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Abstract—This paper describes the DC and RF performance
of AlInN/GaN HEMTs on Si substrates for low-voltage operation
to meet the demand of user equipment. By adapting the regrowth
ohmic structure, low on-resistance of 0.6 Q-mm was achieved
due to the reduction of the contact resistance. Even with the
relatively long gate length of 0.3 pm, lower voltage operation was
achieved compared to other reported work. The obtained fmax of
53.8 GHz exceeds the requirements of 5G mobile communication
applications for the sub-6 GHz frequency range. Large-signal
measurements on a gate width of 10x100 pm device exhibited a
saturated power density of 1.52 W/mm and power added
efficiency of 62.7 % at S GHz biased at Vs of S V. The device also
exhibited excellent performance between Vs of 1.5 V and 12 V.
To the best of our knowledge, this represents the highest RF
performance with low-voltage operation for a GaN HEMT in the
sub-6 GHz region.
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I. INTRODUCTION

The fifth-generation mobile communication system (5G)
has been commercially available since 2019 and is spreading
all over the world. Fig. 1 depicts the scope and requirements
of the 5G network as defined by the International
Telecommunication Union Radiocommunication Sector (ITU-
R). In the 5G network, “Enhanced mobile broadband
(Enhanced MBB)” enables high speed connections whilst
“Low latency, Ultra-reliable” assures extremely low latency,
and “Massive machine type communication (Massive MTC)”
supports a lot of devices to communicated with each other [1].

5G is implemented in two distinct frequency ranges, the
sub-6 GHz region (FR1) and the mm-wave frequencies (FR2).
Since power amplifier (PA) operation voltage of the 5G
smartphone is typically lower than that of the base station, low
voltage operation PAs are needed. So, PAs for 5G smartphone
require not only the higher frequency operation compared to
fourth-generation mobile communication system (4G) to cover
the new FR1 5G bands but also higher peak output powers
(Pout) and higher power added efficiency (PAE) whilst
operating at low supply voltages.

GaN-based high-electron-mobility-transistors (HEMTs)
are excellent candidates for RF applications such as PA [2]. It
is well known that the lattice matched AlInN/GaN HEMTs
structure provides a higher two-dimensional electron gas
(2DEG) density than AlGaN/GaN structure due to the much
stronger spontaneous polarization [3]. Fig. 2(a) shows the
band gap energy as a function of the lattice constant and Fig.
2(b) shows 2DEG density as a function of the barrier layer
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thickness for AlInN and AlGaN. A high 2DEG density
contributes to both the increase of drain current and the
reduction of knee-voltage, which in turn contributes to a high
Pout and PAE. In addition, the use of a thin barrier layer is
effective in reducing the impact of short channel effects
especially for shorter gate.

In this work, we demonstrate AIInN/GaN HEMTs on Si
substrates for low-voltage operation PAs in sub-6 GHz
wireless applications. The highly doped n+-GaN is regrown
selectively for source and drain regions to reduce the contact
resistance (R). Thanks to the low knee-voltage and high
breakdown voltage, the obtained RF performances are suitable
for sub-6 GHz user equipment PA.
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Fig. 1. 5G usage scenarios.
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Fig. 2. Comparison of AllnN and AlGaN (a) the band gap energy as a
function of the lattice constant. (b) 2DEG density as a function of the barrier
layer thickness.
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II. DEVICE STRUCTURE

Fig. 3 shows a schematic view of AlInN/GaN HEMTs on
Si substrate. The barrier layer is undoped AlInN and the buffer
layer is undoped GaN with an AlGaN back barrier. It has a
sheet resistance (Rs) of 320 Q/[1, a 2DEG density of 1.5 x
1013 cm 2 and mobility of 1280 ¢cm?/ Vs, determined by the
Hall measurement.

After the recess etching of the AlInN barrier layer and part
of the GaN channel layer for the source and the drain region,
ohmic contacts are formed to AlInN/GaN HEMTs by the
regrowth of n+-GaN to reduce the R. between the metal and
2DEG. Silicon nitride (SiN) dielectric is deposited as a
passivation layer. After the recess etching of SiN at the gate
region, a Ni/Au structure was employed as the gate electrode
for creating the Schottky contact.

The transistors have a gate length (Ly) of 0.3 um, gate-
source length (Lgs) of 0.5 um and gate-drain length (Lgq) of 0.5
um, fabricated by i-line stepper.
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Fig. 3. Schematic cross-sections of the proposed AlInN/GaN HEMT with
regrowth of n+-GaN and L, 0of 0.3 um.

III. DC AND PULSED IV CHARACTERISTICS

Fig. 4 shows the transfer characteristic of a 1x20 pum
device at Vg5 of 5 V. Thanks to the thin barrier thickness of
AlInN/GaN HEMTs, a high peak transconductance (gm) of
0.72 S/mm is realized. As a result of the low R., after adapting
the regrowth ohmic structure, a low on resistance (Ron) of 0.6
Q-mm is also achieved. A threshold voltage (V) of -1.6 V at
Vas of 5 V is calculated, obtained from linear extrapolation of
the drain current.

Fig. 5 shows the /4 Vs characteristics of a 1x20 um device
at Vg of 5 V for the reference process and improved gate
process. Generally, AlInN/GaN Schottky contacts suffer from
the larger reverse leakage current than that for AlGaN/GaN
due to both the epi quality and the effects of process damage
[4]. By altering our gate fabrication to reduce process damage,
we have managed to achieve a drain leakage current of <
1x10% A/mm in our latest device due to the reduction of the
gate leakage current. This work is still ongoing and the
complete results will be reported in the future.

Fig. 6 shows the pulsed /4—V4s characteristics of a 10x100
pm device determined by the double pulsing technique. To
evaluate the so called “current collapse” which is commonly

attributed to GaN device, quiescent bias points of (Veq, Vaq) =
(0 Vto-5V,0Vto 15 V) were set to evaluate the dynamic
knee-voltage and current collapse. It is generally considered
that the current collapse in GaN HEMTs is attributed to the
electron traps in semiconductor and/or at the interface [5], [6]
and can greatly degrade the large-signal characteristics of the
device. As our device shows relatively low current collapse
for the pulsed IV characteristics, the effect of traps seems
sufficiently small for our target application.
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Fig. 4. Transfer characteristics at Vg of 5 V for gate width of 1 x 20 um.

10°F
N
2
b reference process

- b
o o
j‘)

E wod ¢
£ 10 ——f 3
< 107 : 1
T 10t 7' 1
-6 L
10 \.’ j
107F
f improved gate process |
10° _—

8 7 -6 5 -4

Fig. 5. IV, characteristics at Vys of 5 'V for gate width of 1 x 20 pum.
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Fig. 6. The pulsed IV, characteristics at Vg of 1, 0, -1 V for gate width of
10 x 100 pm under various quiescent pulse conditions.
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IV.SMALL-SIGNAL CHARACTERISTICS

S-parameters were measured in the frequency range of
0.25 to 50 GHz calibrated with an Impedance Standard
Substrate (ISS) and results were de-embedded to the device
plane with an on-wafer open/short standard. By extrapolating
of the short circuit current gain(|H21|) and the maximum
stable gain/maximum available gain (MSG/MAG) curves
using -20 dB/decade slopes, fi/fmax values of 30.4 / 53.8 GHz
are obtained, as shown in Fig. 7. This frequency performance
exceeds the requirements for the intended sub-6 GHz
applications.
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Fig. 7. RF gain characteristics at Vg of 5 V and /s of 0.1 A/mm for gate
width of 10 x 100 um.

V. LARGE-SIGNAL CHARACTERISTICS

The low voltage RF power capability characterizations of
AlInN/GaN HEMTs at 5 GHz were carried out in pulsed mode
using 2"%/3™ harmonic controlled on-wafer load-pull system.
Fig. 8 shows the Py, the power gain (Gy), and the PAE as a
function of the input power biased at class AB operation. The
load impedance was tuned for the maximum Poy. Pg of 1.52
W/mm is achieved for AlInN/GaN HEMTs biased at Vgs of 5
V and Iy of 0.1 A/mm.

Fig. 9 shows the P4 and PAE as a function of V. The load
impedance of Py, under the corresponding optimum loads. The
Py increases almost linearly with the drain voltage, benefiting
from increased drain voltage dynamic range whilst PAE
remains constant above 5 V. Pq of 2.66 W/mm and 4.23
W/mm were achieved at Vg of 8 V and 12 V, respectively
with > 60 % PAE. The characteristics over Vg confirm the
small impact of trapping on large-signal performance, as
expected from the results reported in section III.

A performance comparison of our AlInN/GaN HEMTs
with previous state of the art results for low voltage operation
HEMTs is summarized in Table 1. Thanks to lower knee-
voltage and higher /4, higher P4 is achieved despite the
relatively larger L, of 0.3 pm.
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Fig. 8. Large-signal characteristics at 5 GHz biased at Vg of 5 V and /4 of 0.1
A/mm for gate width of 10 x 100 pm under optimum P, load.
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Fig. 9. Large-signal characteristics at PSdB compression as a function of Vs
at Igs of 0.1 A/mm obtained from the active load-pull characterization at 5
GHz for gate width of 10 x 100 pm.

Table. 1 Comparison with Py for low voltage operation HEMTs.

L /4 frequency Va4 Py
Ref. € ¢
[pm] [mm] [GHz] V] [W/mm]
9 1.6
[7] 0.2 0.1 8
15 2.4
10 2.3
0.09
15 3.4
[8] 0.2 6
10 2.1
0.19
15 3.0
[9] 0.09 0.08 28 5 1.5
[10] 0.1 0.2 34 10 2.8
12 2.3
[11] 0.04 - 26.5-40
14 2.7
[12] 0.15 0.1 30 6 1.2
5 1.5
this work 0.3 1 5 8 2.7
12 4.2




VI. CONCLUSION

In this paper, the DC and RF performance of our low
voltage AlInN/GaN HEMTs on Si substrates is presented. DC
and pulsed-IV characteristics highlight the relatively small
effect of traps on the device performance whilst demonstrating
the excellent on-state performance. A best-in-class low
voltage power density of 1.52 W/mm and PAE of 62.7 % at a
bias voltage of 5 V was obtained from the load-pull
measurement at 5 GHz. The device shows excellent
performance over a supply range from 1.5 V up to 12 V
thanks to the low knee-voltage, high breakdown and low
trapping effects. This high RF performance is ideally suited to
low-voltage operation power amplifiers for the user equipment
in the sub-6 GHz frequency range. Furthermore, the fact that
this performance was obtained using silicon substrates,
permits the economies of wafer scale required for high volume
applications.
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