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Abstract

We have demonstrated the suppression of short-chan-
nel effects in normally-off GaN MOSFETSs with deep re-
cessed gate structure. TCAD simulation results show that
the electric field concentration is effectively reduced at the
recessed edge of the MOSFETSs with the deeper recessed
gate structure. The MOSFET gate structures with differ-
ent recess depth ranging from 45 nm to 165 nm were fab-
ricated and evaluated. The experimental results suggest
that the deeper recessed-gate structure is effective for sup-
pression of the drain-induced barrier lowering (DIBL)
and improvement of subthreshold swing (SS) and thresh-
old voltage roll-off.

1. Introduction

GaN field-effect transistors (FETs) have been studied re-
cently with a view to their application in high-frequency am-
plifiers and power devices [1]. For the power devices appli-
cation, normally-off devices are required for fail-safe opera-
tions. Although various types of normally-off GaN transistors
were proposed such as cascade devices, JFETs, and
MOSFETs [2-4], the most preferable device structure to ex-
ploit the inherent GaN characteristics is the MOSFET in
terms of both cost and device performance. Because
MOSFETs can directly control the channel potential with
gate-source voltage (Vgs), fast-switching operation can be
achieved. In normally-off GaN MOSFETs, the recessed-gate
structure has been studied by removing the AlGaN barrier
layer under the gate [5]. This structure may have the problem
of high channel resistance (Rcn) because of the low electron
mobility in the recessed region. Since the shorter-gate-length
(Lg) structure is proposed to reduce the Rep, there is concern
regarding the degradation of DIBL and SS and negative Vi
shift owing to short-channel effects (SCEs). Although dou-
ble-recess overlapped gate and dual-gate structure were stud-
ied [6, 7], issues remain to be solved regarding mass produc-
tion and cost in view of the complicated fabrication process.

In this work, simple approaches to suppress SCEs by us-
ing deep recessed-gate structure are demonstrated.

2. Electric Field Analysis in TCAD Simulation

Firstly, the electric field distribution was calculated in the
recessed GaN MOSFETs by means of 2-D device simulation.
The simulations for the comparison of SCEs were carried out
in AlIGaN/GaN HEMT structures with recess depth of d =45,

120, and 240 nm. The calculated device conditions are L, =1
pm, Vgs =10 V, and drain-source voltage (Vps) = 10 V. Fig.
1 shows the calculated electric field distribution around the
edge of the recessed gates with three different recess depths.
The electric fields are concentrated at the edges of the re-
cessed gates. Making the recess depth deeper, it is clearly
found that the electric field intensity at the edges of the re-
cessed-gates is reduced. When the recess edge is close to a 2-
dimensional electron gas (2DEG) region, the electric field in-
tensity of the recess edge is increased (Fig. 1 (a)). On the other
hand, when it is far from a 2DEG (Fig. 1 (b) and (c)), the
electric field intensity is decreased.
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Fig. 1 Electric field distribution for three different recess depth of
(a) d=45 nm, (b) d =120 nm, and (c) d = 240 nm.

3. Device Structure and Fabrication

To demonstrate the suppression of SCEs, GaN MOSFETSs
with deep-recessed gate structure were fabricated. The sche-
matic images of the recessed-gate GaN MOSFETs are shown
in Fig. 2 with four different recess depths of (a) Ref. (d = 45
nm) and (b) deep-recessed gate structure (d = 105, 125, 165
nm). The fabrication process is as follows. An Alp>GagsN (30
nm)/GaN/Buffer layer was grown on a Si substrate by the
MOCVD method. A SiN surface passivation film was depos-
ited on the AlGaN barrier layer. The recess structures were
fabricated by inductively coupled plasma reactive ion etching
(ICP-RIE). Here, the recess structure had the four different
depths of d =45, 105, 125 and 165 nm.
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Fig. 2 Schematic image of recessed-gate GaN MOSFET. (a) Ref. (d
=45 nm). (b) Deep recessed-gate structure (d = 105, 125, 165 nm).
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Thermal treatment of the etched GaN surface under NH; was
carried out to remove ICP-RIE damage [8]. As a gate dielec-
tric, a 30 nm-thick SiO» layer was deposited on the GaN layer
by the ALD method. SiO, deposition was followed by post-
deposition annealing to reduce electron traps in the gate die-
lectric [9]. The gate electrode metal TiN was deposited by the
sputtering method. Finally, ohmic electrodes were formed as
source and drain electrodes. The gate-source length and the
gate-drain length were 6 and 14 pm, respectively.

4. Experimental Results and Discussions

Fig. 3 shows the bidirectional Ip-Vgs characteristics in
semi-log scale at Vps=1 and 10 V for the recess depth of (a)
Ref. (d = 45 nm) and (b) d = 165 nm. The negative Vi shift
was observed in the case of Ref. of Vps = 10 V. However,
that could be effectively suppressed as shown in Fig. 3 (b) by
means of deep recessed-gate structure. In addition, the leak-

age current of deep recess was almost the same as that of Ref.
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Fig. 3 Bidirectional Ip-Vgs characteristics in semi-log scale at Lg =
1 pm in (a) Ref. (d =45 nm) and (b) Deep recessed-gate structure (d
=165 nm).

Fig. 4 shows the L, dependence of V. Here, Vi, indicates
the Vgs at the drain current Ip of 1E-12 Aand Vps=10 V. As
shown in Fig. 4, the Vi, roll-off is observed at the shorter L
in the case of shallow recessed-gate. On the other hands, the
Vi roll-off can be effectively suppressed in the deep re-
cessed-gate structure.
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Fig. 4 Ly dependence of Vi shifts at the four recess depths.

Fig. 5 shows the bidirectional SS-Vgs characteristics at Vps
=1 and 10 V in the case of the recess depth of (a) Ref. (d =
45 nm) and (b) d = 165 nm. SS degradation is confirmed in
the case of Ref. of Vgs = 10 V. But, that cannot be observed
in the deep recessed-gate structure. Moreover, the SS rise is
almost the same Vs =1and 10 V. The minimum SS indicates
the good characteristics of SS = 90-100 mV/decade. Although
the ICP-RIE damage may exist in the deep recessed-gate

structure, it is shown that the SS degradation cannot be ob-
served. That would be due to the thermal treatment of etched
GaN surface under NHj.
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Fig. 5 Bidirectional subthreshold swing SS-Vgs characteristics at Lg
=1 pum in (a) Ref. (d =45 nm) and (b) Deep recessed-gate structure
(d =165 nm).

Finally, we investigated the DIBL concerning the deep re-
cessed-gate structure. Fig. 6 shows the dependence of the
DIBL on L,. As shown in Fig. 6, although DIBL is sharply
increased in the case of the shallow recessed gate structure,
this does not happen in the case of the recess depth of 165 nm.
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Fig. 6 Lgdependence of DIBL at the four recess depths.

5. Conclusions

The suppression of short-channel effects (SCEs) in nor-
mally-off GaN MOSFETs is demonstrated. The deep re-
cessed-gate structure can reduce the electric field intensity
around the recess edge. As a results, the characteristics of the
negative Vi, shift, the drain-induced barrier lowering and the
subthreshold swing were improved by the fabricated devices
with the recess depth of 165 nm. Since fabrication of the deep
recessed-gate structure is simple, this structure is effective for
suppressing SCEs in normally-off GaN MOSFETs.
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