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Abstract

The effects of the parasitic gate capacitance and gate resistance (Rg) on the
radiofrequency (RF) performance are investigated in Lg = 0.15 pm GaN
*Department of Electronics and Electrical high-electron-mobility transistors with T-gate head size ranging from 0.83 to
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1.08 pm. When the device characteristics are compared, the difference in DC
characteristics is negligible. The RF performance in terms of the current-
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stantially depend on the T-gate head size. For clarifying the T-gate head size
dependence, small-signal modeling is conducted to extract the parasitic gate
capacitance and R,. When the T-gate head size is reduced from 1.08 to
0.83 um, R, increases by 82%, while fr and fn.« improve by 27% and 26%,
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respectively, because the parasitic gate-source and gate-drain capacitances
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reduce by 19% and 43%, respectively. Therefore, minimizing the parasitic
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gate capacitance is more effective that reducing R, in our transistor design
and fabrication, leading to improved RF performance when reducing the
T-gate head size.
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1 | INTRODUCTION module. The semiconductors used for building a commu-

nication module should operate in the millimeter-wave or

The communication (transmission and reception) module
is a common electronic component in terrestrial wireless
communication, satellite communication, and radar sys-
tems. Among the available electronic technologies, semi-
conductor technologies, which are employed for data
transmission and reception, are key in a communication

submillimeter-wave band [1].

High-electron-mobility transistors (HEMTs) are
widely used in modern communication modules owing
to their low noise, high gain, and excellent radio-
frequency (RF) performance [2-5]. Recently, GaN
HEMTs for communication modules have been
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intensively studied. Compared with other technologies
such as InP and GaAs HEMTs, GaN HEMTs provide a
higher output power because GaN exhibits a high break-
down electric field, high carrier density, high mobility at
the heterointerface, and wide bandgap [6-8]. However,
the RF performance of GaN HEMTs in terms of the
current-gain cut-off frequency (fr) and maximum oscilla-
tion frequency (fnax) is lower than that of other types of
HEMTs. To overcome this issue and improve the RF per-
formance, various approaches have been proposed, such
as the T-gate structure [9-12], surface passivation [13-
15], n*-regrown source-drain contact [16, 17], thin-
barrier epitaxial structures [18-20], and graded channels
[21, 22].

fr and f,,.x are common indicators of the performance
of RF devices including HEMTs. In GaN HEMTSs, fr and
fmax are determined by various components of the small-
signal equivalent circuit as follows [23, 24]:

_ 8m
Jr= 271(Cgs + Cga) [1+ (Rs + Ra)g4s) + Coagm(Rs +Ra)”
(1)
fmax = fT (2)

21/ ((Rg+ Ry + Rys) 24, + 27/ 1CoaRy)

where gy, is the transconductance and the other parame-
ters are depicted in the small-signal equivalent circuit in
Figure 1.

Although the effects of other components cannot be
neglected, the parasitic gate capacitances involving
the parasitic gate-source (Cg) and gate-drain (Cgq)
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FIGURE 1 Small-signal equivalent circuit model of
GaN HEMT.

Source

capacitances as well as the gate resistance (R,) substan-
tially affect the RF performance of GaN HEMTs
[24]. Therefore, to improve the RF performance, the par-
asitic gate capacitance and gate resistance should be
minimized.

Among the approaches employed for frequency
performance  improvement [9-22], the  T-gate
structure [9-12] has been extensively applied to reduce
the gate resistance (Ry). However, the parasitic gate
capacitance is incompatible with R;. When the gate head
of the T-gate electrode is enlarged, R, reduces. However,
the parasitic gate capacitance increases because of the
increased area under the T-gate head, as illustrated in
Figure 2. Therefore, the impact of the parasitic gate
capacitance and R, on the RF performance should be
thoroughly evaluated.

In this study, we experimentally investigated and
compared the effects of the parasitic gate capacitance
and gate resistance R, on the RF performance of GaN
HEMTSs. We processed 0.15 pm-gate GaN HEMTs for dif-
ferent T-gate head sizes because the 0.15 pm length is
currently used in X-band applications of GaN HEMTs.
When the T-gate head size decreased from 1.08 pm to
0.83 pm, no notable difference was observed in the DC
characteristics. Unlike earlier reports [9-12], with
decreasing T-gate head size, we found that fr and fiax
(i.e., the RF performance) improved by 27% and 26%,
respectively, despite R, increasing by 82%. By contrast,
Cgs and Cgq reduced by 19% and 43%, respectively,
when the T-gate head size was reduced. Therefore,
the reduction in the parasitic gate capacitance is
more relevant than the reduction in R, for improving
the RF performance in GaN HEMT design and
fabrication.

2 | DEVICE FABRICATION AND
MEASUREMENTS

We fabricated GaN HEMTs with various T-gate head
sizes. The AlGaN/GaN heterostructure was grown by
metal-organic chemical vapor deposition on a 4-in. SiC
substrate. The epitaxial layers were composed of a
2 pm-thick Fe-doped GaN buffer, 100 nm-thick GaN
channel, and 25 nm-thick Aly,5Gag-sN barrier. To form
the source-drain ohmic contact, Ti/Al/Ni/Au was
deposited by an e-beam evaporator followed by rapid
thermal annealing at 775°C for 30s. For device isola-
tion, phosphorus was implanted outside the active area
of GaN HEMT. A 60 nm-thick SiN layer was deposited
using plasma-enhanced chemical vapor deposition,
which acted as the first device passivation layer. The
source-drain contact was opened using a buffered oxide
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FIGURE 2
conflicting parameters in this structure.

etchant. Ti/Au was deposited using an e-beam evapora-
tor to form the source-drain contact pad. The gate
foot (i.e., gate length) was patterned and etched using
e-beam lithography and inductively coupled plasma,
respectively.

To vary the size of the T-gate head, it was patterned
using e-beam lithography. Ni/Au was deposited using
an e-beam evaporator to form a T-gate electrode. A
250 nm-thick SiN layer was deposited via plasma-
enhanced chemical vapor deposition as the second
device passivation layer. To form the contact via, this
passivation layer was etched using inductively coupled
plasma. The air-bridge electrode was formed by
3 pm-thick Au plating for the connection of the sepa-
rated source pads.

Scanning electron microscopy images of the fabri-
cated GaN HEMTs and cross-sections of the T-gate

Schematic cross-sectional view of GaN HEMT fabricated in this study. The parasitic gate capacitance and gate resistance are

electrode prepared in this study are shown in Figure 3.
The gate length (Lg), unit gate width (W), and number
of gate fingers (INg) were 0.15 pm, 100 pm, and 2, respec-
tively. The distances between the source and drain (Lgp),
source and gate (Lsg), and gate and drain (Lgp) were 5.0,
1.125, and 3.725 pm, respectively. The T-gate head size
was varied from 0.83 to 1.08 pm.

The DC (transfer and output characteristics) and RF
(fr and fih.x) performances were measured to investigate
and compare the device characteristics according to
the T-gate head size. On-wafer measurements
were performed using a probe station with ground-
signal-ground probe contacts. For the transfer charac-
teristics measurements, the drain current (Ip) was
measured at drain bias (i.e., applied voltage at drain
electrode) Vp = 10V, while gate bias (i.e., applied volt-
age at gate electrode) Vi was swept from —6.0 to 0.0 V.
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FIGURE 3 Fabricated GaN HEMT and T-gate electrode cross-
section. (A) Scanning electron microscope images of fabricated
GaN HEMT and magnified view of the T-gate electrode region.
Cross-section views of T-gate electrode with head sizes of

(B) 0.83 pum, (C) 0.92 pm, (D) 0.99 pum, and (E) 1.08 pm.

The transconductance was obtained from Iy. When the
output characteristics were measured, Vg was fixed to
00V and Vp was swept from 0.0 to 20.0V. To
determine the RF performance, we measured the
S-parameters. To extract fr, the measured S-parameters
were converted into H-parameters. Then, we fit a line
with a —20 dB slope on the H,; curve. fr was defined
as the point of the linear line extrapolated to 0 dB. To
extract fr.x, the measured S-parameters were converted
into the maximum stable gain divided by the maximum
available gain. A line with a —20 dB slope was fit at
stability factor K = 1. The extrapolated point of the line
at 0 dB was determined to be fj ..

3 | RESULTS AND DISCUSSION

3.1 | DC characteristics

To investigate the DC characteristics, we measured the
typical device transfer and output characteristics of GaN
HEMTs with various T-gate head sizes, as shown in
Figure 4. As shown in Figure 4A, the GaN HEMTs show
an excellent pinch-off property at low gate bias
(Vg < —4 V). The drain current (I) increases with the
gate bias (V) and exceeds 900 mA/mm at Vg = 0 V. The
Ip curves overlap in the subthreshold regime (Figure 4B).
The conventional bell-shaped transconductance (gg)
behavior is shown in Figure 4C. Figure 4D shows the
device output characteristics, where Ip increases as
the drain bias (Vp) increases. After reaching maximum
I at Vp = 10V, I, slightly reduces owing to self-heating
[25-27].

The device parameters in terms of the threshold
voltage (Vry), maximum g, (8mmex) Ip at Vo =
Ve@8mmax + 2V, and subthreshold swing were
extracted to precisely evaluate the DC characteristics,
which correspond to the T-gate head size in the GaN
HEMTs (Figure 5). When the T-gate head size varies
from 0.83 to 1.08 pm, no considerable difference in the
DC device parameters occur, as shown in Figure 5A,B,
D. In Figure 5C, Ip at Vg = Vo@8mmax + 2 V decreases
with increasing T-gate head size. However, Ip
reduces by only 3%. Thus, the difference in the DC
characteristics with respect to the T-gate head size is
negligible.

3.2 | RF characteristics

To evaluate the RF performance, the S-parameters were
measured, and fr and f,.. were extracted for GaN
HEMTs with various T-gate head sizes, as shown
in Figure 6. Both fr and fy.x were extracted around
the gm.max condition (at Vg = —-2.6V and Vp =10V)
because the maximum fr and f,,x were achieved at this
bias condition. As shown in Figure 6C, the RF perfor-
mance depends on the T-gate head size. When the
T-gate head size reduces from 1.08 to 0.83 pm, fr and
fmax improve by 27% (from 30.1 to 38.03 GHz) and 26%
(from 58.06 to 73.03 GHz), respectively. Therefore,
unlike the DC characteristics, the RF performance
strongly depends on the T-gate head size. Thus, the
opposite effect to that reported in [9-12] is observed.
When the T-gate head size increases to reduce gate
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resistance R,, the RF performance of the GaN HEMTs
degrades.

3.3 | Small-signal modeling

We performed small-signal modeling to characterize the
dependence of the RF performance of GaN HEMTs on
the T-gate structure. We extracted the parasitic gate
capacitance in terms of Cgs; Cga, and R, because they
varied with the T-gate structure and determined fr and

fmax-

Parameter extraction was conducted using the
method suggested by Berroth and Bosch [28] using S-
parameter measurements. Extrinsic elements were con-
sidered using the measurement results obtained from the
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open and short patterns corresponding to the fabricated
GaN HEMTs. The measured S-parameters were con-
verted into Y-parameters. The Y-parameters that describe
various components are given by
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FIGURE 4 Typical transfer and output characteristics of GaN HEMTs with various T-gate head sizes. (A) Drain current (linear scale),
(B) drain current (log scale), and (C) transconductance according to gate bias for V, = 10 V. (D) Drain current according to drain bias at

VGIOV.
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FIGURE 5 DC device parameters in GaN HEMTs for various T-gate head sizes. (A) Threshold voltage, (B) maximum
transconductance, (C) drain current at Vg = Vo@gm.max + 2 V, and (D) subthreshold swing according to T-gate head size.
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where the parameters are determined using the small-
signal equivalent circuit shown in Figure 1.

The values of the small-signal model parameters
related to the T-gate structure, Cgq, Cgs, and Ry, were
extracted as follows [28]:

[0) Im(lei)

ng——M<l+ (MY)’ .

c _ Im(Y1yi) +Im(Y12:) 1 (Re(Y1u1) +Re(Y1ai) — 8)°
g = ® (Im (Y1) +Im(Y1z)? )’

(8)
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In Figure 7, C4 and Cyq are extracted for GaN
HEMTSs with various T-gate head sizes because the par-
asitic gate capacitance depends on the distance between
the edges of the gate foot and head. Cy and Cyq are
extracted at the same bias point, and the maximum ft
and fp.x values are obtained. When the T-gate head

size increases, the distance between the edges of the
gate foot and head increases. The area contributing to
the parasitic gate capacitance widens. C, and Cyq
increase by 19% and 43% at 10 GHz, respectively, under
an increasing T-gate head size from 0.83 to 1.08 pm. R,
is also obtained in GaN HEMTs for various T-gate head
sizes, as shown in Figure 8. As fr and f,.x depend on
Rg, R, varies with the T-gate head size. R, is extracted
at the same bias point as Cg and Cgq. When the T-gate
head size increases from 0.83 to 1.08 pm, R, decreases
from 1.15 to 0.21 Q.
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capacitances according to frequency. (C) Parasitic gate-source capacitance and parasitic gate-drain capacitance according to T-gate head

size at 10 GHz.

Although R, reduces by 82%, the RF performance
deteriorates when the T-gate head size increases owing to
the increased C,s and Cg,. Consequently, RF performance
parameters, such as fr and f,.x, are more sensitive to the
parasitic gate capacitance than to R, . The reduction in
the parasitic capacitance is more efficient for improving
the RF performance than the reduction in Ry in GaN
HEMTSs. The device parameters related to the DC and RF
properties and parasitic gate capacitance and gate resis-
tance obtained from small-signal modeling are listed in
Table 1.

Figure 9 shows the simulated and measured S-
parameters on a Smith chart to confirm the small-signal
modeling results. The simulated and measured S-
parameters are obtained at Vg = —2.6 Vand Vp =10V
for frequencies ranging from 1 to 50 GHz. We focus on
obtaining precise values near the X-band range. There-
fore, a small discrepancy is observed between the simu-
lated and measured S-parameters at low frequencies. In
the overall frequency range, excellent agreement between
the simulated and measured S-parameters is observed for
GaN HEMTs with various T-gate head sizes, verifying the
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FIGURE 8 Gate resistance in GaN HEMTs for various T-gate head sizes. (A) Gate resistance according to frequency and T-gate head

size. (B) Gate resistance according to T-gate head size at 10 GHz.

TABLE 1 Characteristics of GaN HEMTs considered in this study.

I, for
Gate head Vra Bz Ve = Vc@8mmax +2V
size (um) W) (mS/mm) (mA/mm)
0.83 —3.56 355 855
0.92 —3.56 354 850
0.99 —-3.64 360 845
1.08 —3.50 356 830

e
2 - e
freq (1.000GHz to 50.00GHz)

freq (1.000GHz to 50.00GHz)

freq (1.000GHz to 50.00GHz)

FIGURE 9 Simulated (blue) and measured (red) S-parameters
on smith chart for Vg = —2.6 V, Vp = 10 V, and frequencies
ranging from 1 GHz to 50 GHz in GaN HEMTs with T-gate head
sizes of (A) 0.83 pm, (B) 0.92 pm, (C) 0.99 pm, and (D) 1.08 pm.

Subthreshold Jr Jress C

swing (mV/dec) (GHz) (GH2z2) (fi‘s) (fF) (!gZ)
181 38.03 73.03 206.55 60.66 1.15
183 35.78 68.91 225.04 65.84 1.06
178 33.18 63.64 23691 7396 045
192 30.01 57.6 246.29 86.86 0.26

small-signal modeling results and parameter extraction
related to the T-gate head size.

4 | CONCLUSIONS

The impact of the T-gate structure, especially head size,
on the performance of GaN HEMTs was investigated.
The dependence between the T-gate head size and DC
characteristics is negligible, but the RF performance
strongly depends on the T-gate head size. When the
T-gate head size is reduced from 1.08 to 0.83 pm, fr and
fmax increase by 27% and 26%, respectively. Small-signal
modeling reveals that Cgs and Cgq decrease by 19% and
43%, respectively, whereas R, increases by 82% with a
reduction in the T-gate head size. Hence, unlike the find-
ings in [9-12], RF performance parameters such as fr and
fmax are much more sensitive to the parasitic gate capaci-
tance than to the gate resistance in the proposed HEMT
design and fabrication. To improve the RF performance
of GaN HEMTs, the minimization of the parasitic gate
capacitance by reducing the T-gate head size is more ben-
eficial than reducing the gate resistance.
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