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Abstract—Here we report novel multi-channel AlGaN/GaN
MOSHEMTS s with high breakdown voltage (¥sr) and low ON-
resistance (Ron). The multi-channel structure was judiciously
designed to yield a small sheet resistance (Rs) of 80 {/sq using
only four 2DEG channels, resulting in an effective resistivity
(perr) of only 1.1 mQ-mm. The major limitation of high-
conductivity multi-channel devices is their limited Vggr. This
work shows that while conventional field plates (FPs) are not
suited to increase Vpr in high-conductivity multi-channels,
slanted tri-gates offer better electric field management inside
the device. With a gate-to-drain separation (Lgp) of 15 pm, the
device presented a low Ron of 2.8 Q-mm (considering the full
width of the device (Wdevice)) and a high Var of 1230 V,
rendering a small specific Rox (Ronsp) of 0.47 mQ-cm? and an
excellent figure-of-merit of 3.2 GW/cm?. This work also
shows the feasibility of E-mode multi-channel MOSHEMTs
with a threshold voltage (Vru) of +0.9 V at 1 pA/mm by tuning
the tri-gate geometry. These results significantly outperform
conventional single-channel devices and demonstrate the
enormous potential of multi-channel power devices.

L INTRODUCTION

Lateral GaN-on-Si devices are highly promising for power
applications, combining high device performance and low cost,
and offering a platform for advanced power integrated circuits
(ICs). While GaN HEMTs are now commercially available,
thanks to the remarkable progress in recent years, their
performance is still much inferior to the full potential of GaN.
Further advances require a major reduction in Ron, while
maintaining the high Var and the fast-switching capability.

The Ron of high-voltage HEMTs is largely limited by the
resistivity of its 2DEG channel. One approach for ultra-low R
is to stack multiple 2DEG channels (multi-channels) [1]-[5].
This concept was first proposed in 1980s for I1I-Vs [1] and has
led to an ultra-low R of 37 Q/sq for AIN/GaN multi-channels
[6], which is far below that of typical single-channel structures.
However, devices based on multi-channels are still rare to date,
due to the challenge in controlling all parallel channels with
typical planar gate structures. Recently tri-gate structures have
been shown very effective in controlling the multi-channels for
normally-ON/OFF MOSHEMTs [7], for high-performance
and fast-switching SBDs [8], and for RF GaN devices [9],[10].
However, to date no high-voltage device has been realized on
multi-channels with Ry < 230 €/sq, hindering the enormous
potential of multi-channel devices for power applications.

In this work we present 1200 V GaN-on-Si MOSHEMTs
based on a highly-conductive multi-channel (R; = 80 €/sq)

using novel slanted tri-gates for a superior field management,
unleashing the great potential of multi-channel power devices.

II. EPITAXY AND FABRICATION

The slanted tri-gate multi-channel devices (Figs. 1(a)-(c))
were fabricated based on a four-channel structure (Fig. 1(d)).
The top 3 channels were formed by 20 nm Aly»sGaN barrier
layers (Type I in Fig. 1(e)), and the bottom channel consisted
of'a 10 nm Al »5GaN barrier (Type II in Fig. 1(f)), which were
selectively doped with Si at concentrations of 1 x 10" cm™ and
5 x 10'%cm, respectively. Such design of the multi-channels
resulted in a small R of 80 Q/sq, along with high Ns of 5.6 x
10" cm? and mobility (x) of 1407 cm? V-!s'!, rendering a
much higher channel conductivity compared to conventional
single-channel structures (Fig. 2(a)). In addition, the small R
was achieved using only 4 channels with a small thickness of
140 nm, thanks to the heavily-doped 20 nm AlGaN barrier
layers (Type I) (Fig. 2(c)), which yielded a record pesr of 1.1
mQ-mm (Fig. 2(b)). A thin multi-channel structure is
important since it significantly simplifies the fabrication of tri-
gates by reducing the aspect ratio of the fins. The bottom
barrier was thinner and less doped to facilitate the control of
the bottommost channel, which is the farthest from the top gate
and the most prone to possible punch-through in OFF state.

In addition to fins in the gate region, the device design also
contained fins in both the Source/Drain (S/D) regions, to form
ohmic contact to all parallel channels. A 23 nm-thick SiO, gate
oxide was deposited by atomic layer deposition, and the gate
metals were Ni/Au. The gate region consisted of 1.5 um-long
fins, of which only 700 nm were covered by the gate. The fin
width (wsn) was 50 nm in the 300 nm-long tri-gate region,
which increased to 100 nm at the end of the slanted tri-gate
region (300 nm long), and was kept at 100 nm for the rest of its
length (Figs. 1(c) and (d)). All measurements reported in this
work were normalized by Waevice.

III. RESULTS AND DISCUSSION

The tri-gate offers a superior channel control due to its 3D
architecture around the multi-channels, which is important as
planar gates cannot pinch off highly conductive multi-channels
(Fig. 3(a)). The planar-gate devices were in ON state even at a
high Vs of -50 V, due to the large gate-to-channel distance and
the shielding effect from a top channel to the ones underneath.
In contrast, the tri-gate control is far more effective, resulting in
a small threshold voltage (Vru) of only -2.5 V for wg, 0of 50 nm,
thanks to the dominating sidewall control in narrow fins, as
revealed by the peak in gn for reduced wiy in Fig. 3(a).
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The combination of tri-gate and multi-channel structures
resulted in very low Ron for the MOSHEMTs. With an Lgp of
15 pm, the Rox was only 2.8 Q-mm (Fig. 3(b)), which is much
lower than in conventional single-channel devices (Fig. 3(c)).
Figure 3(c) also shows that the multi-channel structures are
particularly suited to reduce the resistance in high-voltage
devices, due to their large device length L, as Ron = Rs"L/W.

In addition to the small Ron, a high Vgr of 1230 V was
achieved using slanted tri-gates instead of conventional FPs.
While FPs are essential for high Vgr in single-channel devices,
by distributing the uneven electric field in OFF state, they are
not suited for high-conductivity multi-channels. Fig. 4(a) shows
deterioration of the measured Vgr from single-channel to multi-
channel devices, despite the FP, which further decreased as R
was reduced, and saturated at ~50 V when R, reached 170 €/sq.
By replacing the planar FP termination with the slanted tri-gate,
the Vgr was greatly enhanced by 20x-fold to 1230 V, along with
a small Jorr below 10 pA/mm at Vp = 650 V (Fig. 4(b)). Figure
4(c) compares the Vpr in this work with single-channel GaN
(MOS)HEMTs versus their Lgp, showing no degradation in Var
despite the very low Rs of 80 /sq, which represents a major
breakthrough for high-voltage multi-channel devices.

The high Vgr in the multi-channel devices is due to two
main reasons. Firstly, from numerical simulations we observe
that planar FPs can actually diminish the FVgr in high-
conductivity multi-channel devices. Different from single-
channel devices, the multi-channels under the planar FP cannot
be depleted by Vp before the high field breaks the FP, due to the
high N, the large gate-to-channel distance, and the shielding
effect previously discussed. Thus the Vgr is limited by the
breakdown of the FP, resulting in a small constant gr of ~50
V for all types of multi-channel devices when R < 170 Q/sq,
regardless of their different channel and tri-gate designs (Fig.
4a). This is clearly seen from the simulated electric field
distribution in multi-channel tri-gate devices with (Fig. 5) and
without the planar overhanging FP (Fig. 6). High fields along
z-direction were observed in the FP region and at the drain-side
edges of the trenches (Fig. 5(b)), which can be greatly reduced
by excluding the FP (Fig. 6(b)). Figures 5(c) and 6(c) compare
the depletion length at the effective gate edge of the two devices,
showing that the FP could barely deplete the planar multi-
channel structure, which explains the high electric field at the
FP and causes the rather small Vgr in devices with planar FP
termination.

The second reason for the high Vgr is the well-distributed
electric field by the slanted tri-gate [11],[12]. Since the Vry in
tri-gated multi-channel fins increases with narrowing fins (Fig.
3(a)), due to reduced N; and increased gate control, a slanted
Wi results in a gradient of the V1, which distributes the electric
field and enhances the Vgr. Slanted tri-gates work similarly to
slant FPs, but their 3D architecture around the fin is much more
suited for high-conductivity multi-channels.

Another important advantage of tri-gates for multi-channel
structures is that E-mode operation was achieved by reducing
the win. Figure 7(a) shows the transfer characteristics of D- and
E-mode multi-channel tri-gate MOSHEMTs fabricated on the
same chip, showing a positive Vry of +0.9 V at 1 pA/mm for
the E-mode device, despite the high N; of 5.6 x 10" cm™ in the

multi-channel structure. This was achieved by reducing the wen
to 20 nm, based on the sidewall depletion of the channels. Such
normally-OFF operation can be maintained even at 150 °C (Fig.
7(b)), showing a stable small lorr of 0.3 nA/mm at V=0 V.
The V1 can be further fine-tuned lithographically by the wen
and the fin length (Lsn) (Fig. 7(c)), offering great flexibility for
design and fabrication of GaN ICs.

Figure 8 benchmarks the slanted tri-gate multi-channel
MOSHEMTs against conventional single-channel GaN
(MOS)HEMTs in the literature, revealing a remarkable
progress achieved in this work. Firstly, the multi-channel
devices broke the limit in Ron for lateral GaN power devices
(Fig. 8(a)), greatly reducing the Rox from ~7 Q-mm in 600/650
V single-channel devices to 2.8 Q-mm, while keeping a high
Ver of 1230 V. In addition, the multi-channel devices yielded
a record figure-of-merit of 3.2 GW/cm? that is substantially
improved from single-channel devices (Fig. 8(b)), surpassing
the figure-of-merit limit for SiC, and revealing the significant
potential of multi-channel devices for power applications.

IV. CONCLUSION

In this work we demonstrated high-voltage multi-channel
MOSHEMTSs using highly conductive multi-channels (Rs = 80
Q/sq) and a slanted tri-gate structure. Low Ron of 2.8 Q-mm
was achieved in addition to a high Vgr of 1230 V, resulting in
an excellent figure-of-merit of 3.2 GW/cm?. These results pave
the path for high-voltage multi-channel devices, and can offer a
platform to promote the performance of lateral power devices
towards the full capabilities of GaN.
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Fig. 1. (a) Schematic of the multichannel slanted tri-gate MOSHEMTs. (b) Top-view, (c) zoomed SEM images, and (d) cross-sectional schematic of the
device. (e)-(g) Schematics of the multi-channel structure which contains four parallel 2DEG channels formed by two types of barrier layers.
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Fig. 2. (a) Comparison of Ns and ¢ in multi-channel and single-channel AlGaN/GaN structures. (b) Comparison of Rs and thickness of GaN multi-channel
structures (more than two channels), in which the thickness of the bottommost channel layer was considered the same as the bottommost barrier layer. (c)
Dependence of Rs on the number of channels (Nen) in different multi-channel structures, and the numbers beside the points show the thickness of the
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Fig. 3. (a) Transfer characteristics of multi-channel MOSHETMs based on a planar gate and on tri-gates with different wan. (b) Output characteristics of the
high-voltage slanted tri-gate MOSHEMTS in this work, whose Vru is -3.5 V at 1 pA/mm. (c) Comparison of Ron of the slanted tri-gate multi-channel
MOSHEMTs in this work and single-channel GaN (MOS)HEMTs reported in the literature (All values were normalized by the full width of the device).

[ *Trigate C;aNroanw MOSHEMTs melasured at RT wth floating Isubslrate 1 *Floating slubstrate @RT [ ) S’ingle-ch‘annel A\O@ &
Single-channel + Planar FP - R,=~300 ohm/sq < QF
- 9 ¢ Slanted 55V 25¢ @ Multi-channel ; : Q‘_b\v ]
A tri-gate m . R, =80 ohm/sq °
hammd = 20} ]
~1of - 1E | [ e g 8.-¢°
= ~20x ! £ > T € e
x Planar FP # - H < 1230V | X e A
© |>| Multi-channel : ~ Slanted tri-gate o o o 6\\\\\‘\0
o w o N
> — i S v [ 1> 2 00.‘\
0.5 1 1<E 10 ® ® This work ]
i lopr <10 pA/mm P 8 ° s
5 T - a2
i @V, =650V sl ®. %0 & ]
Multi-channel 1 i : . g [} &
-=-40~60V ) O®
oof : : .- - - ; ; o828 [ R N
300 200 100 0 b 0 500 1000 0 5 10 15 20 25 30
a C
@) R, (ohm/sq) (b) v, (V) (© Lgp (um)

Fig. 4. (a) Dependence of Var versus the R in different multi-channel structures, along with the significant enhancement in Vsr resulted from the slanted tri-
gate. (b) Comparison of OFF-state breakdown characteristics of multi-channel tri-gate MOSHEMTs with a planar FP and the slanted tri-gate. (c) Comparison
of Vsr of the slanted tri-gate multi-channel MOSHEMTs in this work and the single-channel GaN (MOS)HEMTs reported in the literature.
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Fig. 5. (a) Schematic of the simulated tri-gate MOSHEMT with a conventional planar FP, (b) the electric field distribution in OFF state
(the gate metal and oxide were not shown), and (c) the distribution of electrons close to the drain-side edge of the fin, which is the effective
gate edge in this device. The Vi and Vb were -3 V and 8.5 V in the simulation, respectively, to simplify the simulation, which does not
affect conclusion as the Var for such devices is very small as discussed before.
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Fig. 6. (a) Schematic of the simulated tri-gate MOSHEMT with no FP, (b) the electric field distribution in OFF state (the gate metal and
oxide were not shown), and (c) the distribution of electrons close to the drain-side edge of the fin, which is the effective gate edge in this
device. The VG and V'p were -3 V and 8.5 V in the simulation, respectively, to simplify the simulation, which does not affect conclusion as
the VBr for such devices is very small as discussed before.
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Fig. 7. (a) Transfer characteristics of E-mode and D-mode multi-channel tri-gate MOSHEMTSs on the same chip by tuning the wfin: 100 nm
for the D-mode and 20 nm for the E-mode devices. (b) Dependence of Vtn and Jorr of the e-mode on the temperature. (¢) Dependence of
the V'tu in multi-channel tri-gate MOSHEMTS on the wein and the length of the fins (Lfin).
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Fig. 8 (a) V'Br versus Ron and (b) Ron,sp versus VBr benchmarks of the slanted tri-gate multi-channel MOSHEMTSs against conventional
single-channel GaN (MOS)HEMTs in the literature, showing a substantial improvement by the multi-channel power devices.
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