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Abstract
Electron density-dependent dc, rf and power characteristics are investigated for nearly
lattice-matched InAlN/AlN/GaN heterostructure field-effect transistors (HFETs). The best
performance in respect to transconductance and cutoff frequency is demonstrated at the
optimal gate bias of −8 V for the devices with electron sheet density of 3 ×
1013 cm−2 (measured on Hall bars of as-grown heterostructures). The results are in fair
agreement with the universal bias–density relation controlled by the plasmon-assisted ultrafast
decay of nonequilibrium optical phonons launched by hot electrons.

1. Introduction

Wide-bandgap compound semiconductors are attractive
contenders [1–4] for high-power microwave applications
such as front-end low noise amplifier (LNA), featuring high
reliability and survivability for power overdrive [5]. The main
advantage of a heterostructure field-effect transistor (HFET)
over the MESFET stems from a high-density two-dimensional
electron gas (2DEG) confined in an undoped semiconductor at
a heterojunction with a wide bandgap semiconductor in very
close proximity to the gate metal. This feature yields excellent
high-frequency performance of gallium nitride HFETs
[6–8]. The main applications of GaN based HFETs are related
to the power gain, especially at high frequencies [9, 10]. It
would be natural to expect a higher power if more electrons
were confined in the channel. A 2DEG density above 3 ×
1013 cm−2 can be induced in the GaN channel by a lattice-
matched InAlN barrier [11] and can be controlled by varying
In composition in the barrier layer [12, 13]. The InAlN/GaN
junction is also preferable due to high conduction band
discontinuity and weak gate leakage current. Nevertheless,
the electron drift velocity decreases as the 2DEG density

increases because of accumulation of nonequilibrium optical
phonons (hot phonons) [14]. After an experimental study of the
electron drift velocity and HFET operation (cutoff frequency
fT, degradation and phase noise) plasmon-assisted ultrafast
decay of hot phonons is resolved at a resonance 2DEG density
of (1 ± 0.1) × 1013 cm−2 [15]. The resonance provides a
plausible explanation for the best performance of HFETs.

This paper compares InAlN/AlN/GaN HFETs with
different initial 2DEG density. The main goal is to verify and
discuss the universal relation, caused by the plasmon-assisted
ultrafast decay of hot phonons, between the optimal gate bias
and the initial electron density.

2. Devices

The nominally undoped nearly lattice-matched heterostruc-
tures of InxAl1-xN/AlN/GaN were grown on sapphire sub-
strates in a low-pressure custom-designed organometallic
vapor phase epitaxy system. The sandwich consisted of a
250 nm AlN initiation layer, 3 μm of undoped GaN, 1 nm AlN
spacer layer, 20 nm InxAl1-xN barrier layer and a 2 nm GaN cap
layer on the top. The In composition x in the barrier layer for
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Figure 1. Transfer and transconductance characteristics of HFETs
(Lg = 2 μm, Wg = 2 × 50 μm) for device A (dashed line, stars) and
device B (solid line, diamonds).

samples A and B was x = 0.2 and x = 0.16, respectively.
Ohmic contacts for HFETs and gated Hall bars
consisted of Ti/Al/Ni/Au, while Pt/Au (thickness 30/50 nm,
length/width 2/2 × 50 μm) was used for the gate electrodes.
The devices were mesa isolated in a SAMCO inductively
coupled plasma etcher based on chlorine chemistry. The
devices were not passivated. The Hall effect measurements
yielded the initial 2DEG density of ns = 1.3 × 1013 cm−2 and
ns = 3 × 1013 cm−2 for the samples A (x = 0.2) and B (x =
0.16), respectively.

3. Experimental setup and results

On-wafer dc (direct current) and rf (radio frequency)
characteristics were measured at an ambient temperature of
25 ◦C with an Agilent PNA E8364B Network Analyzer,
Agilent PSA E4448A Spectrum Analyzer, Agilent E5270B
Precision Measurement Mainframe and Süss Microtech
probestation PM8. Power measurements were carried out
with a Maury Automated Tuner System ATS, including
fundamental source and load tuners, Agilent E4418B Power
Meter and Agilent PSG E8257D Analog Signal Generator.
The s-parameters were measured in the frequency range from
0.25 to 26 GHz in short-open-load-thru (SOLT) calibration
mode (with on-wafer impedance calibration standards). De-
embedding of pad parasitics was performed using a one-step
(‘open’ dummy) method.

The transfer characteristics for devices A and B are shown
in figure 1. A higher electron density in device B supports a
higher drain current Id (solid line) in saturation, compared to
that (dashed line) for device A having the same geometry.
More negative bias on the gate is required to pinch off the
drain current if the initial 2DEG density is higher. Thus, device
B turns off at higher negative gate voltage Vgs, compared to
device A. An additional negative gate bias of about 8 V pinches
off the transistor with initially 2.3 times higher 2DEG density.
Correspondingly, the subthreshold drain current is higher in
device B. The subthreshold gate current is ∼ 31 μA mm−1 for
device A and ∼60 μA mm−1 for device B at drain voltage

Figure 2. Drain current versus drain voltage of device A
(Lg = 2 μm, Wg = 2 × 50 μm).

Figure 3. Drain current versus drain voltage of device B
(Lg = 2 μm, Wg = 2 × 50 μm).

Vds = 13 V, and the gate leakage seems to be the dominant
factor for the subthreshold drain current in device A. However,
a higher 2DEG density in sample B has been achieved due to
lower In mole ratio (x = 0.16) in the InxAl1-xN barrier layer;
thus, lattice mismatch and tolerances of technological process
cause worse interdevice insulation and contribute to higher
subthreshold drain current of device B as well.

The best operation bias in terms of transconductance gm

and self-heating is Id = 97 mA mm−1 at Vgs = − 2 V for device
A (figure 2), whereas Id = 146 mA mm−1 at Vgs = − 8 V for
device B (figure 3). Despite the different as-grown properties
(initial 2DEG density, In mole ratio) the same peak value
of gm ∼ 145 mS mm−1 is observed at Vds = 13 V for both
devices A and B (figure 1, symbols). Certainly devices A
and B have also close values of output conductance gD ∼
1 mS mm−1 at the optimum gate bias. The saturation knee of
the output characteristics is at same Vds ∼ 1 V at the optimal
gate bias points (figures 2–3, curves highlighted with arrows).
A negative gate voltage controls the quantum wells’ depth
and the 2DEG density in the active part of the channel. The
similar points of saturation current and similar values of gm

and gD drives to the idea that the condition for the maximum
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Figure 4. Output power versus input power for device A (Lg =
2 μm, Wg = 2 × 50 μm) at 4 GHz for �Source = (0.777; 0.365),
�Load = (0.829; 0.117), Vds = 13 V and Vgs = −2 V.

Figure 5. Output power versus input power for device B (Lg =
2 μm, Wg = 2 × 50 μm) at 4 GHz for �Source = (0.685; 0.500),
�Load = (0.797; 0.195), Vds = 13 V and Vgs = −8 V.

transconductance of the devices is at similar 2DEG density in
the active part of the channel.

The power characteristics are measured for a matched
source and load in the 1–8 GHz frequency range shown
in figures 4–5, where �Source and �Load stand for the
reflection coefficients for the source and load, respectively.
The InAlN/AlN/GaN HFET with higher 2DEG density
demonstrates more linear transducer power gain Gt compared
to HFET with lower 2DEG electron density (figures 4–5).
Correspondingly, the gain compression starts at a lower input
power in device A. Despite higher dc biasing and stronger
subthreshold drain leakage current, device B (compared to
device A) exhibits higher power gain and linearity of the output
power with comparable power added efficiency (PAE), which
is in favor of devices with higher 2DEG density.

Device B is set to the optimum operating condition at
higher negative gate voltages (figures 1–3) compared to device
A. Therefore, the extracted peak values of the cutoff frequency
fT were obtained at the gate voltages ranging from −8 V
to −9 V and from −1.9V to −2.2 V for series of devices

Figure 6. Current gain cutoff frequency versus Vgs for devices A
(stars) and B (diamonds) (Lg = 2 μm, Wg = 2 × 50 μm).

Figure 7. Optimal gate voltage dependence on initial 2DEG density
of as-grown heterostructures for the fastest short-gate GaN HFETs
(open symbols) and long-gate devices A (closed star) and B (closed
diamond).

B and A, respectively (figure 6). The peak cutoff frequency
exceeds 10 GHz for selected devices.

4. Discussion

Let us compare the optimal operation conditions for the
investigated devices (figure 6) with those for the GaN
HFETs with the record frequency performance, over 200 GHz
[6–8, 16–21]. While the cutoff frequency depends on scaling
down of a transistor and on parasitic elements, the optimal
gate bias is mainly dependent on the as-grown 2DEG density
(figure 7). In particular, the optimal gate voltage for device
A (figure 7, solid star) is close to the open symbols for the
deep submicron gate length HFETs. On the other hand, the
diamond at ns = 3 × 1013 cm−2 provides the result outside
the range of the reported results [6–8, 16–21]. Nevertheless,
the extrapolation of the best fit line (solid line) hits the result for
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device B. Despite different cutoff frequencies, the optimal gate
bias data for the long-gate (micron length) HFETs (figure 7,
solid diamond and solid star) agree with those of the short-gate
(deep submicron length) HFETs (open symbols).

The optimum gate voltage Vg can be expressed via the
gate effective capacitance per unit gate area Cg and the active
2DEG density ng in the part of the channel controlled by the
gate bias as follows:

Vg = (ng − ns) × e

Cg
, (1)

where ns is the initial 2DEG density and e is the elementary
charge. The solid line (figure 7) is equation (1) drawn for ng =
1 × 1013 cm−2, Cg = 3.8 × 10−7 F cm−2. The effective gate
capacitance has a value close to that of the internal gate-source
capacitance Cgs in the small-signal model extracted from the
two-port Y-parameters obtained through conversion of the de-
embedded s-parameters for our devices. Comparable values
for Cgs in the range from 3.0 × 10−7 F cm−2 to 12 × 10−7 F
cm−2 were reported for GaN HFETs [8, 22–26].

The optimum operating condition of the short-gate high-
frequency HFETs and our relatively long-gate devices are
located near the solid line in figure 7 defined by equation (1).
Although this empirical relation between the optimum gate
voltage and the 2DEG density assumes a simple parallel plate
capacitor model and ignores realistic electric field distribution,
it describes the experimental data for the short-gate and the
long-gate HFETs in a universal way.

The extracted active 2DEG density, ng = 1 × 1013 cm−2,
is close to the resonance 2DEG density associated with
plasmon-assisted decay of hot phonons [14, 15]. The
signatures of plasmons have been observed in different
phenomena including HFET degradation, phase noise,
electron drift velocity and transistor cutoff frequency [15].

5. Conclusion

The plasmon-controlled dependence of the optimum gate
voltage on the 2DEG density is confirmed for 2 μm gate GaN
HFETs in the range from 1.3 × 1013 cm−2 to 3 × 1013 cm−2.
Despite a different gate length and initial 2DEG density in as-
grown channels, the optimum gate voltage is predictable with
the simple linear dependence (equation (1)) obtained from
the plate capacitor model. In other words, the best operation
is demonstrated at the same optimum electron density in the
active part of the channel regardless of the initial 2DEG density
and the gate length. The optimum active electron density is
achieved through application of the optimum gate bias: the
channels with higher 2DEG density require more negative
voltage on the gate. The optimum active density of a GaN
HFET coincides with that reported for the plasmon-controlled
resonance known from independent experiments.
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