1 = Ty = T3 = Ty4). As shown, BV is improved
if T3 is greater than 2 wm and less than 8 wum, and there
is a peak BV with T3 = 3um. When T3 is between 2 um
and 5 um, the Rypa remains unchanged for the time being.
In other cases, Rona decreases as T3 increases. Therefore,
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the optimal value of T3 should be 3 um or 8 um according
to the requirements of BV and Rgns. Fig. 14 is a further
optimization based on several optimized values in Fig. 13.
When T3 = 3um and T(Ts) = 2.5um, the BV can increase
to 2720 V, and Ropa can decrease to 3.18 mS2-cm?, which
means it is reduced by 21%; when T3 = 8um and T(Ts) =
0.6pm, the BV can increase to 2580 V, and R4 can decrease
to 2.80 m$2-cm?, which means it is reduced by 30%.

From the above results, the BV and Ropa can be improved
further for these structures. The Rona could be decreased
easily by reducing the length of the P-GaN cap layer or
using different doping concentration and thickness of the
pillars, while the BV need to remain unchanged by choosing
the value of T¢ not less than 1 um, appropriate Ngep and
thickness of small pillars. The particular doping pillars and
the special P-gate will not have a negative effect on each other,
so the composite structure is feasible.

V. FABRICATION PROCESS

At present, devices with thick GaN layers can be fabri-
cated by GaN growth technology [32]. However, the most
difficult thing is to grow p-pillars and n-pillars of the
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superjunctions because both p-pillars and n-pillars need to be
grown alternately. GaN-based selective area growth technolo-
gies (SAG) [33], [34] is a viable way to realize the growth,
which means one pillar is grown and another pillar is masked.
SAG has been considered as a general method to fabricate
devices with superjunctions.

According to the method mentioned in the Refs. [35]
and [36], the method of GaN secondary growth to fabri-
cate the proposed CS-SJ HEMT is given below. First, metal
organic chemical vapor deposition (MOCVD) was used to
deposit an Mg-doped [37], [38] p-type GaN pillar with a
thickness of Tep; and a concentration of N3 on an n-type
GaN substrate, which allows the fabrication of vertical p-n
junctions with low-doped high-mobility drift layers. A trench
with a length of 2L, and a thickness of Tep; is formed
in the middle by the chlorine-based inductively coupled
plasma (ICP) dry etching recipe with a very low RF power,
and the UV-chemical treatment was used to treat it before
the regrowth process [36]. Second, the p-type GaN pillar is
masked, and several small Si-doped n-type GaN pillars with
a thickness of T, and a concentration of N, are regrown by
SAG to finish the p-n junctions. After UV-chemical treat-
ment, a CBL layer with a thickness of Tcpr and a con-
centration of Ncpr, is grown on the p-type GaN pillar by
MOCVD, and it is etched by ICP etching to form a second
trench. Then CBL layer is masked, and an n-type GaN layer
with a concentration of N is regrown to fill the trench. Third,
n-type GaN channel layer, n-type Alg.1Gag 9N barrier layer,
and p-type GaN cap layer are grown respectively by MOCVD
after the source region is masked. Several trenches are formed
by etching the cap layer, and the passivation layer is deposited
by plasma-enhanced chemical vapor deposition (PECVD).
Then, the passivation layer on and between the cap layers
need to be etched. Finally, the source, drain, and gate contact
metal are deposited to finish the device.

VI. CONCLUSION

In this paper, a GaN-based vertical superjunction high elec-
tron mobility transistor with a composite structure is pro-
posed and analyzed by Silvaco TCAD to improve the BV and
Rona. The on-state and off-state performance of the device
and the physical mechanism are systematically studied and
analyzed to make an optimization design. The simulation
results show that the improvement of Roya and BV could
be realized by modulating the length of the P-GaN cap
layer, the doping concentration of gradient and thickness of
n-pillars in CS-SJ HEMT. These results implicate the poten-
tial and advantage of CS-SJ HEMT in high power gallium
nitride device.
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