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Abstract— This work proposes a multi-metal gated archi-
tecture to improve the linearity of AlGaN/GaN high elec-
tron mobility transistor (HEMT). The general idea of this
architecture is to use different gate metals along the width
of the device. Through experimentally calibrated technol-
ogy computer-aided design (TCAD) simulation, a selection
of metals along with widths that yields the lowest value
of third-order transconductance (g,3;) has also been esti-
mated. Single tone large signal simulation of proposed de-
vice exhibits output-referred 1dB compression point (P4g)
of 1.81 W/mm, saturation output power (Ps.:) of 6.91 W/mm,
and maximum power added efficiency (PAE) of 65%, all
of which are better than simulations of standard/baseline
device structures. Two-tone large signal simulation shows
excellent linearity performance when biased at deep class
AB showing OIP3/Ppc of 13.7 dB which is 6.3 dB higher
and IMD3 of —45.7 dBc which is 12.9 dB lower than baseline
device at Vps q =28 V, Ip q = 73 mA/mm. These performance
matrices attest to the improved linearity performance of
the proposed device compared to conventional planar Al-
GaN/GaN HEMT.

Index Terms—5G, Linearity, AlIGaN/GaN, High Electron
Mobility Transistor (HEMT), Multi-Metal Gate (MMG),

[. INTRODUCTION

G/6G technology is poised to deliver the next generation of
mobile connectivity, internet of things (IoT) applications.
This high frequency technology supports the operation of
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modern mobile base stations which require high power density
to transmit signal over long distance. As compared to Si-based
Laterally Diffused Metal-Oxide-Semiconductor (LDMOS) (1
W/mm) [1] and GaAs (0.5-1.5 W/mm) [2], [3] technology,
GaN HEMTs have shown superior power density-PAE com-
binations of 40 W/mm-60% at 4 GHz [4], 30.6 W/mm-49.6%
at 8 GHz [5], 10.5 W/mm-34% at 40 GHz [6], 5.83W/mm-
38.5% at 94 GHz [7], which makes GaN HEMT an excellent
candidate for the next generation of high-frequency power
amplifiers. To this end, significant advancements have been
achieved over the years in GaN electronics [8] from device-
level breakthroughs such as MIS HEMT structure [9], N-polar
HEMT [7], FinFET [10], HEMT with back barrier [11] etc.

To avoid adjacent channel interference in the crowded 5G
bands, the power amplifiers used in the base stations require
high linearity, which constitutes a major challenge for GaN
HEMTs. Furthermore, 5G communication requires high uplink
and downlink transmission rates, which necessitate the use
of higher order constellations such as 256-QAM (quadrature
amplitude modulation) or higher. These modulation schemes
feature high peak-to-average power ratio (PAPR) and require
high output power back-off (OBO) because of linearity con-
straints. To effectively address the linearity-efficiency trade-
off, the improvement of linearity in GaN transistors is highly
desired.

To this end, various efforts have been made to improve
GaN transistor linearity which can be broadly divided into
two categories, first, the modification of epitaxial structure
e.g. PolFET [12], graded channel HEMT [13], [14], nanowire
channel [15], closely-coupled channel structure [16]. The other
category is improvement to the basic HEMT device architec-
ture e.g. FinFETs [17], variable-width fins [10], transitional
recessed gate [18], buried gate [19], lateral gate modulation
[20] and selective-area charge implantation [21]. While ex-
perimental results indicate promising performance, many of
these proposed devices require non-conventional and complex
epitaxial growth and/or device structures, which would limit
their monolithic integration in RF integrated circuits and their
widespread adoption in the growing world of 5G amplifiers.

Transconductance (g,,) and its derivatives are key device-
level DC parameters with significant implications to the power
amplifier’s signal non-linearity. Third-order transconductance
(gm3) 1s defined as Eq.1
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Fig. 2. Methodology of this study. The methodology follows TCAD
Substrate model calibration, TCAD simulation, compact modeling, and large signal
(a) circuit simulation, in chronological order.

Parameters Value (Lsp) of the device are 0.85 um and 2.81 um respectively.
Gate Length [um] Foot = 0.16, Head = 0.70 Other important structural parameters are listed in Fig. 1(b).
Bari - The MMG HEMT’s channel and source/drain access regions

arrier Layer Thickness [nm] 21 . . .
Al Mole Fract 025 are identical to the conventional planar HEMT. The gate of the
_oe raction i MMG HEMT is composed of different metals for threshold
Stem Height of Gate [um] 021 voltage variation. Due to differences in the processing con-
Gate Recess [nm] 10 ditions of various gate metal deposition steps, the interface
Gate-Drain Spacing [um] 1.8 of gate metal of the MMG HEMT would likely be different
(b) Gate-Source Spacing [um] 0.85 than planar HEMT. At the same time, the MMG HEMT
employs the same gate recess depth for each of the gate
Fig. 1. (a) 3D schematic of the proposed multi-metal gated AlGaN/GaN ~ metal regions. To simplify the schematic, 3 metals (M|—M3)

HEMT with optimized g3 characteristics. (b) Structural parameters of
the proposed device.
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This work proposes a novel multi-metal gated (MMG)
HEMT structure with improved linearity. A gate structure with
different metal work functions along the gate width is proposed
to optimize g,,3 profile. Up to 10 different metals are studied
to optimize linearity. As compared to earlier reported devices
of higher linearity, highlights of the proposed device include:
the device is based on a conventional AlIGaN/GaN epitaxial
structure, and the planar device architecture has been pre-
served, making it easier to integrate this device into complex
RF front-ends in the future. More importantly, this work offers
improved linearity in deep AB zone where the majority of the
high-efficiency power amplifiers (PAs) (e.g. mobile handsets,
5G base stations) operate. A simple optimization technique is
proposed to help choose the metal structures that maximize
linearity.

The organization of the article is as follows. Section II
presents device structure and simulation methodology. Section
IIT describes the results and discussion from device level
to circuit level and analyzes the origin of improvement of
linearity. Finally, Section IV concludes the article.
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[I. DEVICE STRUCTURE AND SIMULATION
METHODOLOGY
Fig. 1(a) shows a 3D schematic of the proposed multi-
metal gated (MMG) AlGaN/GaN HEMT. An undoped AlGaN
barrier has a thickness of 21 nm with a gate recess of 10 nm.
The source-gate distance (Lgs) and the source-drain distance

have been shown in Fig. 1(a) but the number of metals and
width of each metal heavily influence the peak of third-order
transconductance (g,,3) and hence is subjected to optimization
as will be discussed later.

The methodology adopted for this work is shown in Fig.
2. To calibrate the models (mobility, charge etc.) in Silvaco
TCAD [22], experimental data [23] of a planar AIGaN/GaN
HEMT has been matched. Exactly the same epitaxial structure
was used as [23] to calibrate the TCAD model. An excellent
fit is obtained between TCAD simulation and experimental
data, as illustrated in the output characteristics [Fig. 3(a)] and
transfer characteristics (including the sub-threshold region)
3(b)]. Subsequently, the proposed multi-metal gated HEMT is
simulated using the same model parameters (obtained from the
fitting) as shown in Fig. 3(c). The drain to source length (Lsp)
and gate to drain length (Lgp) were modified for the purpose
of the work to typical RF HEMTs suitable for operation at
Vps,o =28 V.

Then, an optimization algorithm is used to select the metals
and their corresponding widths that minimize g,,3. In order to
estimate the large signal RF performance, compact modeling
of both proposed device and planar HEMT was performed
using the MIT Virtual Source GaN-HEMT (MVSG) model
[24]. Single tone and two-tone large-signal simulations have
been conducted in Keysight ADS [25] to estimate the linearity
performance matrices of both devices.

I1l. RESULTS AND DISCUSSION
A. TCAD Simulation

After obtaining an excellent fit between TCAD simulations
and experimental data, the Ip-Vigs and Ip-Vpg characteristics
for 10 different metals (Ta, Ti, Cr, Ag, Ru, W, Au, Ni, Ir,
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Fig. 3. Calibration of TCAD simulation models based on experimental
data taken from [23] (a) Ip- Vps (b) Ip- Vs characteristics. (c) Simulation
parameters of the calibrated models.

Pt) have been simulated as shown in Fig. 4(a)—(b). Ten metals
with ten different work-functions ranging from 4.25 eV - 5.70
eV [26], [27] were chosen for this study. Gate work-function
modulates the threshold voltage of the HEMT and the Ip-
Vs curve gets right-shifted in Vg axis with the increase of
work-function as depicted in Fig. 4(a). Fig. 4(b) shows that
the saturation current decreases with an increase in work-
function. As the gate metal varies, so does the associated work
function of the metal, resulting in a shift in the threshold
voltage, as illustrated in Fig. 4(d). This shift in threshold
voltage eventually causes a distribution of different metals’
gm3 curves across the Vgg axis. In Fig. 4(c) , gm3 profile
peaks have a range of 1.52 V in the Vg axis, due to work-
function variation of the metals. It should be noted that, g,3
peak value (normalized) remained the same for devices of
individual metals. The dependence of the threshold voltage
on the work-function of gate metal of AlGaN/GaN HEMT can
be modeled by a linear equation Vyy[V]=1.01®[eV]/q—6.8,
where ¢ is the charge of an electron. The rate of change of
threshold voltage with respect to work-function is 1.01 V/eV.
This value is in good agreement with the experimental finding
that has been reported [28]. As a proof-of-concept study,
this work does not take into account the Fermi-level pinning
effect which is highly dependent on the sample preparation
and fabrication. Fermi level pinning factors of 0.81, 0.43
[29] and 0.71 [30] are reported, and would cause deviations
in the slope of the existing linear relationship between Vrgy
and ® as if S =1 (absence of Fermi-level pinning effect).
If Fermi level pinning is considered, the g,3 profiles would
have different positions due to a change in threshold voltage.
Nevertheless, the linear relationship between Vry and @ is
preserved, therefore maintaining the validity of the proposed
optimization algorithm for g,,3.

A slower turn-on of the transistor (near Vgs ~ Vrgy, which
corresponds to the quiescent bias point in deep AB operation)
is highly desired to improve the linearity of highly efficient
deep AB amplifiers [29]. The turn-on of the channel is
dependent on charge accumulation in the AIGaN/GaN channel.
Placing different metals as the gate material along the width
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Fig. 4. (a) Simulated Ip-Vgs (b) Ip-Vps and (c) gma vs. Vgs character-

istics of a recessed gated AlGaN/GaN HEMT with different gate metals.
(d) Dependence of threshold voltage on the work-function of gate metal
of AlGaN/GaN HEMT. The dependence is shown as a linear equation.

of the device would result in different Vyy values in different
regions of the device. The net effect is a slow turn-on as a
result of slower charge accumulation, which would lower the
gm3 of the proposed device at Vgs ~ Vry.

B. g3 Optimization

The proposed device is based on the superposition of
parallel connected GaN HEMTs [30] with slightly different
threshold voltages as demonstrated in Fig. 5(a). Different gate
metals My, M,,...,My result in transistors of distinct threshold
voltages Vr1,Vra,...,Vry. The choice of metals and their
respective gate widths (referred as sub-gates from now on)
are the goals of optimization.

While optimizing g,,3 this work ensures the intersection
of Ip-Vis characteristics of conventional planar HEMT and
MMG HEMT at class deep AB region so that both devices
can be biased at the same gate voltage and drain current in
order to compare their linearities.

The following algorithm was used to produce the best result
for a combination of 6 metals. The metals excluding Ni can be
divided into 2 categories. One category contains metals having
work-function less than Ni and the other category contains
the opposite. Fig. 5(b) shows the superposition of g,,3 for Ni-
and Ag-gated transistors, where Ag has a lower work-function
than Ni and hence a lower Vyy. This creates a Vg window
(—2.0 Vto —1.4 V) where g3 is lowered. On the other hand,
Fig. 5(c) shows the g3 superposition of Ni and Ir, where Ir
has a higher work-function than Ni and hence a higher Vry.
This also creates a Vg window (—1.4 V to —1.0 V) of lower
gm3. Concurrent superposition of g,3 of Ni with g,3 of Ir
and Ag without any optimization on their relative sub-gate
widths broadens the Vg window which is shown in Fig. 5(d).
Fig. 5(b)—(d) shows how the superposition of g,,3 of the sub-
gates with optimized weight (sub-gate widths in this case) can
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Fig. 5. (a) Multi-metal gated AlGaN/GaN HEMT acts like transis-
tors with different gate metals connected in parallel. g,,3 of the pro-
posed device will be an additive superposition of individual sub-gate’s
(M, Mz,..My) gms (b) Superposition of gms nj and gms ag at Vps =28 V
creating a minimization window from —2.0 V to —1.4 V (where Ag has
a lower @ than Ni) (c) Superposition of gz ni and gmzir at Vps = 28
V creating a minimization window from —1.4 V to —1.0 V (where Ir has
a higher @ than Ni) (d) A broader minimization window was achieved
through superposition of gma g, ma,ni @nd gma, ir-

generate a composite device having very low value of g,,3 over
a broad gate-bias range.

Consequently, in this work, the widths of the sub-gates
having lower and higher work-function than Ni are design
parameters to improve overall device linearity. Different sub-
gate structures will induce a positive and a negative peak
of g,3 at different gate voltages. Ni was chosen for the
reference Vry, and its vicinity as the window to reduce g,;3.
Superposition of g,,3 of sub-gates weighted by their respective
widths formulates the optimization equation in Fig. 5(a). The
nonlinear least squares method was used to get the optimized
sub-gate widths with minimal g,,3.

The proposed MMG HEMT turns on slowly with Vgg
compared to conventional planar HEMT as shown in Fig. 6(a),
in particular around the intersection point of the Ip-Vis curves
(Vgs = —1.12'V, Ip =73 mA/mm). The off-state current of the
MMG HEMT is impacted due to use of low work-function
metal sub-gates. However, the breakdown voltage remains
unaltered, as shown in Fig.6(b). Since, transconductance is
the rate of change of drain current with gate voltage, and
the highest rate of change of drain current is in the vicinity
of threshold voltage; a lower g, peak is a direct result of
slower turn on as shown in Fig. 6(c). The algorithm used in
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Fig. 6. Comparison of (a) Ip-Vgs (b) Off-state breakdown voltage,
BV (€) gm-Vgs and (d) gms- Vgs characteristics of conventional planar
AlGaN/GaN HEMT and proposed Multi-metal gated AIGaN/GaN HEMT
with an optimized selection of metals (W-10.53 %, Ag-5.26 %, Ni-42.11
%, Au-10.53 %, Ir-15.79 %, Pt-15.79 %) as percentage of the device
width.The inset of (a) shows the semi-logarithmic /p- Vs for MMG and
planar HEMT. The inset of (c) zooms into Ip-Vgs at Vgs =~ Vry and
illustrates the slower turn-on achieved by the proposed MMG HEMT.(e)
Dependence of g3 peak reduction on number of metals.

this work results in 3 times reduction in g,3 peak for the
proposed MMG HEMT in comparison to the conventional
planar HEMT as shown in Fig. 6(d). An analysis is also shown
in Fig. 6(e) which focuses on the selection of optimum number
of metals for g,3 peak reduction. The optimization improves
until the number of metals increases beyond 6. After that,
gm3 deteriorates. This is because when the number of metals
increases beyond 6, the positive and negative peaks of g3 of
some metals are too far away from the useful gate bias to have
a meaningful effect on the reduction of g,3 of Ni.

C. Compact Modeling

To estimate the circuit-level RF performance of the devices,
compact modeling of the new transistor structure and planar
HEMT structure is needed. This work uses the MVSG model
[24]. To obtain a good fit between the device characteristics
and compact modeling, various parameters have been tuned as
shown in Table 1. Fig. 7(a)—(b) shows excellent matching of
Ip-Vis and Ip-Vpg. The following parameters have the highest
weight when matching the I-V curves: threshold voltage
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Fig. 7. (a) Ip-Vgs and (b) Ip-Vpg characteristics of proposed device

exhibiting the accuracy of the compact model with respect to TCAD
simulation [24].

VGs vl

TABLE I. MVSG Model Parameters

Parameter MMG HEMT

Cq [nF-cm™?] 455

Ry, [Q/0] 300

to [em?-V—1.s~1 1650

deltal 0

betard 0.80

betars 0.74

deltalrd 2.0

deltalrs 2.0

(Vrm), access region sheet resistance (Ry,), DIBL for drain
access transistor (deltalrd), DIBL for source access transistor
(deltalrs), gate areal capacitance (Cg), subthreshold slope
(S), drain access areal capacitance (C,y), low field mobility
(Uo), DIBL (deltal), linear to saturation transition parameters
(betard, betars).

D. Large Signal Simulation

The planar model is a conventional Ni gated AlGaN/GaN
HEMT and the proposed HEMT is a multi-metal gated ar-
chitecture with optimized width of the chosen metals. After
tuning load and source impedances for optimum PAE, single-
tone large signal simulation of the proposed and conventional
AlGaN/GaN HEMT was performed at a frequency of 5 GHz
while biased at deep class AB. In the simulation, Vpgs o = 28
V, Vgso = —1.12 V (Ipp = 73 mA/mm), and the total gate
width of each device is 100 pum.

o
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Fig. 8. Single tone large signal simulation of the proposed and con-
ventional AIGaN/GaN HEMT biased at class AB with Vps=28V ,Vgs =
—1.12V, Ip g =73 mA/mm and f =5 GHz.

Fig. 8(a) shows that the maximum PAE of the MMG HEMT
obtained is 65% and Py, is 28.4 dBm. The soft compression
on AlGaN/GaN HEMT is delayed in the case of the MMG

HEMT. Fig. 8(b) shows that 1 dB compression point of the
MMG HEMT is at 22.58 dBm output power, while it is at
17.78 dBm for the planar HEMT which indicates nearly 5 dB
advantage in the output power in case of operating at 1 dB
compression point.
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Fig. 9. Two-tone load-pull results for conventional planar HEMT and
proposed MMG HEMT at different current bias (a) OIP3 (b) OIP3/Ppc
(c) IMD3 at different Ip g, (d) IMD3 at different output powers for
conventional planar HEMT and MMG HEMT. The sweet spot at /p q=73
mA/mm, where MMG HEMT has the best performance compared to
conventional HEMT is circled in (a),(b), and (c).

TABLE Il.  Summary of the performance metrics of the planar HEMT
and the MMG HEMT.

Parameter Planar HEMT MMG HEMT
Width [um] 100 100
Vps,o [V] 28 28
fr [GHz] 131 123
Sfmax [GHZ] 213 203
Vis,o [V] —1.12 —1.12
Ip,o [mA/mm] 73 73
I 0.86/2.88° 0.86/2.88°
s 0.884 —33.6° 0.88£ —33.6°
Linear Gain [dB] 9.75 9.56
Max. PAE [%] 63.55 65.00
Py [W/mm] 7.00 6.91
Pigp [W/mm] 0.595 1.81
OIP3/Ppc [dB] 7.40 13.7
IMD3 [dBc] —32.8 —45.7

For the two-tone load-pull setup, center frequency was
chosen at 5 GHz with a frequency spacing of 10 MHz.
Both conventional HEMT and MMG HEMT were biased at
Vps =28V and Ip g = {50,73,90,105} mA/mm. All four bias
points belong to the deep class AB region of operation. For a
fair comparison between two devices on large signal linearity,
the performance metrics were compared at a particular output
power (P,,). This article reports a sweet spot for the linearity
specifications while comparing the two devices. Among the
four quiescent bias points, at 73 mA/mm, the gate bias
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TABLE Ill.  Benchmarking of device-level load-pull and linearity figure of merits.
Reference Platform Transistor Type Frequency P, PAE OIP3  OIP3/Ppc
(GHz) (W/mm) (%) (dBm) (dB)

[10] MIT 2017 AlGaN/GaN Variable Width 6 1.90 - 36 20
Fin-HEMT

[12] OSU 2019 Graded AlGaN/GaN PolFET w/ 10 3.40 40 39 13.30
LPCVD-SiNy

[31] UCSB 2020  GaN/AlGaN (N-polar) N-polar GaN 30 0.30 17 32 15.00
MIS-HEMT

[32] NGC 2020 AlGaN/GaN Superlattice SLC FET 30 9.50 41 36 14.00

[19] Bilkent 2021  AlGaN/GaN Buried Gate 35 - - 31.7 -

[16] HKUST 2021  AlGaN/AIN/GaN/AIN/GaN Closely Coupled 4 1.62 43 339 -
Double-Channel
Structure

[33] UCAS 2022  AlGaN/GaN HEMT w/ 1 0.20 19 28.1 4.36
LPCVD-SiNy

[34] HRL 2022 AlGaN/Graded-AlGaN Graded Channel 30 - - 36 17.50

/GaN/AlGaN HEMT

[21] Xidian 2022  AlGaN/GaN HEMT w/ 12 6.70 47 39.2 11.20
selective-area charge
implantation

[35] Xidian 2023 ~ AlGaN/GaN/Graded-AlGaN:Si-  Double Channel 3.6 0.75 58 39.3 10.10

doped/GaN HEMT
This Work AlGaN/GaN MMG HEMT 5 6.91 65 34.9 13.70
[Simulation]

(Vgs,o = —1.12 V) is same for both devices. At Ipg =73
mA/mm, OIP3 for the planar device is 28.6 dBm, and 34.86
dBm for MMG HEMT, leaving a 6.26 dB improvement (Fig.
9(a)). At the same bias, OIP3/Pp¢ is 7.46 dB for planar HEMT
and 13.66 dB for the MMG HEMT, a 6.2 dB improvement as
depicted in Fig. 9(b). Fig. 9(c) shows a comparision between
two devices in terms of IMD3. At the reported sweet spot,
the planar HEMT has an IMD3 of —32.8 dBc whereas the
proposed MMG HEMT has an IMD3 of —45.7 dBc.

Table II summarizes the important figure of merits of the
transistors analyzed in this work. In the MMG HEMT, the
slight reduction in fr and fy,,, is mainly due to the drop
in maximum transconductance value. OIP3/Ppc and IMD3 in
Table II have been reported at P,,; = 15 dBm. In Fig. 9(d),
IMD3 of the two devices are compared for a range of output
power while biased at Ip g =73 mA/mm. The MMG HEMT
shows significantly improved IMD3 than the conventional
HEMT over a considerable range of output power (10 —20
dBm).

It is confirmed that, the device-level reduction on g,3 at
the bias point has resulted in better large-signal RF linearity
performance. Table III shows a comparison among high linear
AlGaN/GaN HEMT in recent years and MMG HEMT in terms
of linearity figure of merits. MMG HEMT can ensure excellent
linearity with high PAE and P,,, values.

V. CONCLUSION

This work proposes a multi-metal gated AIGaN/GaN HEMT
structure that achieves enhancement in linearity and high
power efficiency, which are both extremely important for 5G
communication. The proposed device exhibits 1 dB compres-
sion point of 22.6 dBm which is nearly 5 dB higher than
the conventional planar HEMT. Two-tone simulation result
shows that the proposed device shows an OIP3/Pp¢ of 13.7 dB
whereas that of the conventional planar HEMT is 7.4 dB while

biased at deep AB. These results highlight the improvement
in linearity and also show the high prospect of proposed
multi-metal gated AlGaN/GaN HEMT structure in the next
generation mobile communication.
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