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1) Surface control

2) Characterization and control of deep levels
3) IS interface and MIS (MOS) gate structures

4) Reliability characterization
5) Design, fabrication and characterization of 

    optimum device structure for GaN HEMT
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Research issues for GaN inverter 

There are many issues to be solved in GaN transistors
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Mesa-gate AlGaN/GaN HEMT with a single channel
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To improve gate controllability and field uniformity in channel,
the mesa-gate structures have been investigated.
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Tamura, Hashizume, Appl. Phys. Express, 2008
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drain I-V

good gate control 

transfer

systematic VTH shift

Mesa-gate AlGaN/ GaN HEMT with a single channel
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VG = -2.5 VGaN

AlGaN 2DEG
gate

200 nm

4.0 eV0 eV

VG = -2.5 VGaN

AlGaN 60 nm

d = 50 nm

Potential distribution -calculation-

Wchannel > 100 nm Wchannel < 100 nm

side-gate effect is weak,
due to high 2DEG density

gate control is similar to
a planar structure

the potential modulation from 
the side gate and through the 
undoped GaN layer becomes 
remarkable

surrounding gate effect
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GaN
AlGaN

source
gate channel

drain

Multi-mesa-channel AlGaN/GaN HEMT

Surrounding-field effect in the mesa-gate with Wchannel less than 100 nm

Multi-channel AlGaN/GaN HEMTs

parallel channels

a problem is 
large access resistance

GaN
AlGaN

drain

source

Ni/Au gate trench

gate

2DEGGaN

AlGaN

trench trench

60 ~ 400 nm

50 nm

Multi-mesa channel
periodic trench just under gate 
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GaN
AlGaN

trench
Wtotal = 60 µm

d = 50 nm

GaN
AlGaN

drain

source
gate trench

LG

LGD= 10 μm
(power switching
application) 

ECR-plasma assisted RIBE
CH4/H2/Ar/N2 = 5/15/3/3 sccm
microwave power: 250 W
etching rate: 10 nm/min.@RT

Fabrication process and SEM observation

80 nm

400 nmsource

gateperiodical
trench

drain

period

channel width
Jpn. J. Appl. Phys. 48, 081002 (2009)
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8 Comparison of I-V characteristics between 
conventional and MMC HEMTs 
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GaN

AlGaN

mesa-gate

2DEG

No significant difference of 
gate leakage currents 
between two HEMTs

The leakage through the mesa 
region is negligible in the MMC 
HEMT

Gate leakage characteristics

planar HEMT

MMC HEMT
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Transfer characteristics in linear region (VDS=0.5 V)

 As Wtop decreases, a systematic shift in threshold voltage is observed. 

MMC structure is attractive for the control of threshold voltage.

Transfer characteristics of planar and MMC HEMTs in linear region

 IDS-VG characteristics
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 gm-VG characteristics

 Systematic shift in threshold voltage was observed with narrowing Wtop.

Improvement of current drivability

 In spite of fact that the Weff of MMC HEMTs are much narrower than that of 

planar HEMT, the MMC HEMT exhibited a current and gm almost equal to those 

of the planar HEMT.

MMC HEMT is effective as the control approach of threshold voltage.

Weff =10.5µµµµm

Weff =7.5µµµµmW =60µµµµm

1.0

6

Jpn. J. Appl. Phys. 48, 081002 (2009)
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VTH control in MMC HEMT

Excellent agreement between
the experimental and calculated 
VTH values

Surrounding-field effect is
remarkable when Wtop of the 
mesa channel less than 100 nm
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Increase of gm in MMC HEMT
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Pronounced gm increase
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surrounding-field effect
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Sub-threshold characteristics

200K300K

100K

-1.0 0-2.0

10-3

10-5

10-7

10-9

10-13

VDS=0.2V

MMC ( Wtop= 50nm ) 

D
ra

in
 C

u
rr

e
n
t 

(A
)

 Temperature dependence                
of subthreshold characteristics
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Temperature dependence of subthreshold characteristics
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 Clear temperature dependence of subthreshold current characteristics

 Temperature dependence of S slope is close to theory.

Improvement of gate controllability

m=1.3

9

• small sub-threshold slope
• high on/off ratio ( 108) 

Temperature dependence 
of S slope is close to theory

Excellent gate controllability

2 Author, Author, and Author: Short title 
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Figure 1 Schematic illustration of MMC AlGaN/GaN HEMT. 
 
Then, reactive ion-beam etching of the patterned sam-

ple was carried out to form a periodic trench, as schemati-
cally shown in Fig. 1. To completely eliminate the 2DEG 
in the trench region and to minimize plasma damage, the 
etching depth (d) was nominally set from 50 to 100 nm. 
For drain/source electrodes, a Ti/Al/Ti/Au multilayer was 
deposited and annealed at 800 oC for 1 min. A Ni/Au layer 
was used as the gate electrode. As reference, we also fabri-
cated a conventional planar HEMT without the trench 
structure. All the fabricated devices have a gate length (LG) 
of 0.5 Pm, a gate-source spacing (LSG) of 1 Pm, and a gate-
drain spacing (LGD) of 10 Pm. No passivation was carried 
out on the AlGaN surface. 

 
3 Results and Discussion Figure 2(a) shows the 

transfer characteristics of the planar and MMC HEMTs in 
the linear region (VDS = 0.5 V). The gate width of the pla-
nar HEMT is 60 Pm. The MMC HEMTs have 150 periods 
of mesa/trench structures within the gate electrode width of 
60 Pm. Thus, the effective gate width values (i.e., the sum 
of Wtop value) were 7.5 and 10.5 Pm for the MMC struc-
tures with Wtop = 50 and 70 nm, respectively. As the mesa-
top width was decreased, a systematic shift of the threshold 
voltage (VTH) toward the positive voltage direction was ob-
served in the MMC HEMTs. In particular, the MMC 
HEMT with Wtop = 50 nm realized a normally-off opera-
tion (VTH = +0.2 V). 

Figure 2(b) shows the comparison of the subthreshold 
characteristics in the linear region at the drain voltage of 
0.2 V. The gate leakage currents are also plotted by broken 
lines. For both structures, drain current is dominated by the 
gate leakage current in the pinch-off region, as typically 
reported for Schottky-gate AlGaN/GaN HEMTs [11, 12]. 
As shown in Fig. 2(b), a systematic reduction of the off-
state leakage current and improvement of the subthreshold 
slope were observed with narrowing of the mesa-top width. 
A correlation between the off-state leakage current and the 
subthreshold slope (S) shown in Fig. 2(b) is similar to the 
reported data [11]. In particular, the MMC HEMT with 
Wtop = 50 nm showed the subthreshold slope of 76 mV/dec 
and the drain-current on/off ratio of 108.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 (a) Transfer characteristics in a linear region (VDS 
= 0.5 V) and (b) logarithmic plots of drain current and gate 
leakage current as a function of gate voltage for the planar 
and MMC HEMTs. 

 
In the MMC HEMT, the mesa-side gate has a lateral 

field effect on the edges of the 2DEG. Moreover, as the 
Wtop decreases, the potential modulation through the mesa 
edges and the undoped GaN layer becomes remarkable, re-
sulting in a field surrounding the 2DEG [9]. This causes 
the VTH shift toward the shallower-bias direction and the 
smaller subthreshold slope in the MMC HEMT. 

We have also investigated the breakdown characteris-
tics of the planar and MMC HEMTs under the off-state 
condition [10]. Both devices exhibited a breakdown volt-
age of about 250 V, which is similar to reported data for 
the AlGaN/GaN HEMTs (without field-plate technology) 
[13]. The results obtained indicate no significant degrada-
tion in the breakdown characteristics of AlGaN/GaN 
HEMTs, even when a periodic trench structure is fabri-
cated under the gate electrode. 

To investigate the operation stability of the MMC 
HEMT, we have performed off-stress-induced current col-
lapse measurements. Figure 3(a) shows the flowchart for 
the current collapse measurement. Measurements were per-
formed under dark condition. First, the drain current-
voltage (IDS-VDS) characteristics were measured. Then, as 
the off-state stress, we applied a gate bias (VG_stress) of -8 V. 
Simultaneously, a drain stress bias (VDS_stress) ranging from 
10 to 50 V was applied to HEMTs for 10 s. Immediately 
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Jpn. J. Appl. Phys. 48, 081002 (2009)
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Breakdown characteristics of planar and MMC HEMTs
Breakdown characteristics of planar and MMC HEMTs
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Both devices showed similar breakdown behavior under off-state operation.

11

Drain voltage (V) Drain voltage (V)

Breakdown characteristics of planar and MMC HEMTs
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Both devices showed similar breakdown behavior under 
off-state operation
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Current stability of MMC HEMT-thermal effect-

Jpn. J. Appl. Phys. 48, 081002 (2009)
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Current decrease after off-state stress in planar HEMT
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Current stability of MMC HEMT against off-stress

pss-Header will be provided by the publisher 3 
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Figure 3 (a) Flowchart for off-stress-induced current collapse 

measurement, (b) IDS-VDS characteristics and (c) change in on-

resistance as a function of the drain stress bias. 

 
 For the planar HEMT, the decrease in drain current 

due to the off-state stress was clearly observed. Such cur-
rent collapse behavior is similar to those often reported for 
AlGaN/GaN HEMTs without surface passivation [13]. The 
current collapse becomes pronounced with increasing the 

drain stress bias. For the MMC HEMT, on the other hand, 
the current collapse was not remarkable even after high 
drain stress, as shown in Fig. 3(b).  

Figure 3(c) shows the ratio of the on-resistance (RON) 
before and after the off-state stress as a function of the 
drain stress bias. From the I-V slope in the linear region, as 
shown in the inset, we calculated RON. For the conven-
tional planar HEMT, RON drastically increased with the 
drain stress bias. From the calculation of the electric-field 
distribution along the AlGaN surface, the pronounced con-
centration of electric field was confirmed at the gate edge 
on the drain side. The higher drain stress strengthens such 
field concentration, resulting in the pronounced RON in-
crease with VDS_stress. In comparison, for the MMC HEMT, 
we observed less change in RON even after applying high 
drain stress to the HEMT. This shows that the MMC struc-
ture has resistance to the off-stress-induced current col-
lapse.  

One of the possible mechanisms for the current col-
lapse is the surface charging effect arising from electron 
trapping at surface states of AlGaN [14]. As shown in Fig. 
4(a), we defined the initial access resistances on source and 
drain sides as RS0 and RD0, respectively. The off-state 
stress can induce the electron injection into the AlGaN sur-
face from the gate edges. As a result, the AlGaN surface 
near the gate edges negatively charges up due to electron 
trapping at surface states of AlGaN. Such a surface charg-
ing causes a local depletion of 2DEG density in both drain 
and source regions, resulting in the increase in access resis-
tance (RS_stress and RD_stress), as shown in Fig. 4(a).  

Using a simple equivalent circuit shown in Fig. 4(a), 
we estimated the change in the access resistances for the 
planar HEMT from the fitting of the IDS-VDS curves before 
and after the off-state stress. As shown in Fig. 4(b), we fo-
cused on the fitting to the I-V slope in the linear region and 
the saturation drain current.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 (a) Surface charging model of AlGaN/GaN HEMT in-

cluding equivalent access resistances  
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Figure 3 (a) Flowchart for off-stress-induced current collapse 

measurement, (b) IDS-VDS characteristics and (c) change in on-

resistance as a function of the drain stress bias. 

 
 For the planar HEMT, the decrease in drain current 

due to the off-state stress was clearly observed. Such cur-
rent collapse behavior is similar to those often reported for 
AlGaN/GaN HEMTs without surface passivation [13]. The 
current collapse becomes pronounced with increasing the 

drain stress bias. For the MMC HEMT, on the other hand, 
the current collapse was not remarkable even after high 
drain stress, as shown in Fig. 3(b).  

Figure 3(c) shows the ratio of the on-resistance (RON) 
before and after the off-state stress as a function of the 
drain stress bias. From the I-V slope in the linear region, as 
shown in the inset, we calculated RON. For the conven-
tional planar HEMT, RON drastically increased with the 
drain stress bias. From the calculation of the electric-field 
distribution along the AlGaN surface, the pronounced con-
centration of electric field was confirmed at the gate edge 
on the drain side. The higher drain stress strengthens such 
field concentration, resulting in the pronounced RON in-
crease with VDS_stress. In comparison, for the MMC HEMT, 
we observed less change in RON even after applying high 
drain stress to the HEMT. This shows that the MMC struc-
ture has resistance to the off-stress-induced current col-
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One of the possible mechanisms for the current col-
lapse is the surface charging effect arising from electron 
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4(a), we defined the initial access resistances on source and 
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stress can induce the electron injection into the AlGaN sur-
face from the gate edges. As a result, the AlGaN surface 
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trapping at surface states of AlGaN. Such a surface charg-
ing causes a local depletion of 2DEG density in both drain 
and source regions, resulting in the increase in access resis-
tance (RS_stress and RD_stress), as shown in Fig. 4(a).  

Using a simple equivalent circuit shown in Fig. 4(a), 
we estimated the change in the access resistances for the 
planar HEMT from the fitting of the IDS-VDS curves before 
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cused on the fitting to the I-V slope in the linear region and 
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Figure 5 Fitting result on the IDS-VDS curves of the planar 

HEMT before and after the off-state stress. 

 
Table 1 summarizes the changes in access resistance 

before and after the off-state stress. After the stress, we ob-
tained RD_access of several hundred ohms. This is much 
higher than the channel resistance (Rchannel ~ 15 !) under 
operation at VG = -3.6 V. Thus, the pronounced current 
collapse was induced by the surface charging during the 
off-state stress in the conventional planar HEMT. 

In the MMC HEMT, the gate electrode layout is the 
same with that for the planar HEMT, i.e., the electrode 
edges are located outside periodic trenches, as shown in 
Fig. 5. Thus, even in the MMC HEMT, the surface charg-
ing at the access region, similar to the planar HEMT, was 
induced during the off-state stress. This could lead to the 
increase in access resistance in the same orders of magni-
tude estimated for the planar HEMT. In the case of mesa-
top width of 65 nm for the MMC HEMT, as shown in Fig. 
5, the resistance of each nano-channel is estimated to be 4 
– 6 k! at the given gate voltage. Thus, the channel resis-
tance of the MMC HEMT is about one order of magnitude 
higher than the increase in access resistance induced by the 
off-state stress. Therefore, the operation of the MMC 
HEMT is rather insensitive to change in access resistance, 
leading to resistance to off-stress-induced current collapse. 

Table 1 Change in access resistance 

 
 
 
 
 
 
 
 
 
 

Figure 6 Plan-view illustrationof the gate electrode and surface 

charging regions for the MMC HEMT. 

4 Conclusion We investigated transport properties 
and off-stress-induced current collapse characteristics of 
the multi-mesa-channel (MMC) AlGaN/GaN HEMTs. The 
surrounding field effect in the MMC structure led to a shal-
lower threshold voltage and a smaller subthreshold slope 
than those of the conventional planar HEMT. After apply-
ing off-state bias stress, the planar HEMT showed remark-
able current collapse behavior. In particular, the on-
resistance of the planar HEMT drastically increased with 
the drain stress bias. On the other hand, for the MMC 
HEMT, we observed less change in RON even applying 
high drain stress to the HEMT. This shows that the MMC 
structure has resistance to the off-stress-induced current 
collapse. In the case of a mesa-top width of less than 
100nm, the channel resistance of the MMC HEMT is esti-
mated to be about one order of magnitude higher than the 
increase in access resistance induced by the off-state stress. 
Therefore, the operation of the MMC HEMT is rather in-
sensitive to change in access resistance, leading to resis-
tance to off-stress-induced current collapse. 
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 Before stress (R0) After stress (R0 + Rstress)

RS_access 4 ~ 5 ! 60 ~ 70 ! 

RD_access 40 ~ 50 ! 140 ~ 180 ! 
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Advantage of high-impedance channel in MMC HEMT

Operation of the MMC HEMT is rather insensitive to change in access resistance, 
leading to resistance to off-stress-induced current collapse.
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Summary

To improve current controllability, MMCs with channel widths less 
than 100 nm were fabricated in an AlGaN/GaN HEMT, by forming a 
periodic trench structure under a gate electrode.

• Control of threshold voltage
• High current drivability
• Good subthreshold characteristics
• Good current stability

Unique and promising characteristics for inverter application

• surrounding field effect and high-impedance channel
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Very recently, similar device structures were applied to AlGaN/GaN 
HEMTs [EDL, 33, 360(2012), EDL, 33, 354(2012)].


