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ABSTRACT

This work presents a tri-gate GaN junction high-electron-mobility transistor (JHEMT) concept in which the p-n junction wraps around the
AlGaN/GaN fins in the gate region. This tri-gate JHEMT differs from all existing GaN FinFETs and tri-gate HEMTs, as they employ a
Schottky or a metal-insulator-semiconductor (MIS) gate stack. A tri-gate GaN JHEMT is fabricated using p-type NiO with the gate metal
forming an Ohmic contact to NiO. The device shows minimal hysteresis and a subthreshold slope of 63 =2 mV/decade with an on-off
current ratio of 10°. Compared to the tri-gate MISHEMT' fabricated on the same wafer, the tri-gate JHEMTs exhibit higher threshold voltage
(V) and achieve positive Vg without the need for additional AlGaN recess. In addition, this tri-gate JHEMT with a fin width of 60 nm
achieves a breakdown voltage (BV) > 1500 V (defined at the drain current of 1 yA/mm at zero gate bias) and maintains the high BV with the
fin length scaled down to 200 nm. In comparison, the tri-gate MISHEMTs with narrower and longer fins show punch-through at high vol-
tages. Moreover, when compared to planar enhancement mode HEMTs, tri-gate JHEMTSs show significantly lower channel sheet resistance
in the gate region. These results illustrate a stronger channel depletion and electrostatic control in the junction tri-gate compared to the MIS
tri-gate and suggest great promise of the tri-gate GaN JHEMTs for both high-voltage power and low-voltage power/digital applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025351

The AlGaN/GaN high electron mobility transistor (HEMT) is
gaining increased adoption in RF and power applications, owing to
the high critical field of GaN and the high electron mobility in two-
dimensional electron gas (2DEG). Recently, low-voltage GaN HEMTs
have also been used in power ICs for monolithic integration with
power devices." While all commercial HEMTs use 2D gate structures,
the three-dimensional (3D) FinFET/tri-gate structure,” the enabling
technology for Si CMOS scaling,’ has been recently implemented in
GaN HEMTs for RF*" and power'* ' applications. The GaN
FinFETs and tri-gate HEMTs enabled a superior on-off current ratio,
subthreshold slope (SS), linearity, and transconductance (g,,). Vertical
GaN FinFETs have also been demonstrated with high performance for
kilovolt applications.”**’

Despite these early demonstrations, tri-gate HEMTs still face sev-
eral challenges in realizing enhancement-mode (E-mode) operation,
which is highly desired for digital and power applications. Specifically,

E-mode in high-voltage transistors requires not only a positive thresh-
old voltage (V) but also the capability to block high drain voltage at
zero gate bias (V(;).”* The high 2DEG density typically necessitates a
fin width below 30 nm for full 2DEG depletion,25 and it often induces
drain-induced-barrier-lowing (DIBL).”* Recently, an E-mode tri-gate
HEMT with a fin width down to 20nm and a large work function
(WF) gate demonstrated a high breakdown voltage (BV) over 1 kv.'®
To relax the need for aggressive fin scaling, an additional AlGaN
recess'*'” or charge trap dielectrics® have been utilized to assist the
2DEG depletion in the tri-gate device. However, these structures
require additional etching or unconventional multi-layer dielectrics.

In this Letter, we propose a significantly distinct tri-gate device
concept, the tri-gate junction HEMT (JHEMT). While all existing
GaN FinFETs and tri-gate HEMTs employ a Schottky or a metal-
insulator-semiconductor (MIS) gate stack, the tri-gate JHEMT relies
on the p-n junction wrapping around the AIGaN/GaN fins [Fig. 1(a)].
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The p-n junction can offer stronger depletion than the MIS structure
owing to a larger built-in potential (V},;) and the obviation of voltage
drop in the insulating dielectrics,” thereby making it easier to realize
the E-mode operation, suppress the DIBL, and prevent the punch-
through. It also eliminates the MIS inversion charges at the fin side-
walls and trench bottoms, thereby reducing the gate charge and the
parasitic conduction along the sidewall channels.”” Compared to the
planar p-gate HEMT, such as the gate injection transistor (GIT),”
the tri-gate JHEMT offers stronger depletion and gate control over
channel electrostatics.

While p-GaN is a natural p-type material for the proposed tri-
gate JHEMT, sub-micron selective-area p-type doping is still not viable
in GaN. As an alternative, in this work, we demonstrate a GaN tri-gate
JHEMT using NiO, a p-type oxide that possesses a high hole concen-
tration and can form high-quality hetero-junctions on AlGaN"*" "'
and GaN">" with a relatively large Vi,; (1-1.5¢€V). In addition, NiO
can be sputtered at room temperature, which simplifies the junction
tri-gate fabrication. Our fabricated E-mode tri-gate JHEMTSs exhibit a
higher Vry, lower hysteresis, and lower SS compared to the tri-gate
MISHEMTS fabricated on the same wafer, as well as a BV over 2000 V
at zero V. Their performance is also benchmarked with the tri-gate
MISHEMTS and planar E-mode devices, followed by an in-depth dis-
cussion on their application spaces.

The epitaxial structure consists of 10 nm in situ SiNy, 3nm GaN,
22 nm Al,5Gag 75N, 420 nm i-GaN, and a buffer layer, all grown on a
6-inch Si substrate by metal-organic chemical vapor deposition. The
2DEG density and sheet resistance are 8.5 x 10'*cm™> and 480 Q/sq,
respectively. As shown in Fig. 1(a), the tri-gate GaN MISHEMTs and
JHEMTS are fabricated on the same wafer with the fin width (Wg,)
ranging from 40 nm to 120 nm. A relatively large fin spacing (Sg;,) of
150 nm is chosen to allow the fabrication of tri-gate JHEMTs with dif-
ferent NiO thicknesses, which is critical toward understanding the
physics of tri-gate JHEMTs. The fin length (Lg;,) varies from 200 nm

(a) .i.l (b)
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Sqin =150 nm
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FIG. 1. (a) Schematic of the tri-gate GaN MISHEMT and tri-gate GaN JHEMT. (b)
SEM image of the fins before and after the NiO sputtering. (c) -V curve between
two Hall Ni pads on p-NiO, showing a good Ohmic contact.
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to 1 um and the gate length (L) is fixed at 2 um. The gate-to-source
distance (Lgs) is 2 um, and the gate-to-drain distance (Lgp) varies
from 6 um to 21 ym.

The device fabrication starts with SiN removal and the deposition
of 40nm SiO, via plasma-enhanced chemical vapor deposition
(PECVD), followed by electron-beam lithography to lift off Cr as the
hard mask for subsequent fin etch. The 140-nm-high fins are etched
by reactive ion etching and then rinsed with 5% tetramethylammo-
nium hydroxide (TMAH) to remove etch damage.”* PECVD SiO,
protects the top fin surface in the TMAH treatment. Ti/Al/Ni/Au
Ohmic contacts are then formed for the source and drain.

A self-aligned process™ is used to lift off the NiO and gate metal
in the same lithography step. NiO is deposited in a magnetron sputter-
ing system using a NiO target in an Ar (70%)/O, (30%) atmosphere at
25°C. The chamber pressure is 3 mTorr, and the RF power is 100 W.
Figure 1(b) shows the scanning electron microscopy (SEM) images of
the GaN fins before and after NiO sputtering, verifying the conformal
NiO coverage. Three samples with planar NiO thicknesses of 50 nm,
100 nm, and 150nm are fabricated. The sidewall sputtering rate is
found to be ~1/3 of the planar rate. In the 50-nm and 100-nm sam-
ples, NiO fills the inter-fin trenches to the levels below the 2DEG; in
the 150 nm sample, NiO fully fills the trenches. A Ni/Au stack is used
for the gate, which forms an Ohmic contact to NiO. Figure 1(c) shows
the Hall measurements for the Ni pads on NiO using the van der
Pauw method. The linear I-V curve verifies the good Ohmic contact
between Ni and NiO. A hole concentration and mobility of
5% 10" cm ™ and 0.7 cm?/V s are extracted for the sputtered p-NiO,
respectively. For the tri-gate MISHEMTs, 15 nm AL O; is deposited by
atomic layer deposition at 275 °C as the gate dielectric and the same
Ni/Au is used for the gate metal. Finally, PECVD SiNj is deposited for
the passivation of both tri-gate JHEMTS and tri-gate MISHEMTs.

Although the Vi; values between p-NiO and AlGaN’' or GaN™*
have been reported previously, there have been no studies on Vi;
between p-NiO and the 2DEG, which is critical for understanding the
sidewall electrostatics in our junction tri-gate structure. Figure 2(a)
shows the simulated band diagram of the NiO/GaN/AlGaN/GaN
stack using the material properties of sputtered NiO,”* which predicts
a Vi, value of 1.2-1.3 eV between 2DEG and p-NiO. To measure the
Vi value experimentally, a NiO/2DEG p-n junction diode is fabri-
cated, where the sputtered p-NiO forms contact with 2DEG at a mesa
sidewall [see Fig. 2(b)]. Figure 2(c) shows the I-V characteristics of
this NiO/2DEG diode. The current starts to increase at ~1.3 V, which
verifies the simulated V.
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FIG. 2. (a) Band diagram of the NiO/GaN/AlGaN/GaN structure. (b) Schematic and
(c) I-V characteristics of the fabricated NiO/2DEG junction diode.
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Figure 3(a) shows the transfer characteristics (Vps=0.25V, lin-
ear region) of the tri-gate JHEMTs with planar NiO thicknesses of
50 nm, 100 nm, and 150 nm. The current density of all transistors in
this work is normalized by the total gate width (50 um). Due to a
smaller sidewall sputtering rate, the 50-nm-NiO tri-gate JHEMT has
thin (<16nm) and even incomplete sidewall coverage, leading to
higher leakage current and higher SS. When NiO is thicker, thus
ensuring complete sidewall coverage, the junction depletion occurs in
GaN due to the high hole concentration in NiO, resulting in a Vg
value that is independent of the NiO thickness. This is validated by the
almost identical transfer characteristics of the tri-gate JHEMTs with
100 nm and 150 nm NiO [see Fig. 3(a)]. Note that this behavior is dif-
ferent from the tri-gate MISHEMT, wherein Vry strongly depends on
the thickness (and capacitance) of the insulating dielectrics. This dif-
ference reflects the inherent benefits of the junction gate in eliminating
the voltage drop in the gate dielectric. The tri-gate JHEMTs with
100nm and 150 nm NiO show a minimum SS of 63 = 2 mV/decade
with an on-off current ratio of ~10%. For clarity, the devices discussed
through the remainder of this work all have a NiO thickness of
100 nm.

Figure 3(b) shows the double-sweep transfer characteristics
(Vps=5YV, saturation region) of the tri-gate JHEMTs and
MISHEMTs with 60 nm Wy;,. The tri-gate JHEMT has a Vyy value of
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FIG. 3. Transfer characteristics of (a) tri-gate JHEMTs with various NiO thick-
nesses, (b) tri-gate JHEMTs (solid lines) and tri-gate MISHEMTs (dashed lines)
with 60 nm Wi, (Ip in black, Ig in blue, and gy, in red), and (c) the two types of
tri-gate devices with different W, values. (d) Output characteristics of 60-nm
tri-gate JHEMTs (solid lines) and 40-nm tri-gate MISHEMTs (dashed lines). (e) Box
charts of the Wr;,-dependent Vr of the tri-gate JHEMTs and MISHEMTs. 7 devices
in different dies are measured for each type of device. (f) Temperature-dependent
transfer characteristics of the tri-gate JHEMTs at 25-150 °C. All devices in this fig-
ure have an L, value of 500 nm and an Lgp value of 6 um.
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045V [extracted at the drain current (Ip) of 1uA/mm] and a
hysteresis below 0.1V, while the tri-gate MISHEMTs show a negative
Vi and ~0.6 V hysteresis. The close-to-60 mV/decade SS and small
hysteresis in tri-gate JHEMTSs suggest a very small interface state (Dj,)
in the NiO-based junction gate, whereas the larger SS (minimum
70 = 5mV/decade) and hysteresis in the tri-gate MISHEMT's suggest
a higher AL,O05/GaN Dy The gate leakage current (Ig) in tri-gate
JHEMTS is very low at Vo < 1V and starts to increase when Vg
exceeds the V},; value between NiO and 2DEG. Hence, a similar gate
driver to the one used for GaN GITs” is preferred for the tri-gate
JHEMTS, and the practical on-state Vg is 3-4V for the NiO-based
tri-gate JHEMTs. In future tri-gate JHEMT devices, the V5 margin
can be further increased by using the heterogeneous or homogenous
p-n junctions with higher V; than that of the p-NiO/2DEG junction.
For example, the homogeneous p-GaN/2DEG junction™ has been
recently demonstrated with a high Vj,; (~3 V) and an excellent on-off
current ratio, which could be a good candidate for future junction
tri-gates.

Figure 3(c) shows the Wg;,-dependent transfer characteristics of
the tri-gate MISHEMTs and JHEMTSs, where Vry increases with a
decreased Wg;, in both types of devices. Tri-gate JHEMTs show a
1-1.5V higher Vry than the tri-gate MISHEMTs with the same W,
validating the stronger 2DEG depletion in the junction tri-gate. The
tri-gate MISHEMT starts to see a positive Vi at 40 nm Wiy, while
the tri-gate JHEMT does at 60 nm Wr;,. The 40 nm tri-gate JHEMT
shows a Vi value of 1.1 V. Vi in future tri-gate JHEMTS can be fur-
ther increased by either using the p—n junctions with higher V;,; or the
barrier structures allowing more pronounced strain relaxation in nar-
row fins (e.g., AIN/GaN barrier). Figure 3(d) shows the output charac-
teristics of the 60-nm tri-gate JHEMTs and 40-nm tri-gate
MISHEMTs with a similar Vg value. The higher current density in
the tri-gate JHEMT is mainly due to the larger gate area available for
current conduction, ie., filling factor (FF) = Wi, /(Wrin+Sgin). The FF
is 0.28 for 60-nm tri-gate JHEMTs and 0.21 for 40-nm tri-gate
MISHEMTs. The E-mode 60-nm tri-gate JHEMT shows an on resis-
tance (Ryy,) of 9.42 Q-mm.

Figure 3(e) shows the box charts of the Wr;,-dependent Vry of
the tri-gate MISHEMT's and JHEMTS, revealing a relatively good Vi
homogeneity with a variation of =0.04 V ~ *£0.07 V in JHEMTs and
*+0.08V ~ *+0.2V in MISHEMTSs. The smaller Vi variation in tri-
gate JHEMT' is attributable to the smaller Dy, in the junction tri-gate.
Figure 3(f) shows temperature-dependent transfer characteristics of
the tri-gate JHEMTSs up to 150 °C, revealing a good thermal stability in
Vin (045V at 25°C-0.28 V at 150 °C) and off-state I, and Ig. This
suggests the good thermal stability of the physical properties of the
sputtered p-NiO.

The leakage and BV in high-voltage FinFETs are usually deter-
mined by both the E-field management and the potential barrier in
the fin (Wgy).”" When Wy, is high, the drain leakage current is low
and the BV is E-field limited; otherwise, punch-through will occur due
to DIBL. Wy, in a fin gate generally decreases with increased W,
reduced Ly, and more positive V™" Figure 4(a) shows the off-state
I-V characteristics of the 60-nm tri-gate JHEMT with various Lgp
values. The I, value is ~10~7 A/mm and BV scales with Lgp at zero
VG, suggesting a high Wg;, up to >2000V Vp,. Figure 4(b) shows the
off-state I-V characteristics of the 40-nm tri-gate MISHEMTS at Vg
values of 0V and —2V. At a Vg value of —2V, their leakage and BV
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FIG. 4. Off-state |-V characteristics of (a) 60-nm tri-gate JHEMTs with various Lgp
values at 0V Vg, (b) 40-nm tri-gate MISHEMTs with various Lgp values at 0V Vg
(Io in blue solid lines and /g in blue dashed lines) and —2V Vs (Ip in black solid
lines and /s in red dashed lines), as well as (c) 60-nm tri-gate JHEMTs and
(d) 40-nm tri-gate MISHEMTs with various Lg;, values at 0V Vg (Ip in solid lines
and /g in dashed lines).

are similar to those of the 60-nm tri-gate JHEMTs. However, at zero
Ve the leakage current increases by at least 10°-fold and the BV is
significantly compromised, due to punch-through. This suggests an
intrinsically lower W, in the MIS tri-gate as compared to the junction
tri-gate.

Figures 4(c) and 4(d) show the off-state I-V characteristics of the
60-nm tri-gate JHEMTSs and 40-nm tri-gate MISHEMT's with various
Ly, values at zero V. The 60-nm tri-gate JHEMT maintains low leak-
age current and >2000 V BV when L, is reduced to 200 nm. In con-
trast, the tri-gate 40-nm MISHEMT shows punch-through at 200 nm
and 500 nm Ly, and can only realize the high BV with 1 um Lg,.
These results suggest the gate scaling capability of tri-gate JHEMTS,
which would bring performance advancement in all power, RF, and
digital HEMTs (e.g., smaller R, and capacitance and higher cutoff fre-
quency). Note that all the above off-state I-V characteristics are mea-
sured with the Si substrate floating to compare the inherent fin-gate
limitations on the device BV. The substrate-grounded BV values of
both the non-punch-through tri-gate MISHEMTs and JHEMTs are
~1200V, limited by the vertical buffer leakage and breakdown in the
GaN-on-Si wafer.

To further understand the leakage current in tri-gate HEMTs,
physics-based 3D device TCAD simulation is performed in Silvaco
Atlas, based on similar models previously developed for GaN
FinFETs.”* The 2DEG density in miniaturized fins is determined via
calibration using experimental I-V characteristics. As illustrated in
Fig. 5(a), the simulated conduction band energy is extracted at a side-
view fin cross section and a top-view cross section on the 2DEG plane,
for 40-nm tri-gate MISHEMTs [see Fig. 5(b)] and 60-nm tri-gate
JHEMTS [see Fig. 5(c)] with 500 nm Lg;,, at both 0V Vg and 1000 V
Vps. The lowest W, in the tri-gate fin channel is found to be at the
2DEG in the middle of the fin. Wg, is below 0.1V in the 40-nm
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FIG. 5. (a) lllustration of the positions of the side-view and top-view cross sections.
Simulated distribution of conduction band energy at the two cross sections in (b)
40-nm tri-gate MISHEMTs and (c) 60-nm tri-gate JHEMTs with 500 nm Lg;, at a Vg
value of 0V and a Vpg value of 1000 V.

tri-gate MISHEMTSs, but above 0.55eV in the 60-nm tri-gate
JHEMTS. This explains the higher leakage current and punch-through
observed in the 40-nm tri-gate MISHEMT at zero V.

Table T compares the key device metrics of our E-mode tri-gate
JHEMTs and the state-of-the-art E-mode tri-gate GaN MISHEMTs,
as well as the planar E-mode HEMTs based on p-GaN gate” and
AlGaN recess.”’ In all tri-gate GaN HEMTS, our tri-gate JHEMTS
show the lowest SS and one of the highest BV, as well as realize the
E-mode with a relatively large Wy, and without the need for addi-
tional barrier recess. They also show one of the lowest R,,, values in all
tri-gate HEMTs with a similar FF (~0.3). To further compare different
gate stacks, the device R,,, components are separated,”’

Ron = 2R¢ + Ry + Rg = 2R¢ + Roppg—su(Lsg + Lap) + Re-suLa

KC, 1
& Le, 1)

= 2R¢ + RopeG-sH (LSG + LGD) + Im

where R, Ra, R, and Ryppg.sy are the contact resistance, access-
region channel resistance, gate-region channel resistance, and 2DEG
sheet resistance, respectively. R sy is the averaged channel sheet resis-
tance in the gate region, which is dependent on Cg, the gate-to-2DEG
unit capacitance, jg, the electron mobility, and Vi — Vi, the gate
overdrive. 2R¢ + R4 can be extracted either by using the reported R¢
and Rypgg—sy or from the intercept in the R,,(Vs) ~ 1/(Vs — V)
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TABLE I. Comparison of device technologies and key metrics of various E-mode AlGaN/GaN HEMTS.

Wein  Lpin Vrn' SS BV’ (V) at Destructive  R,,° RG! Resi
References  Device technologies ~ (nm)  (um) (V) (mV/dec.) 1pA/mm BV* (V) (Qmm) (Qmm) d (kQ/sq) FF
This work Junction tri-gate 60 (40) 0.2-0.5 0.45(1.1) 63=*2 600-1500  600-2200 9.4-17 2.7 1.35 0.28
MIS tri-gate 40 1 0.1 705 600-1500  600-2100 11.4-19 4.7 2.35 0.21
18 MIS tri-gate + high 20 0.7 0.6 110 1080° N/A 10 ~5.6 ~2.2 0.3
WF gate metal
14 MIS tri-gate + AlGaN 120 0.66 0.53 86 =9 562 562 15.4 ~7.2 ~3.6 0.29
recess
19 MIS tri-gate + AlIGaN 200 0.7 1.4 95+3 1700 2100 8 ~2.8 ~1.4 0.66
recess
20 MIS tri-gate + trap 100 0.6 2.6 73 788 ~1000 5 ~1.2 ~0.8 0.48
charge gate oxide
39 planar p-GaN gate N/A N/A 1.3 90 650° ~700 13.5 ~9 ~11.2 1
40 planar AlGaN recess N/A  N/A 1.6 N/A ~600 ~600 22.7 ~13.2 ~8.8 1

*Extracted at a drain current of 1 uA/mm.
PAll BV extracted at zero V.

BV measured with the substrate grounded; all other BV values in the table are measured with the substrate floating.

9All Ry, Rg, and Ry extracted at Vg — Vg ~4 V.

fitting with the R,, (V) extracted from the reported output characteris-
tics. Subsequently, R and Rg_gpy are extracted at a 4 V gate overdrive.

As shown in Table 1, all tri-gate devices show significantly lower
R¢ s than planar p-gate HEMTS or recess HEMTS, as the tri-gate pre-
serves the 2DEG channel in the gate region with superior gate control.
In comparison, the planar p-gate HEMT typically has a thick p-GaN
that separates the gate far away from 2DEG, leading to a small Cg; the
recessed gate replaces the 2DEG channel with a MIS channel under the
gate, which significantly degrades y. In tri-gate HEMTS, R gy can be
further lowered with an increased FF. Compared to the tri-gate
MISHEMTs with a similar FF, our tri-gate JHEMT shows a lower
R su. It also shows the smallest Ly, in all high-voltage tri-gate
HEMTSs. The lower Rg_sy and Lg;, suggest significant advantages in Rg
reduction. Thus, the tri-gate JHEMT is promising for not only high-
voltage power switches but also the low-voltage applications where the
HEMT R,,, would be increasingly contributed by R (as R_sy is much
larger than Ryprg.sy). The low SS in our tri-gate JHEMTs further
strengthens their potential for low-voltage applications.

In summary, we propose the tri-gate GaN JHEMT concept,
which differs from all existing tri-gate GaN MISHEMTs, and demon-
strate it using a p-type NiO and Ohmic gate contact. The tri-gate GaN
JHEMT's show a near-60 mV/decade SS and minimal hysteresis, sug-
gesting low Dy. They exhibit higher Vp5y than tri-gate GaN
MISHEMTs, achieve the E-mode operation without additional gate
recess, and demonstrate over 2kV BV at zero Vg and scaled Ly,
which all illustrate the stronger electrostatic control in the junction tri-
gate compared to the MIS tri-gate. When compared to planar E-mode
GaN HEMTs, they also show a significantly lower channel sheet resis-
tance in the gate region. These results show the great potential of tri-
gate GaN JHEMTs for both high-voltage power and low-voltage
power/digital applications.
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