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A novel GaN-based vertical heterostructure field effect transistor (HFET) with nonuniform doping superjunctions
(non-SJ HFET) is proposed and studied by Silvaco-ATLAS, for minimizing the specific on-resistance (RopA) at no expense
of breakdown voltage (BV). The feature of non-SJ HFET lies in the nonuniform doping concentration from top to bottom
in the n- and p-pillars, which is different from that of the conventional GaN-based vertical HFET with uniform doping su-
perjunctions (un-SJ HFET). A physically intrinsic mechanism for the nonuniform doping superjunction (non-SJ) to further
reduce RopA at no expense of BV is investigated and revealed in detail. The design, related to the structure parameters
of non-SJ, is optimized to minimize the RyyA on the basis of the same BV as that of un-SJ HFET. Optimized simulation
results show that the reduction in RopA depends on the doping concentrations and thickness values of the light and heavy
doping parts in non-SJ. The maximum reduction of more than 51% in RonA could be achieved with a BV of 1890 V. These
results could demonstrate the superiority of non-SJ HFET in minimizing R,,A and provide a useful reference for further

developing the GaN-based vertical HFETs.

Keywords: GaN-based vertical HFETS, nonuniform doping superjunctions, minimized specific on-resistance,

breakdown voltage
PACS: 73.40.Kp, 85.30.Tv, 85.30.De

1. Introduction

The desire for power electronic systems with increasingly
excellent performances has been the catalyst for developing
GaN-based power devices, in which the vertical GaN-based
heterostructure field effect transistor (GaN-based V-HFET),
as a kind of high-power switch device, has been attracting
increasing attention. Compared with its lateral counterpart
(GaN-based HEMT),!'-0! the GaN-based V-HFET has the su-
periorities, i.e., the reduced chip area, the packaging conve-
nience and the suppression of current collapse,!”! which makes
it significantly advantageous and perhaps the only topology
choice for power conversions beyond 15 kW.[! In a high
power system, it has been one of the most important focuses to
minimize the system power loss. Therefore, the reduction of
the specific on-resistance in GaN-based V-HFET is strongly
required to reduce the power device loss even at high fre-
quency operation,’) which depends on a better trade-off char-
acteristic between breakdown voltage (BV) and specific on-
resistance (RonA).

Recently, a great deal of effort has been made to develop
the device structures and fabrication process for GaN-based V-
HFETs. Many novel V-HFET structures have been proposed
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to further improve the trade-off between BV and RonA,110-13]
of which the GaN-based V-HFET with uniform doping super-
junction (un-SJ HFET) could be considered as the most effec-
tive and promising candidate.!'!! Furthermore, the successful
applications of the etching technology, the regrowth technol-
ogy and the implantation technology in the fabrication of GaN-
based V-HFETs!7%14-16] have enhanced the possibility of real-
izing various novel vertical device structures. These advances
are a great encouragement to the further study of GaN-based
V-HFETs.

In this paper, a novel GaN-based V-HFET with nonuni-
form doping superjunction (non-SJ HFET) is presented and
investigated. The study of this device emphasizes the further
reduction in RynA with the same BV as that of the conven-
tional un-SJ HFET. Compared with un-SJ HFET, the non-SJ
HFET has an obvious feature that is the nonuniform doping
superjunction (non-SJ) comprising nonuniform doping n- and
p-pillars. Based on this, the specific on-resistance could be re-
markably reduced without any loss of BV. Two-dimensional
numerical simulation with Silvaco-ATLAS software is per-
formed to reveal the intrinsic operation mechanism for the
non-SJ by using the potential distributions, electric field dis-
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tributions and current density distributions. The relationship
among the RopA, the BV and the structure parameters of the
non-SJ is studied systematically, aiming at optimizing the min-
imized R,,A. These results are of importance for designing
and further developing the GaN-based V-HFETs.

2. Device structures and physic models

Figure 1 shows the schematic cross-sections of the pro-
posed GaN-based non-SJ HFET and the conventional GaN-
based un-SJ HFET. Except for the superjunction, structures for
both devices are the same, whose main parameters are given in
Table 1. In GaN-based non-SJ HFET, both n- and p-pillars are
divided into two parts. The same thickness H; and doping con-
centration | are used in both the top part Ny of the n-pillar
and the bottom part Pp; of the p-pillar. The same thickness
H, and doping concentration N, are used in both the bottom
part Nn» of the n-pillar and the top part Ppy of the p-pillar.
The doping concentration increment, namely N, minus Ny, is

drain

defined as Nyep. In addition, the doping concentration of n-
and p-pillars in un-SJ HFET is always equal to that of the top
part Ny of the n-pillar in non-SJ HFET. For convenience and
simplicity, typical Ni concentrations, namely 0.5x10'¢ cm~3,
1x10% cm=3, 1.5%101° cm™3 or 2x10!0 ¢m—3, are utilized
in simulations, respectively.

Two-dimensional device simulations are performed by
using the Silvaco-ATLAS. The polarization effect is con-
sidered at each of the P'-GaN cap/Alg15GaggsN and
Alp.15Gag g5sN/GaN channel interfaces, according to the exper-

[17] Caughey-Thomas mobility model is used

imental reports.
based on the experimental measurements.''®! Carrier genera-
tion and recombination models, including the impact ioniza-
tion model,'”! the SRH recombination model and the Auger
recombination model are also included in the simulation.
Other material physical parameters for GaN and Alg 15Gag gsN

are adopted according to the reports. 20211

drain

Fig. 1. (color online) Schematic structures for (a) non-SJ HFET and (b) un-SJ HFET. Lines A1A2 or B1B2 denote the vertical direction
at the n-pillar/p-pillar junction or the middle of the device, respectively.

Table 1. Main structure specifications for non-SJ HFET and un-SJ HFET.

Symbol Description Values

Teap/nm P*-GaN cap thickness 100

Ncap/cm’3 P*-GaN cap doping concentration 1x10'8

TajGan/nm unintentionally doped Aly 15Gag gsN thickness 30

Tehannel/nm GaN channel thickness 120

Nehannet/cm ™3 GaN channel doping concentration 2x10'6

TepL/Hm current blocking layer (CBL) thickness 1

Ncpr/em™3 CBL doping concentration 1x10'8

H/um GaN drift layer thickness 10

H/um top (bottom) part thickness of n(p)-pillar in non-SJ HFET 1~10

Ni/em™3 top (bottom) part doping concentration of n(p)-pillar in non-SJ HFET or 0.5x 10" ~ 2 x 106
doping concentration of n- and p-pillars in un-SJ HFET

H, bottom (top) part thickness of n(p)-pillar in non-SJ HFET H minus H;

Nstep/cm*3 doping concentration increment in non-SJ HFET 1% 10 ~2.5x% 10

N> bottom (top) part doping concentration of n(p)-pillar in non-SJ HFET N1 + Nstep

Wn (Wp)/pum n-pillar (p-pillar) width (W = Wp) 5
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3. On-state and off-state analyses

Figure 2 shows the on-state /-V characteristics for non-
SJ HFET and un-SJ HFET. In Fig. 2(a), both devices exhibit
the same threshold voltage of about 0.6 V. The drain current of
the proposed non-SJ HFET is greater than that of un-SJ HFET
when the gate voltage is beyond the threshold voltage, indicat-
ing a smaller on-state resistance in non-SJ HFET. In addition,
comparing with un-SJ HFET, the obvious improvement of the
slope of the I-V curve in the linear region could be seen from
Fig. 2(b) in non-SJ HFET at the same bias. This results in
a smaller RoyA of 1.784 mQ-cm? in non-SJ HFET than that
of 2.597 mQ-cm? in un-SJ HFET, thus leading to more than
31% decrease in RonA. From the off-state /-V performance
in Fig. 3, both devices exhibit the same breakdown voltage of
1800 V. Therefore, the significant reduction in RopA could be
realized by means of nonuniform doping superjunctions at no
expense of BV, which demonstrates a better trade-off between
BV and R,,A in non-SJ HFET.

A physical insight into the improvement in non-SJ HFET
could be achieved according to on-state current density distri-
butions as well as off-state equipotential lines and electric field
distributions. At on-state for both devices in Fig. 4(a), only the
n-pillar can conduct current because the n™ substrate/p-pillar
junctions and the n-pillar/p-pillar junctions are under the re-
versed bias condition. The current path width along the hori-
zontal direction in n-pillar will be shrunk by the depletion ef-
fect to a certain degree. As shown, a similar current path width
could be observed in the top part Ny of the n-pillar in non-SJ
HFET and the corresponding position in un-SJ HFET. Com-
paring with un-SJ HFET, the current path in the bottom part
Ny of the n-pillar in the non-SJ HFET is obviously widened,
which is attributed to the higher doping concentration in the
bottom part Ny of the n-pillar. From Fig. 4(b), a greater cur-
rent density could be seen in the n-pillar of the non-SJ HFET.
Therefore, both the wider current path and the greater current
density in non-SJ HFET are beneficial to the current conduc-
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Fig. 2. (color online) On-state /-V characteristics for two devices,
showing (a) transfer characteristics, (b) output characteristics.
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Fig. 3. (color online) Off-state /-V characteristics corresponding to the
devices in Fig. 2.
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Fig. 4. (color online) On-state current density distributions corresponding to the devices in Fig. 2, showing (a) two-dimensional distributions, and (b)

distributions along line B1B2 as shown in Fig. 1.
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The breakdown performances in non-SJ HFET and un-SJ HFET are illustrated in Fig. 5. Comparing with un-SJ HFET, in
non-SJ HFET the equipotential lines densities near the middle of n- and p-pillars increase slightly while those near the bottom of

n- and p-pillars decrease slightly in Fig. 5(a). This implies that the electric field strength near the middle is enhanced while that

near the bottom is degraded in n- and p-pillars, which could be demonstrated by the vertical electric field distributions along the

line A1A2 in Fig. 5(b). As shown, the area beneath the contour of each electric field distribution can be used to estimate the BV

of each device approximately.!*l Equal areas could be observed in both devices, and thus indicating the same BV.
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Fig. 5. (color online) Off-state performances in two devices at breakdown voltage corresponding to Fig. 3. (a) Equipotential lines distribution, and (b)

electric field distribution along line A1A2 as shown in Fig. 1.

4. Optimization and design for minimized Ro,A
without deterioration in BV

Figure 6 shows the plots of breakdown voltage and spe-
cific on-resistance versus thickness H, at different values of
Ny for a given Nyep in non-SJ HFET. It is noted that the struc-
ture of non-SJ HFET will be changed into that of un-SJ HFET
when H, = 0 pum. As shown, for each concentration Ny, the
RonA decreases continuously with A, increasing. This results
from the increase in the average doping concentration of n-
pillar. Besides, there exists a peak BV at Hy = 4 pm for each
N;. For a given H;, both BV and R,,A decrease with N in-
creasing. The variations of BV and R,,A with Nj in un-SJ
HFET are also consistent with the reported results in Ref. [11].
The optimized H, is determined by minimizing Ro,A on the
basis of the same BV as that of un-SJ HFET, which means the
maximum reduction in R,,A at no expense of BV. It could be
found that the optimized H, appears to be nearly 8 um and
will decrease slightly with the increase in N;. If Hj is be-
yond the optimal value, the BV of non-SJ HFET will be lower
than that of un-SJ HFET for a given N;. When N varies from
0.5%x10' cm™3 to 2x 10'° cm ™3, the optimized R,nA will drop
from 2.292 mQ- cm? to 1.498 mQ.-cm?, indicating a corre-
sponding reduction from 48.8% to 15.5% compared with the
scenario of un-SJ HFET. Figure 7 shows the vertical electric
field distributions along the line A1A2 in non-SJ HFETs with
different values of H,. As shown in the figure, the electric
field strength around the middle of pillar is raised obviously

for Hy = 4 um, leading to the largest area beneath the contour

of electric field distribution and thus the greatest BV. In the
same way, the lowest BV appears in the case of H, =9 um
because of the smallest area. These features of electric field
distributions could provide an appropriate explanation for the
variations of BV with H, in Fig. 6.

2200 Nitep = 201016 cm 3
2000+ optimized]|
- results
I 14
1800 ! -
g
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N 16001 | . 15 &
3 L E
L 'o I
1400 | 7 & N 3
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LA © ! [ 42 ~
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Ve Vg LN |O|
N, =1.5%x10%6 cm =3V v o'
1000 v v N :2.IO><1016 clnr3 X /I g
0 2 4 6 8 10
Hy/pm

Fig. 6. (color online) Plots of breakdown voltage and specific on-resistance
versus H at different values of Ny for a given Nyep in non-SJ HFET.

Figure 8 shows the plots of breakdown voltage and spe-
cific on-resistance versus H, at different values of Nyep for
a given Nj. For each Ngep, the RopA will drop as H» in-
creases. Further, it could be seen clearly that the decrement
in RonA will be raised with Ny, increasing for a given Hj.
The variation of BV with H, for each Ny is similar to that
in Fig. 6 and the peak BV appears at H) =4 um. On the
basis of the same BV as that of un-SJ HFET, the optimized
H, for each Ngep is obtained to minimize RopA. As shown,

this optimized H» will increase a little with Nep increasing.
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According to the minimum R,,A corresponding to each opti-
mized H, in the non-SJ HFET, the reduction of Ry,,A in the
non-SJ HFET compared with the un-SJ HFET, could be cal-
culated and depicted in Fig. 9. The reductions in R,,A for
other optimized results at different values of N; achieved by
the method in Fig. 8 are also shown in Fig. 9, and the values
of BV in non-SJ HFETSs with different values of N; are also
equal to those in un-SJ HFETs with the same N;. For each

3 . . . .
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Fig. 7. (color online) Vertical electric field distributions along the line A1A2
in corresponding non-SJ HFETs with different values of H, in Fig. 6.
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Fig. 8. (color online) Plots of breakdown voltage and specific on-resistance
versus H at different values of Nyep for a given Ny in non-SJ HFET.
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Fig. 9. (color online) BV and reductions in RoyA for optimized results at dif-
ferent values of Ny and Nep.

Ni, the reduction in R,zA could be improved by increasing
Nitep. The remarkable reduction in RonA could be obtained in
the case of lower Ny and higher Nyep. The maximum reduction
of 51.1% in RoyA could be realized for Ny = 0.5 x 10 cm—3
and Nyep = 2.5 X 10'% cm—3. Even when Ny =2 x 10'% cm ™3
and Ngeep = 1 x 10'6 cm—3, the reduction of 9.8% could still be
achieved. These improvements further demonstrate the supe-
riority and effectiveness of non-SJ HFET in minimizing R,,A

at no expense of BV.

5. Fabrication process

Nowadays, thick in situ doping GaN layer growth
technologies, [>>?3] GaN-based selective area growth technolo-
gies (SAG),["*?#1 and GaN etching technologies have become
more and more mature.>>?%! The reported highest GaN pil-
lar height by SAG and the deepest etching trench by plasma
etching technology have been more than 10 um,?”-?81 which
could pave the way for fabricating the non-SJ HFET. There-
fore, the proposed non-SJ HFET may be realized by SAG tech-
nology, during which the n-pillar and p-pillar will be grown
alternately. This fabrication proposal has also been considered
as a possible way to realize the conventional un-SJ HFET in
Ref. [11].

As an example, the following gives a feasible process ap-
proach of the proposed non-SJ HFET based on the methods
mentioned in Refs. [14] and [24], as illustrated in Fig. 10.
Firstly, a p-type GaN layer with N; doping and H; thickness is
epitaxially grown by metal-organic chemical vapor deposition
(MOCYVD) on a bulk GaN substrate. Then trench-1 with Wy
width and H thickness is formed by the Cl-based inductively
coupled plasma (ICP) etching process. The rest of the p-type
GaN layer is masked and an n-type GaN layer with N, doping
and H; thickness is regrown by SAG to fill trench-1. Sec-
ondly, a p-type GaN layer with N, doping and (H, minus H;)
thickness is epitaxially grown by MOCVD followed by the
trench-2 etching and the SAG regrowth of n-type GaN layer
with N, doping in the trench. Thirdly, a p-type GaN layer with
N, doping and H; thickness and the 1-um CBL layer are epi-
taxially grown by MOCVD followed by the trench-3 etching
and the SAG regrowth of n-type GaN layer with N; doping in
the trench. The final main procedures comprise the regrowth
of the GaN channel and Aly ;5Gag gsN, the growth and etch-
ing of PT-GaN cap, the source/drain/gate contact metal and
passivation layer deposition and the isolation deep etching of
GaN, after which the completed device is obtained and shown
in Fig. 10().
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Wx
— ¢ 5
IHl trench-1

Hy—H,

mask mask

trench-2

trench-3

drain

Fig. 10. (color online) A feasible process approach of the proposed non-SJ
HFET, showing (a) (NV; doping and H; thickness) p-type GaN layer growth,
(b) trench-1 etching, (c) n-type GaN layer regrowth in trench-1, (d) (N, dop-
ing and Hy—H, thickness) p-type GaN layer growth, (e) trench-2 etching, (f)
n-type GaN layer regrowth in trench-2, (g) (N, doping and H; thickness) p-
type GaN layer and CBL growth, (h) trench-3 etching, (i) n-type GaN layer
regrowth in trench-3, and (j) completed device.

6. Conclusions

In this paper, a novel non-SJ HFET based on the nonuni-
form doping superjunctions (non-SJs) is presented by two-
dimensional simulations, with emphasis on the minimized
RonA at no expense of BV. Systematical studies and analy-
ses of the device on- and off-state performance, device phys-

ical mechanisms as well as device optimization designs are

conducted. The simulation results exhibit that the remark-
able reduction in R,,A with the same BV as that of un-SJ
HFET, could be realized by modulating the doping concen-
tration and thickness of the light and heavy doping parts in
non-SJ. These results demonstrate the potential and advantage

of non-SJ HFET in high power electronic applications.
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