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Abstract— Low-noise amplification performance of an
enhancement-mode p-GaN gate high electron mobility
transistor (HEMT) is thoroughly investigated. Featuring
a tungsten (W) gate metal and CMOS-compatible metal
contacts to source/drain terminals, the device exhibits
a positive threshold voltage of 2.7 V. Low gate leakage
current density (IG) of 3.8 pA/mm and 16.3 nA/mm are
extracted in pinch-off region and on-state region, respec-
tively. The device delivers an input third-order interception
point (IIP3) of 15.8 dBm at 2 GHz, together with good
immunity of linearity characteristics against frequency
change. A minimum noise figure ( NF min) of 0.9 dB with an
associated gain (Ga) of 12.8 dB are achieved at a working
frequency of 2 GHz. Furthermore, an examination of the
bias and frequency effects on NF min and Ga reveals NF min
of 0.65 dB and Ga of 18.3 dB at 1 GHz. This work paves a
solid path for the utilization of p-GaN HEMT for low noise
amplifier applications.

Index Terms— Enhancement-mode, gate leakage, HEMT,
linearity, noise figure, p-GaN gate, RF low noise amplifier.

I. INTRODUCTION

G aN based high electron mobility transistors (HEMTs)
have been used extensively in high-power and high-

frequency applications [1], [2], [3], [4], owing to superior
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material properties including large critical electrical field, high
carrier mobility in two dimensional electron gas (2-DEG), and
good thermal conductivity [5], [6]. Recently, enhancement-
mode (E-mode) HEMTs with p-GaN gates, which permit
fail-safe operation and single-polarity bias design, have
garnered considerable research interest for radio frequency
(RF) applications. For instance, p-GaN HEMT with a gate-
all-around structure has been successfully fabricated to deliver
small-signal cutoff frequencies ( fT / fM AX ) of 6.0/9.8 GHz
with a gate length (LG) of 1 µm [7]. RF power amplifier
(PA) performance of p-GaN HEMT, including a power added
efficiency of 55% and output power density of 1.4 W/mm,
has also been reported [8]. However, so far little information
has emerged regarding the utilization of p-GaN HEMTs
for low-noise amplifiers (LNAs), which represent essential
components in RF front-end receivers. To meet the criterion
of low noise figure (NF) in the receiver, which is typically
dominated by the noise performance of LNA, gate leakage
current (IG) of LNA constituent device should be well
suppressed [9]. To date, IG in p-GaN HEMT has been
reduced progressively, e.g., by low work function metal
gate contacts [10], or the usage of fluorinated graphene gate
insertion layer [11], making p-GaN HEMT a potentially
promising candidate for LNA applications.

In this contribution, we report low-noise amplification
performance of an E-mode p-GaN HEMT, which featured
a low IG and CMOS-compatible Au-free metal scheme for
ohmic contacts. RF low-noise amplifying characteristics of
the p-GaN HEMT, including input third-order interception
point (IIP3), NF, and associated gain (Ga), are thoroughly
investigated for the first time. The results lay a solid foundation
for the utilization of p-GaN HEMTs for implementing LNAs.

II. DC PERFORMANCE OF P-GAN HEMT
The E-mode HEMT used in this work [Fig. 1] consists of

a 75 nm p-GaN cap layer, a 25 nm AlGaN barrier layer, a
300 nm GaN intrinsic layer, and a 4 µm GaN buffer. The
gate electrode utilized low work function metal tungsten (W)
to achieve Schottky contact with low gate leakage current.
P-GaN layer in the source/drain regions were etched, followed
by Tetramethylammonium Hydroxide (TMAH) and nitrogen
plasma treatments. Source/drain ohmic contacts employed
CMOS-compatible Au-free Ti/Al/Ti metal stack, which was
annealed at 550 ◦C for 300 s in nitrogen. After depositing
Al2O3/SiON passivation bi-layer, boron implantation was
conducted to isolate the devices. The p-GaN HEMT also
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Fig. 1. (a) Schematic and (b) microscopic photograph of the p-GaN
HEMT.

Fig. 2. (a) Transfer characteristics of the p-GaN HEMT (b) VGS
dependent IG at VDS = 8 V, and the IOFF -VDS characteristics at VGS =

0 V. (c) DC output curve, and the pulsed IDS-VDS with various quiescent
stress voltages (VGS-Q , VDS-Q ) of p-GaN HEMT from (−2, 8) V to
(−10, 8) V. (d) Quantitative current collapse and knee-voltage walkout.

features an LG of 1 µm, a gate width of 2 × 50 µm, and
gate-to-source/gate-to-drain lengths of 1.2 µm/1.65 µm.

Fig. 2(a) depicts transfer characteristics of the p-GaN
HEMT. The device delivered a VTH of 2.7 V (defined at
0.1 mA/mm) at VDS = 8 V. Peak transconductance (Gm)

of 78 mS/mm was obtained with VGS = 5 V. Fig. 2(b)
displays IG and the off-state drain leakage current (IO F F )

characteristics of the device. IG of only 3.8 pA/mm was
achieved in pinch-off region (VGS =1 V). On-state IG was
extracted to be 16.3 nA/mm at IDS = 10 mA/mm (VGS =

3.5 V), which was much smaller than previously reported
conventional AlGaN/GaN HEMTs [9], [12]. The device also
featured a low IO F F of only 16 nA/mm at VGS/VDS = 0/80 V,
demonstrating a breakdown voltage much larger than 80 V
using the standard of IO F F−Breakdown =1 µA/mm.

Fig. 2(c) shows the output DC characteristics of the
device with VGS varying from 4 V to 8 V. The maximum
IDS was determined to be 417 mA/mm at VGS = 8 V.
Dynamic performance (VGS = 8 V) of the device was
measured employing various off-state quiescent stresses
(VGS−Q, VDS−Q) with a pulse width of 5 ms and a
period of 100 ms. Current collapse (C.C.), defined as
(1 − Isat.stress/Isat. f resh) × 100%, and knee-voltage walkout
(1VK nee) are illustrated in Fig. 2(d). The pulsed I-V output
results show that the device exhibited limited C.C., from
1.6% (VGS−Q = −2 V) to 6.8% (VGS−Q = −10 V). Also,
1VK nee of only 0.35 V at VGS−Q = −10 V was achieved.
The small C.C. and 1VK nee demonstrate that trapping and

Fig. 3. (a) MSG/MAG and |h21|
2 of p-GaN gate HEMT at VGS = 5 V

and VDS = 8 V. (b) IDS dependent fT and fMAX.

Fig. 4. (a) IIP3 of p-GaN HEMT (b) IDS dependent IIP3 and
(c) frequency dependent IIP3 of the device.

de-trapping processes in the device are well restrained, which
is advantageous for the device to have good RF performance
at relatively large input power [13], [14].

III. RF PERFORMANCE OF P-GAN HEMT
Fig. 3(a) reports the small-signal short-circuit current gain

(|h21|
2) and maximum stable gain/maximum available power

gain (MSG/MAG) when the device was biased at VGS/VDS
= 5/8 V, namely the peak Gm point (PGP). The current-
gain cutoff frequency ( fT ) and power-gain cutoff frequency
( fM AX ) were extracted to be 6.1 GHz and 10.3 GHz,
respectively. As shown in Fig. 3(b), both fT and fM AX exhibit
rapid increases with increasing IDS and then get saturated
when IDS exceeds 40 mA/mm. Also, fT / fM AX sustain above
80% of their maximum value over a wide range of IDS, from
50 mA/mm to 185 mA/mm.

Fig. 4 illustrates the linearity characteristics of the device.
Two-tone IIP3 measurement was performed with an offset
frequency of 10 MHz. Fig. 4(a) shows the measured
fundamental signal (Fund.) and third-order intermodulation
(IMD3) components at a center frequency of 2 GHz while
the p-GaN HEMT was biased at PGP. Small-signal input
power of each tone was swept from −28 dBm to −20 dBm
to keep the device working in its linear region. The IIP3
was extracted to be 15.8 dBm accordingly, and was attributed
to the wide gate voltage swing (GVS, shown in Fig. 2(a))
of 2.1 V, which is defined as the maximum swing of gate
voltage where Gm remains at or above 80% of its maximum
value [15]. Fig. 4(b) reports the IDS dependent IIP3. The
IIP3 increases monotonically as increasing IDS, from 8.5 dBm
(IDS = 10 mA/mm) to 17.3 dBm (IDS = 150 mA/mm),
which offers a wide bias-range selection for circuit design.
The increase in bias-dependent IIP3 can be attributed to
the fact that as increasing IDS, the operating state of the
device progressively shifts from deep Class AB to Class A,
which is known for its higher linearity compared to devices
operating in Class AB. Moreover, as shown in Fig. 4(c), IIP3
was determined to be 16 ± 1 dBm at various frequencies,
demonstrating good frequency immunity of the device linearity
characteristics.
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Fig. 5. (a) Measured NF with various ΓS, (b) |ΓS.OPT| and phase
versus frequency. NFmin and Ga as a function of (c) drain current and
(d) working frequency.

Y-factor method was used as the NF measurement
methodology [16]. In order to achieve the maximum signal
gain, a load tuner was employed to conjugate match the output
of device. Concurrently, a source tuner was adjusted to find the
optimal source impedance of p-GaN HEMT where the device
demonstrated the lowest NF. Fig. 5(a) depicts the measured
NF with various source reflection coefficients (0S) at 2 GHz
(IDS = 40 mA/mm), and the corresponding load impedance
is set to be 232.5 + j296.27 �. NF reached its minimum
value ( NFmin) of 1.65 dB when 0S was tuned to 0.83̸ 20◦

(corresponding to a source impedance of 124.14 + j219.18 �),
and Ga was extracted to be 16.1 dB. Fig. 5(b) displays optimal
source noise reflection coefficient |0S.OPT| and its phase angle
as a function of frequency. As increasing frequency, |0S.OPT|

shows a decreasing trend, while the phase angle increases from
16◦ to 40◦ conversely. The corresponding magnitude and phase
of optimal load reflection coefficient (0Load) decrease from
0.86 to 0.81 and increase from 7.5◦ to 22.4◦ (not shown in
the figure), respectively. The increase in phase angle and the
decrease in magnitude of reflection coefficients are due to the
capacitive input/output impedances of the device, which would
exhibit reduced capacitive reactance and smaller standing wave
ratio (SWR) at higher frequencies.

Fig. 5(c) illustrates drain current dependent NFmin and Ga.
NFmin increases monotonically as increasing IDS, from only
0.90 dB (at 10 mA/mm) to 5.06 dB (at 150 mA/mm), while
Ga shows a rapid increase from 12.8 dB to 18.0 dB and then
slightly compromised. The NFmin at PGP was determined to
be 3.79 dB, which was 2.89 dB higher than the result at IDS =

10 mA/mm. The degradation in NFmin with increasing IDS is
believed to result from increased high-field diffusion noise and
aggravated self-heating effect as the device was working with
high drain currents [17], [18]. Fig. 5(d) investigates NFmin
and Ga at various frequencies. NFmin was measured to be only
0.65 dB at 1 GHz, while Ga reached 18.3 dB concurrently.
The low NFmin is attributed to the low IG of the device,
which is otherwise detrimental to noise performance of the
device [9], [18]. Nevertheless, both NFmin and Ga degrade as
increasing the working frequency ( f ). In particular, NFmin
shows a sharp rise beyond 3 GHz and increases to 4.3 dB at
3.5 GHz. Typically, NFmin can be expressed in a second-order

TABLE I
COMPARISON OF DEVICE PARAMETERS AND NOISE PERFORMANCE

approximation as [19] and [20]:

NFmin( f ) = 10 log[1 + 2A1(f/ fT ) + 2A2(f/ fT )2
] (1)

where A1 and A2 are two coefficients associated with
source/gate access resistance and the internal noise source.
For relatively low working frequency stage, the second-
order term could be truncated. However, as working
frequency approaches fT , the second-order term of ( f / fT )2

has to be taken into account when assessing NFmin of the
device, resulting in a rapid increase of NFmin.

Table I illustrates a comparison between p-GaN HEMT and
reported results. [7], [9], [21]. With the same LG of 1 µm
as the MIS p-GaN HEMT in [7], the device in this work
achieves slightly higher fT / fM AX and acceptably small on-
state gate current. The comparison also reveals that the p-GaN
HEMT in this work demonstrates a similar level of NFmin
at low frequencies as the HEMT in [9] and the MIS-HEMT
in [21], although the p-GaN HEMT holds a relatively larger
LG. Additionally, the p-GaN HEMT in this work significantly
reduces gate leakage current compared to HEMT in [9]
and enables the E-mode operation and single polarity power
supply. As further scaling down LG, the p-GaN HEMT would
expect to exhibit even higher fT / fM AX /Gm that may further
greatly lower NFmin at higher frequency, providing new
opportunities for the design of LNA circuits and front-end
receivers.

IV. CONCLUSION

For LNA applications, RF performance of a p-GaN
HEMT is thoroughly investigated. The E-mode p-GaN
HEMT features a low gate current and CMOS-compatible
ohmic contacts. The device exhibits VTH of 2.7 V, a small
on-state IG of 16.3 nA/mm, and a breakdown voltage higher
than 80 V. In addition to fT / fM AX of 6.1/10.3 GHz, p-GaN
HEMT also delivers an IIP3 of 15.8 dBm at 2 GHz, and
good frequency immunity of device linearity characteristics.
Moreover, outstanding noise performance including a NFmin
of 0.9 dB and a Ga of 12.8 dB are achieved at 2 GHz. Bias and
frequency dependences of NFmin and Ga are also investigated.
An overall smallest NFmin is found to be 0.65 dB at 1 GHz
at IDS = 10 mA/mm, while Ga exhibits 18.3 dB concurrently
and stays above 10 dB for the frequency range investigated.
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