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Abstract
A systematic positive shifting of Vi of the nano-channel

(NC) GaN HEMTs with thinner channel width (Wyc) by post
gate annealing (PGA) modulation at 400 °C, is reported.
NC-HEMT with different channel width exhibits higher max-
imum drain current (Ign.x), improved gate controllability,
higher on off ratio (I,,/I,;) and lower gate leakage current (I,).

Index Terms — GaN, Nano-channel HEMT (NC-HEMT),
Post gate annealing (PGA), threshold voltage (V).

1. Introduction

In the rapid growth of communication for high frequen-
cy applications, III-V based materials e.g. AlGaN/GaN, high
electron mobility transistors (HEMTs) are very useful due to
their unique features. For safety and power saving concerns,
it is indispensable for HEMT to have a normally off opera-
tion. Including quite a few approaches e.g. ion implantation
[1], recessed gate [2] etc., nano-channel (NC) HEMT [3]
also has a great potential to fabricate E-mode AlGaN/GaN
HEMTs. With NC structures E-mode can be achieved with a
channel width less than 100 nm, as previously reported [4].
However, since side walls are too close to each other, the
transport quality of 2-dimensional electron gas (2DEQG) is
tainted and I,y 1S limited.

Here, we demonstrated an excellent tri-gate controllabil-
ity on 2DEG channel with post gate annealing (PGA) effect
for different NC width (Wxc>100 nm) experiences a posi-
tive shifting of threshold voltage (V) with higher Iymax, Guax
and lower gate leakage current (I,).

2. Experiment

The AlGaN/GaN hetrostructure was composed of a
5.5-um buffer layer, a 200-nm undoped GaN layer, a 25-nm
Alg»3Gag 77N layer with 1-nm AIN as barrier layer between
AlGaN and GaN channel and a 2-nm GaN cap layer. First,
an ICP etcher was used to obtain mesa isolation. After that,
source and drain regions were defined by photolithography
and Ti/Al/Ni/Au were deposited by electron-beam evapora-
tor, followed by RTA at 875 °C for 30 s. Then the NC array
regions were defined by e-beam lithography having the dif-
ferent channel width (Wyc =800, 400, 200 nm) and to form
the periodic trench ICP-RIE was carried out with trench
depth 100 nm. Finally, the gate region was defined and
Ni/Au stack was deposited by e-beam evaporator followed
by PGA at 400 °C for 10 min. Fig. 1(a) shows the Al-
GaN/GaN NC-HEMT. As a reference, a conventional

HEMT (c-HEMT) was also fabricated. Effective gate widths
(Wy) of ¢c-HEMT and NC-HEMTs are 100 and 45 um re-
spectively having same gate length (L, =1 pum). A typical
AFM image of 200 nm mesa width is shown in
Fig 1{(b)-(d)].

3. Result & Discussions

To investigate post gate annealing (PGA) effect on c-
HEMT and NC-HEMT, all devices were fabricated without
gate annealing at 400 °C. Maximum drain current (I4,.) has
been drastically improved with PGA treatment for both
c-HEMT and NC-HEMT with different mesa width. Fig.
2(a) refers the enhancement of Iym.at V= 3V achieved to
781, 625, 461 mA/mm [751 mA/mm (c-HEMT)] with PGA
treatment, from 770, 541, 388 mA/mm [715 mA/mm
(c-HEMT)] for NC-HEMT with channel width 800 nm, 400
nm and 200 nm respectively. Fig. 2(b) demonstrates good
I4-V4 characteristics, particularly showing much reduction of
knee voltages as well as ON resistances with PGA for
NC-HEMT than conventional one. For NC-HEMT, due to
higher effective field (E), I4 becomes larger with lower Vi,
as well as the reduction of surface states after PGA leads to
decrease in Rox.

To understand gate controllability of NC-HEMT we also
calibrate the transfer and subthreshold characteristics. The
transfer characteristics of NC-HEMT and c-HEMT (Vp=3V)
are shown in Fig. 3. With decreasing the channel widths
(Wne= 200 nm) an organized shift of threshold voltage to-
wards positive (V= -0.8 V) is observed in NC-HEMT than
c-HEMT (V= -3.4 V). Greater depletion region due to de-
crease in channel width as well as reduction of strain relaxa-
tion induced piezoelectric polarization results the positive
shifting of Vy,in NC-HEMT [4]. Observation confirms from
Fig. 3[(a)—(b)], after gate annealing due to better gate con-
trollability Vy, sifted towards more positive and transcon-
ductance (G,,) increases significantly than without PGA. For
c-HEMT and NC-HEMT (Wnc), Guax after annealing is
found 150 mS/mm (conventional), 161 mS/mm (800 nm),
147 mS/mm (400 nm) and 138 mS/mm (200nm).

The comparison of subthreshold swing (SS) of c-HEMT
and NC-HEMT at V4 = 3V with and without PGA modula-
tion is shown in Fig. 4. The gate leakage characteristics also
plotted in Fig. 5. Clearly it has been found that leakage cur-
rent (Iy) for NC-HEMT (Wyc) with PGA is 9.7 x 107°
mA/mm  (800nm), 8.5%x107® mA/mm (400nm),
3.7x 107® mA/mm (200nm) decreases more than three to

-751 -



four order than without PGA, whereas for c-HEMT I, de-
creases only about one order. AFM images suggest that after
annealing, the reduction of surface roughness as well as trap
states in nano channel force to decrease I, markedly. In the
NC-HEMT the improvement of SS value is found due to the
better gate control after PGA. In particular, for NC-HEMT
(Wnc) with thinner channel width, the SS values are little
higher e.g. 96 mV/dec (200 nm), 99 mV/dec (400 nm) due
to the ICP etching damage with respect to wider one, as 82
mV/dec (800 nm). Current ratio (Ion/lorr) also noticeably
improved with PGA. For NC-HEMT Ion/Iog ratio (> 108) is
much higher than for c-HEMT (~ 10°). One of the possible
reasons for this increment might be the fin structure, by
which channel can be controlled from three sides.

4. Conclusions

Threshold voltages of the nano-channel HEMTs (NC-
HEMTs) exhibit a systematic shifting towards positive gate
voltage (V,) with thinner channel width (Wy¢). The decre-
ment of surface states increases channel mobility with PGA

3 Wne

After PGA

modulation, as a result performance of NC-HEMT is even
better as I, SS as well as Roy reduced markedly while Igmax,
Ton/Iopr and Gy, increased certainly.
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Fig. 1. (a) Schematic
illustration of NC-HEMT.
(b) AFM image of the
GaN
formation of trench with
Wne = 200 nm. (¢) AFM
profile of the channel
after PGA & (d) before
PGA.
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Fig. 2. (a) Comparison of I4-V4 (V= 0V) & (b) Lymax- Va (V= 3V) character-
istics for c-HEMT and NC-HEMT with and without PGA at 400 °C.

Fig. 4. Subthreshold characteristics
(V4 = 3V) for NC-HEMT compared
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Fig. 5. Before and after PGA effect compari-
son of leakage current for c-HEMT and
NC-HEMT.

Fig. 3. (a) Comparison of I-V, (V4 = 3V) & (b) Transconductance charac-
teristics for c-HEMT and NC-HEMT before and after PGA.
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