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ABSTRACT In this letter, we successfully demonstrated a AlGaN/GaN high-electron mobility transistor
on silicon substrate with high product of maximum oscillation frequency (fmax) and gate length (LG) by
reducing the gate resistance (Rg) using a thick, high aspect ratio rectangular gate (R-gate) structure with an
LG of 265 nm and thickness of 315 nm which was fabricated using a thick polymethyl methacrylate lift-off
process. The maximum drain current is over 1 A/mm, and the peak transconductance is 291 mS/mm.
The values of cutoff frequency and fmax are 43.7 GHz and 126.5 GHz at a drain voltage (Vd) of 12 V,
respectively. Rg is extracted through the small-signal model, and the value is given as 0.21 �-mm which
is comparable to devices with the T-gate structure. This low Rg results in a high fmax and high fmax × LG
product of 33.52 GHz-µm, comparable to previously reported GaN-on-Si transistors for both R-gate and
T-gate structures.

INDEX TERMS AlGaN/GaN, high-electron mobility transistor (HEMT), silicon substrate, power-gain
cutoff frequency (fmax), rectangular gate, fmax × LG.

I. INTRODUCTION
In order to meet the rapidly growing demand for 5th gener-
ation communication systems, high performance solid-state
power amplifiers (SSPA) are desperately needed. GaN-based
high-electron-mobility transistors (HEMT) have high elec-
tron saturation velocity, high sheet carrier density, and high
breakdown voltage which allow for wide bandwidth and
high power operation. In the last decade, the GaN-on-SiC
system has achieved remarkable benchmarks such as a record
high cutoff frequency (fT) and a maximum oscillation
frequency (fmax) of 454 GHz and 455 GHz [1], respec-
tively. These characteristics make GaN HEMTs suitable
for use in monolithic microwave integrated circuit (MMIC)
applications. However, the development of commercial GaN-
on-SiC products is hindered by the high cost of SiC
substrates which currently only have a maximum diame-
ter of 6 inches. Therefore, GaN on high resistivity silicon
substrates promise an alternative solution for low-cost and
large-scale production.

Significant efforts have been made to improve the
epitaxial quality of GaN-on-Si, and successful applica-
tions such as power switches have been demonstrated in
recent years [2]–[4]. However, the development of radio
frequency (RF) GaN HEMTs on Si substrates still lags
behind the GaN-on-SiC system. The best reported fT and
fmax for GaN HEMTs on Si substrates is 250 GHz and
226 GHz, respectively [5], [6].
The physical meaning of fmax is the highest frequency

at which the device can be regarded as an active device.
Therefore, fmax is a critical factor for determining the possi-
ble operation frequency for SSPA applications. The equation
for fmax is given as follows:

fmax = 1

2

fT√
2π · fT · Cgd

(
Rg + Rs

) + Rg+Rs
Rds

(1)

where Cgd is gate-to-drain capacitance, Rg is gate resis-
tance, Rs is gate-to-source access resistance, and Rds is
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drain-to-source resistance [7]. In order to enhance fmax,
reducing Rg is one of the solutions according to Eq. (1).
The T-gate and Gamma-gate structure were developed to
meet the demand for obtaining better current density, linear-
ity, and RF characteristics such as fmax by means of reducing
Rg. However, the complex fabrication process, lower yield
rate, and higher cost of T-gate devices motivate us to find
another way of reducing Rg. In this letter, we have demon-
strated an AlGaN/GaN-on-Si HEMT which is characterized
by a robust, high aspect ratio rectangular gate (R-gate) struc-
ture with 265 nm gate length (LG) and 315 nm thickness.
Using this structure, a low Rg of 0.21 �-mm can be real-
ized. Based on this result, a high fmax × LG product can
be obtained comparable to GaN-on-Si devices with a T-gate
structure.

II. DEVICE FABRICATION
Figure 1(a) exhibits the fabrication process and layer struc-
ture of the AlGaN/GaN HEMTs. The epilayers of the
AlGaN/GaN heterostructure were grown on a high resis-
tivity (>6 kW-cm) silicon (111) substrate by metal-organic
chemical vapor deposition. The heterostructure consists of
a 2.5 nm GaN cap layer, a 20 nm Al0.25Ga0.75N barrier
layer, a thin AlN interlayer of 1 nm to enhance the carrier
mobility [8], a 300 nm unintentionally doped GaN channel
layer, and a ∼2 mm buffer layer. Hall measurements indicate
that the heterostructure has a sheet carrier concentration of
1013 cm−2 with an electron mobility of 2000 cm2/Vs and
a sheet resistance of 280 W/sq. Device fabrication begins
with source and drain Ohmic metallization which is formed
by Ti/Al/Ni/Au deposition followed by rapid thermal anneal-
ing at 875 ◦C for 40 s in N2. A contact resistance of
0.79 �-mm was confirmed by transmission line measure-
ments. After the Ohmic metallization, the mesa isolation was
implemented by Cl2/BCl3 mixed plasma etching. Next, gates
were defined by electron-beam lithography using a thick
polymethyl methacrylate photoresist. In order to reduce Rg,
a thick gate stack (Ni 15 nm/Au 300 nm) was deposited
to form a high aspect R-gate structure. Ti/Au contact pads
were deposited to increase the contact area. Finally, a stan-
dard back-end process was used with deposition of 200 nm
SiN film with a dielectric constant of 7.0 and planarization
of 900 nm polyimide with a dielectric constant of 3.4 to
further reduce the capacitance. After etching some via holes
on the source/drain/gate, we deposited a thick Au pad about
1200 nm thick with a common source GSG probing layout
for RF measurements. The thickness is designed to resist
puncture from the GSG probe and to also be thicker than
the depth of the via holes, which are about 1100 nm deep
which includes the 200 nm SiN and 900 nm polyimide lay-
ers to be etched. The device is characterized with 265 nm
LG and (2 × 10) μm gate width. The source-to-drain dis-
tance is 1.86 μm for each device. The LG and thickness
were measured by scanning electron microscopy as shown
in Figure 1(b).

FIGURE 1. (a) The fabrication process and schematic layer structure of the
AlGaN/GaN-on-Si HEMT with 265 nm R-gate structure. (b) The scanning
electron microscopy (SEM) image of the rectangular gates.

FIGURE 2. Common source DC (a) output characteristics and (b) transfer
characteristics of the 265 nm LG GaN HEMT with 2x10 mm gate width.

III. RESULTS AND DISCUSSION
Figure 2(a) shows the output characteristics of the
AlGaN/GaN HEMT. The maximum drain current (Ids) of
1.01A/mm is obtained at Vg = 0 V and Vd = 6 V, and the
ON-resistance (RON) is 2.45 �-mm. These exceptional ON-
state characteristics are attributed to the relatively low sheet
resistance which leads to a low knee voltage of less than
2 V. Figure 2(b) shows the transfer characteristics with a peak
DC transconductance (gm) of 291 mS/mm at Vd = 6 V. The
threshold voltage (Vth) is −4.52V as extracted by linear
extrapolation. The subthreshold swing (SS) of the device is
199 mV/dec, and the ON/OFF ratio is about ∼106 where the
OFF-state current is predominately gate leakage current. This
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FIGURE 3. (a) De-embedded RF small signal at Vg = −3.8 V and Vd = 12 V.
(b) Small-signal equivalent-circuit of GaN HEMT. (c) Smith chart of the
S-parameters.

leakage issue can be further suppressed through a passivation
process since our device is unpassivated.
The S-parameters of the device are measured

at a frequency of 0.04-40 GHz using an Agilent
N5225A network analyzer. On-wafer open and short
calibration is implemented to de-embed parasitic capac-
itances and inductances of the metal pad during the
measurement. Figure 3(a) shows the de-embedded small-
signal short-circuit current gain |h21|, unilateral gain U, and
maximum stable gain (MSG) of the device at a bias point
of Vd = 12 V and Vg = −3.8 V. After subtracting the
parasitic effects, the de-embedded fT and fmax is 43.7 GHz
and 126.5 GHz, respectively, which are extracted by extrap-
olating using the slope of −20 dB/dec. The small-signal
equivalent-circuit is shown in Figure 3(b) based on the
small-signal model [9]. Figure 3(c) exhibits the Smith chart
of the measured and simulated S-parameters which indicates
high consistency between simulated and measured data.
The simulated fT and fmax is given as 43 and 127 GHz,
respectively, suggesting a deviation of less than 10%.
Figure 4(a) shows the relationship of fT and fmax versus

Vd at Vg = −3.8 V. The fmax increases with increasing Vd,
while fT is independent of Vd. The gate-to-source capaci-
tance (Cgs) and Cgd which are extracted from the small-signal
model are also shown in Figure 4(b). The value of Cgs is
relatively stable when varying Vd. Cgd is noticeably lower
in value than Cgs and decreases with increasing Vd. This is
because with the increase of Vd, the gate-to-drain depletion
region becomes smaller causing Cgd to decrease correspond-
ingly. fT is independent of Vd because fT is dominated by the

FIGURE 4. (a) fT and fmax as a function of Vd. (b) Cgd and Cgs as
a function of Vd.

relatively large value of Cgs according to Equation (2) [7]:

fT = gmro
2π

((
Cgs + Cgd

)(
ro + (Rs + Rd) + Cgdgmro(Rs + Rd)

))
(2)

On the other hand, fmax is only affected by Cgd. When Cgd
decreases, fmax becomes higher with increasing Vd.

Table 1 lists the value of each element in the small-
signal model. Compared to the references with a T-gate
structure [6], [10]–[12], our R-gate device exhibits rela-
tively low gate resistance (Rg). The RF performance is
also comparable to the other T-gate GaN-on-Si devices.
With further reduction of Cgs and Cgd through passiva-
tion, fT and fmax can be expected to increase. Using the
extracted intrinsic gm (gm,int) of 317 mS/mm, the extrin-
sic gm (gm,ext) can be calculated through the equation
gm,ext = gm,int/(1 + gm,int × Rs), and the calculated value of
gm,ext is 256.1 mS/mm which is close to the measured DC gm
of 291 mS/mm.
Figure 5 benchmarks the fmax among reported GaN

HEMTs on Si substrates with T-gate and R-gate structures.
Conventionally, the value of fT scales with LG, making the
product of fT and LG an indication of the performance
of RF devices. The value of fmax, on the other hand, is
able to provide further judgement of RF devices for power
applications. To maintain fmax while scaling Lg, a reliable
gate metal process without sacrificing gate resistance is
needed for realizing the performance of our R-gate devices.
Because of the low Rg in our R-gate devices, a high
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FIGURE 5. Benchmark of fmax vs. LG. The contour lines show the
fmax × LG product of 40, 20, 10, and 5 GHz-mm respectively. This work
shows a high fmax × LG product of 33.52 GHz-µm.

TABLE 1. The value of each element in the small-signal equivalent-circuit.

fmax is obtained and is comparable to the devices with a
T-gate structure. Our R-gate device also has a high fmax
× Lg product over 33.52 GHz-μm which is the high-
est among reported GaN-on-Si HEMTs with an R-gate
structure.
With regards to the scaling issue for a high aspect

ratio R-gate with an LG under 265 nm, a multiple-layer
photoresist is necessary for e-beam lithography to obtain
a shorter LG [19]. Meanwhile, a short-time and cold devel-
opment technique have also been reported [20] as a useful
method to fabricate a shorter LG. We are convinced that
the issue of maintaining a high aspect ratio for a sub-
250 nm R-gate could hopefully be solved by using these
techniques.

IV. CONCLUSION
In conclusion, we successfully demonstrated an AlGaN/GaN
HEMT on Si substrate with a high aspect ratio R-gate
structure. The maximum drain current is over 1 A/mm,
and the DC peak gm is 291 mS/mm. Because of the
thick rectangular gate, Rg can be effectively reduced down
to 0.21 �-mm. A relatively high fmax of 126.5 GHz
and high fmax × LG product of 33.52 GHz-µm were
achieved and are comparable to the devices with a T-gate
structure.
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