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Abstract—In this work, a system-technology co-optimization
(STCO) of the AlGaN/GaN multimetal gated (MMG) HEMT
architecture for third-order transconductance (gm3) engineering
and linearity improvement in the presence of fermi-level pinning
(FLP) is reported. Through technology computer-aided design
(TCAD), compact modeling, load-pull simulations and modulated
signal simulations, it is shown that despite incorporating FLP,
employing MMG scheme improves device level gm3 - suppres-
sion, leading to an improvement in output-referred third-order
intercept point per unit dc power (OIP3/PDC) and third order in-
termodulation distortion (IMD3). Remarkably, OIP3/PDC of 18.9
dB is obtained considering an FLP factor of 0.43, which is a 10.7
dB improvement over the conventional HEMT. MMG HEMT
exhibits an output-referred 1-dB compression point (P1-dB) of 3.60
W/mm, compared to 0.60 W/mm for the standard/conventional
case. A comparative analysis on output power back-off (OBO)
for conventional and MMG HEMT with different FLP factors
establishes MMG as a robust architecture to FLP. Simulations
involving 5G FR1 signals demonstrate that the adjacent channel
power ratio (ACPR) is sustained below −40 dBc up to an output
power of 20 dBm. 2.6% lower error vector magnitude (EVM)
than baseline case is achieved by MMG HEMT at 5 GHz, under
100 MHz 64-QAM OFDM signals.

Index Terms—5G, Linearity, AlGaN/GaN, High Electron Mo-
bility Transistor (HEMT), Multi-Metal Gate (MMG), Fermi Level
Pinning, OIP3/PDC, EVM, ACPR.

I. INTRODUCTION

5G and beyond technology is positioned to drive the evo-
lution of mobile connectivity and internet of things (IoT)

applications [1], [2]. This high-frequency technology facili-
tates the efficient operation of modern mobile base stations,
which necessitate high power density to transmit signals over
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extended distances. High-frequency and high power system-
on-chip (SoC) devices are also essential to support high-
speed end-to-end communication [3]. Gallium Nitride (GaN)
technology demonstrates the best-in class RF front-end per-
formance with a superior power density and power added
efficiency (PAE) combination [4]–[7] compared to what is
achievable by SOI, bulk CMOS, SiGe HBT, and other III-V
HEMT/HBT technologies [8].

To reduce adjacent channel interference in the heavily
packed 5G frequency bands, power amplifiers (PA) used in
base stations must be highly linear, posing a substantial chal-
lenge for GaN HEMTs [9]. Furthermore, 5G communication
involves high uplink and downlink transmission speeds, neces-
sitating the use of higher-order modulation methods [10], [11].
Consequently, to maintain stringent linearity requirements, the
PAs are required to operate at high peak-to-average power ratio
(PAPR) and output power back-off (OBO), limiting the RF
front-end performance.

Recent device-level works to achieve a linear PA include
epitaxial modification such as PolFET [12], [13], graded chan-
nel HEMT [14], [15], closely coupled channel [16] HEMTs
etc. Architectural modification such as variable fin width
[17], multimetal gated HEMT [18], selective area charge
implantation [19], buried gate [20], transitional recessed gate
[21] have also been proposed. Of the various factors at the
device-level that contribute to the nonlinearity of a signal in a
PA, it is the third-order transconductance (gm3) that exerts the
most significant influence (48% contribution) [22]. Threshold
voltage (VT H ) engineering is an effective technique for the
reduction of gm3, and hence, the improvement of system-level
linearity performance [23].

Azad et al. [18] proposed Multimetal gated (MMG) HEMT
that employs threshold modulation technique using multiple
metals as gate material along the width of the device. A 6.3
dB improvement in OIP3/PDC was achieved in the GaN HEMT
PA after reducing the third-order transconductance (gm3) of the
device by a factor of 3. Third-order transconductance (gm3) is
defined as

gm3 =
d3IDS

dV 3
GS

(1)

The MMG HEMT achieves VTH modulation by employing
metals with different metal work-function. These metals form
varied Schottky barrier height (SBH) at the metal/AlGaN
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interface, which, in turn, produces transistors with distinct
threshold voltages in a single device.

The threshold voltage is related to the SBH by the following
equation:

VT H = φB −
∆EC

q
− qNdd2

2εN
(2)

Here, φ B is the SBH, ∆Ec is the conduction band offset,
q is the charge of electron, Nd is the doping concentration
in barrier, d is the thickness of the barrier and εN is the
permittivity of barrier meterial. In this context, fermi-level
pinning (FLP) represents a significant issue that affects the
modulation of threshold voltages. FLP depends highly on
sample preparation, surface treatment, and post gate annealing
[24]. However, despite several experimental reports on FLP,
there is a lack of studies to understand the device performance
in the presence of FLP. Such a problem becomes more
pronounced in an MMG architecture. In MMG scheme, the
modulation of VTH was achieved by placing different metals
along the width of the device. However, previous work [18]
on MMG HEMT assumed an ideal Schottky behavior of the
metal/AlGaN contacts without considering FLP, a first-order
non-ideal effect of practical metal/semiconductor contacts.

This work, extended from a conference report [25], involves
the study of seven metals for MMG architecture in the pres-
ence of FLP and provides a detailed system-technology co-
optimization (STCO) of the issues that impact MMG HEMT.
Specifically, two distinctive areas are explored that were not
addressed before in previous work [18] : (i) modeling and
detailed explanation of practical problems with MMG HEMT
such as gate leakage and FLP (ii) an alternative method of
gate metalization to achieve the same effect as MMG HEMT.
Moreover, to verify the linearization technique, modulated sig-
nal performance (under 100 MHz 16-/64-QAM OFDM) using
5G FR1 communication standard is reported, whereas previous
works [18], [19] reported upto large-signal continuous wave
(CW) performances.

The organization of the article is as follows. Section II
presents the device structure and simulation methodology.
Section III describes the results and discussion that includes
TCAD simulation, gm3 optimization, large-signal CW and
modulated signal performance of the proposed MMG HEMT.
Section IV concludes the article.

II. DEVICE STRUCTURE AND SIMULATION
METHODOLOGY

In the schematic of the device active area, Fig. 1(a) shows
M1, M2 and M3, the representative metals placed along the
width of the device to modulate VTH. Another topology with
similar effects could be using different metals in distinct
fingers, as shown in Fig. 1(b) (M1 in finger 1, M2 in finger 2).
Fundamentally, both of these technique follow the principle
of parallel connected HEMTs (Fig. 1(c)), each with distinct
VTH to achieve a slow turn-on, and hence, lower values of the
derivatives of transconductance.

The simulation framework includes experimentally cali-
brated TCAD models [26], gm3 optimization, compact model-
ing, large-signal CW simulation and modulated signal simula-

Fig. 1. (a) The top-view schematic of the device active region displays
three separate gate metals across the width of a device finger. M1, M2,
and M3 are different metals with their numbers, widths, and work func-
tions as optimization parameters (b) An alternative configuration for the
multimetal gate involves using different metals as gate material for each
finger. (c) Circuit representation of the threshold modulation technique
using multimetal gate. This device imitates parallelly connected HEMTs
with common gate bias.

tion for performance evaluation of the PA, as reported in [27],
[28]. Key simulation parameters have been reported in [18].

The FLP effect has been considered in the simulation
framework through the dependence of the threshold voltage
of a HEMT on the SBH as given in Eq. 2. Ideally, VTH
modulation should be exactly 1 V for a change of 1 eV in
metal work-function (φ M), or in other words, a slope of 1
V/eV. However, FLP restricts the variation of SBH despite
a variation in φ M. In literature, in the presence of FLP, the
dependence of SBH on φ M is described by a slope parameter S
instead of ideal slope 1 V/eV. S = 1 implies the ideal case with
no pinning and S = 0 indicates that the fermi-level is pinned at
a certain energy level for all metals. Reports of metal/AlGaN
contacts show S values lower than 1 [29]. In this work, two
values (0.43 and 0.70) of S have been investigated to quantify
the effect on gm3 improvement (and therefore RF linearity) in
MMG HEMT. S is incorporated in the simulation through the
dependence of VTH on φ M as in Eq. 3.

S =
∆φB

∆φM
=

∆VT H

∆φM
< 1 (3)

The process followed to optimize gm3 (minimize over a large
range of VGS) is often termed as “gm compensation” [17].
gm3 curves of different metals were analytically superimposed.
Those metals will be distributed along the width of the
proposed HEMT. As a result, gm3 of each metal will be scaled
by their sub-gate (a portion of the gate formed by a single
metal) widths. The sub-gate widths {W1,W2, ..,WN} are then
used as the optimizing parameter in a linear mathematical
function as in Eq. 4.

gm3 =W1 ×gm3,M1 +W2 ×gm3,M2 + ....+WN ×gm3,MN (4)

If different metals were used for different gate fingers (Fig.
1(b)), a slightly different minimization technique would be
formulated, with only the metal types and work functions as
optimization parameters (the gate width for each finger will be
fixed). This leads to a superposition scope to minimize gm3. In
this work, we have studied the case where numbers of different
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Fig. 2. Calibration of TCAD simulation models based on experimental
data taken from [26]. (a) ID-VDS (b) ID-VGS and IG −VGS characteristics.

gate metals used, their widths, and work-functions could be
the optimization parameters (Fig. 1(a)).

III. RESULTS AND DISCUSSION

A. TCAD Simulation

After obtaining an excellent fit between TCAD simulations
and experimental data [26] (Fig. 2), the ID–VGS characteristics
for seven different metals (W, Ag, Ru, Ni, Au, Ir, and Pt) have
been simulated, as shown in Fig. 3(a). Seven metals with seven
different work-functions ranging from 4.55 to 5.70 eV [30],
[31] were chosen for this study. Gate work-function modulates
the threshold voltage of the HEMT and the ID–VGS curve
gets right-shifted in the VGS-axis with the increase of work
function, as shown in Fig. 3(a). ID–VGS curves of low work-
function metals show high leakage current (≈ 3×10-4 A/mm
for W), which is three orders of magnitude higher than metals
with high work-functions. (≈ 2×10-7 A/mm for Pt).

Fig. 3(b) shows the variation of VTH with respect to φ M
for different values of S. The standard deviation of threshold
voltage is 0.55 V for S = 1, 0.38 V for S = 0.70 and 0.24 V for
S = 0.43. This shift in threshold voltage eventually causes a
distribution of different metals’ gm3 curves across the VGS-axis
(Fig. 4(a)–(c)). It should be noted that the peak value of gm3
(normalized) remained the same for devices with individual
metals.

B. gm3 Optimization

As previously mentioned, MMG HEMT achieves the lower
gm3 through the superposition of adjacent gate-metals’ gm3.
Therefore, VTH distribution of the metals is an important factor
in the degree of optimization. Fig. 4(a)–(c) depict the gm3
profile for different FLP factors. The resulting decrease in the
standard deviation of VTH leads to a narrower optimization
window for gm3 cancellation. The metal work functions, and
their gate-widths are chosen by employing the optimization
technique explained in [18]. We choose Ni gated HEMT
as the control case (single gated/conventional HEMT) for
comparison.

Fig. 3. (a) Simulated ID-VGS characteristics of a recessed gate Al-
GaN/GaN HEMT with different gate metals. (b) Threshold variation with
gate-metal work-functions for different fermi-Level pinning factors, S. A
linear relation is preserved even though the standard deviations of VTH
values decrease with decreasing S.

Fig. 4. (a),(b) and (c) gm3 peaks of different metals get closer as the
pinning effect takes charge.(d), (e) and (f) Optimization of gm3 with an
optimized selection of metals (W-10.53%, Ag-5.26%, Ni-42.11%, Au-
10.53%, Ir-15.79%, Pt-15.79% for S = 1.00. W-19.5%, Ru-14.9%, Ni-
30.2%, Au-35.4% for S = 0.70, and W-18.7%, Ru-13.8%, Ni-23.7% Au-
43.8% for S = 0.43) as percentage of the device width considering FLP.
Comparison of (g) ID–VGS and (h) gm-VGS characteristics of conven-
tional AlGaN/GaN HEMT and proposed MMG AlGaN/GaN HEMT with
an optimized selection of metals, considering three FLP factors, S.

In [18], a 3× suppression of gm3 is achieved by an optimum
choice of six metals for S = 1. It was found that, the optimized
results benefit from the consideration of FLP. Notably, a 3.2×
and 3.4× reduction in gm3 is achieved for S = 0.70 and 0.43
respectively (Fig. 4(d–f)) using only four metals (W-19.5%,
Ru-14.9%, Ni-30.2%, Au-35.4% for S = 0.70, and W-18.7%,
Ru-13.8%, Ni-23.7% Au-43.8% for S = 0.43). To explain, the
metals chosen have work-functions which are relatively far
apart, but FLP allows the gm3 curves to fall within a narrow
optimization window. Thus, considering finite FLP leads to a
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better gm3 compensation which eventually results in a better
optimization with a smaller number of metals. The ID-VGS of
the conventional and MMG HEMTs are shown in Fig. 4(g).
Higher sub-threshold slope (SS) and higher off-state current
are (one order of magnitude) observed for MMG HEMTs. The
higher SS suggests a slower turn-on of the MMG HEMTs.
A slower turn-on of the transistor (near VGS≈VTH, which
corresponds to the quiescent bias point in deep class AB
operation) is highly desired to improve the linearity of highly
efficient deep class AB amplifiers [32]. In MMG HEMT, as SS
reaches approximately 1.6 times its initial value, the peak of
gm3 is subsequently reduced by a factor of 3. The increased SS
also causes a slight decrease in the peak value of gm, reducing
it by 6% in MMG HEMTs, as shown in Fig. 4(h). These
findings indicate a limit to the suppression of the gm3 peak
value.

Nevertheless, it may seem that a greater extent of FLP
would result in better gm3 suppression and enhanced linearity,
which is not the case. In fact, a complete pinning of the fermi
level (S=0) corresponds to the conventional device case of a
single metal (without any threshold variation). In this work, S
values reported in the literature for experimental cases were
considered.

C. Large-Signal Simulation

After the device-level engineering of MMG, compact mod-
els of the devices are done using MIT Virtual Source GaN-
HEMT (MVSG) model [33]. Results of single tone load pull
simulation at 5 GHz are illustrated in Fig. 5. The total gate
width is chosen as 100 µm for each transistor. The transistors
were biased at deep class AB (high efficiency, highly non-
linear region) with ID,Q = 50 mA/mm. Fig. 5(a) shows that, the
fundamental output power (Pout,fund) is identical for all cases
(conventional and MMG HEMT with three FLP factors).

The PA gain of the MMG HEMT is more linear than a
conventional HEMT (P1dB = 0.59 W/mm, 3.64 W/mm for
conventional HEMT and MMG (S = 0.43) HEMT respectively)
for a longer portion of input RF power, as depicted in Fig. 5(b).
Although at low output powers, the gain in MMG HEMTs
is lower by an insignificant amount, we ought to focus on
the high output power region (Pout ≈ 22dBm) since PAs are
required to operate at higher Pout. The gain compression of
the PAs suggest better linearity performance of the MMG
HEMTs as shown in Fig. 5(c). Soft compression of the
PAs are minimized in MMG HEMTs. Gain compression for
MMG HEMT (S = 0.43) is nearly zero until Pout = 24 dBm
(2.52 W/mm), a quality highly desirable by high power, high
efficiency PAs.

Two-tone load-pull simulation was conducted to evaluate
RF linearity. The center frequency was set at 5 GHz with
a frequency spacing of 10 MHz. A power sweep to find
out OIP3 and OIP3/PDC are shown in Fig. 6(a)–(b). The dc
quiescent bias point was chosen at VDS,Q = 28 V, ID,Q = 50
mA/mm. MMG HEMTs show considerably higher OIP3 and
OIP3/PDC.

Again, both PAs were biased at VDS,Q = 28 V and ID,Q =
{50, 73, 90, 105} mA/mm – all four corresponding to deep

Fig. 5. Single tone large signal simulation of the proposed and con-
ventional AlGaN/GaN HEMTs, showing (a) Fundamental output power,
Pout,fund (b) PA Gain and (c) Gain compression vs. Output power, Pout.
A flatter gain (with delayed gain compression) than in the conventional
case is achieved through the MMG architecture. The transistors are
biased at deep class AB with VDS,Q = 28 V, ID,Q = 50 mA/mm and f
= 5 GHz. In this work, the total gate width is 100 µm for each transistor.

class AB operation and the linearity metrics were extracted
at Pout = 15 dBm. The sweet spot for MMG HEMT shifts
to lower ID,Q (50 mA/mm, deeper class AB) with S = 0.43
when compared to no pinning considered (mid-level ID,Q =
73 mA/mm). The improvement in OIP3 is eventually better
in case of pinning factor S = 0.43, supporting the device
level optimization achieved (Fig. 6(c)). Improvement in OIP3
is 2.2 dB, 7.9 dB and 10.7 dB for S = 1, 0.70 and 0.43
respectively compared to conventional HEMT, at ID,Q = 50
mA/mm. OIP3/PDC is found the highest (18.9 dB) for S =
0.43, as shown in Fig. 6(d).

In GaN HEMT PAs, to maintain a desired level of IMD3,
OBO is a system-level requirement for PA operation, at the
expense of PAE [34]. This simulation demonstrates that the
required IMD3 can be obtained at lower OBO, even when
FLP is included in the simulation framework. Fig. 7(a) shows
the achieved IMD3 at three levels of OBO. After considering
practical FLP, a lower IMD3 value can be achieved, mani-
festing the viability of highly linear operation of the MMG
HEMT (13.9 dB lower than conventional HEMT at 6 dB OBO
with S = 0.43). The PAE vs. OBO trend demonstrated in
Fig. 7(b) confirms that, PAE is not compromised for linear
operation of PAs (37.2 % for MMG (S = 0.43), 31.4%
for conventional HEMT, at 6 dB OBO). At 6 dB OBO, a
consequent lower IMD3 and higher PAE relieve the linearity-
efficiency trade-off. To better illustrate, Fig. 7(c) plots PAE
values vs. IMD3. With IMD3 decreasing, PAE eventually
drops. However the PAE drop is delayed in MMG HEMTs.
At −40 dBc IMD3, the PAE values are 6.66%, 14.28%, 31%
and 37% for conventional HEMT, MMG HEMT with S = 1.00,
0.70 and 0.43 respectively.
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Fig. 6. (a) OIP3 and (b) OIP3/PDC vs. input power, Pin, extracted at ID,Q
= 50 mA/mm and VDS,Q = 28 V. (c) OIP3 (d) OIP3/PDC at different current
bias conditions show that MMG HEMT outperforms conventional HEMT
at three FLP factors. The data are extracted at Pout = 15 dBm output
power.

Fig. 7. (a) Improved (suppressed) IMD3 achieved for MMG (for all
finite FLPs) at lower OBO suggesting its viability as an effective device
to operate close to Psat. (b) PAE at different output power-back-off
(OBO) for conventional HEMT and MMG HEMTs, considering three FLP
factors. (c) IMD3 vs. PAE. At a certain IMD3, MMG HEMTs provide
higher PAE, alleviating the linearity-efficiency trade-off. (VDS,Q = 28 V,
ID,Q = 50 mA/mm)

In a bar plot, Fig. 8 shows delayed gain compression for
the three cases of MMG HEMT, validating MMG HEMT’s
capability to operate linearly at higher output powers. Though
Psat value is 1.6 W/mm lower in MMG (Fig. 8) with strong
FLP (S = 0.43) than conventional HEMT, a high-power linear
operation is only feasible in MMG.

D. Modulated Signal Simulation

Modulated signal simulations were done using a series of
5G FR1 signals. System level FOMs such as adjacent channel
power ratio (ACPR) and error vector magnitude (EVM) were
recorded at 5 GHz.

The output power spectral density (PSD) of the PAs are
depicted in Fig. 9, evaluated at Pout = 20 dBm. With a signal
bandwidth of 100 MHz, the MMG HEMT shows robustness

Fig. 8. Impact of FLP on output referred 1-dB compression point
(P1−dB) and Psat. Conv. represents the conventional HEMT. The rest
of the three cases correspond to MMG HEMT with three different FLP
factors. The results reflect MMG HEMT’s capability to operate linearly at
higher output power.

Fig. 9. Power spectral density (PSD) of conventional and MMG (S =
0.43) HEMTs at 5 GHz, (Pout = 20 dBm, Bandwidth = 100 MHz) (a) 16-
QAM OFDM and (b) 64-QAM OFDM signals.

in substantially reducing the side-lobes at 16-QAM (Fig. 9(a))
and 64-QAM (Fig. 9(b)) OFDM signals.

The constellation diagrams for 16-QAM OFDM signal are
shown in Fig. 10. A comparison between the PAs’ constella-
tion diagram illustrates that MMG HEMT’s distortion is less,
due to more linear nature of the PA.

Fig. 11 shows ACPR and EVM at different output power
levels under 100 MHz 16-/64-QAM modulated signals (0.4/0.6
Gb/s). MMG HEMTs achieved better than −40 dBc upto Pout
= 20 dBm for both 16-/64-QAM OFDM signals (Fig. 11(a–
b)). Evaluated at Pout = 20 dBm, MMG HEMT (S = 0.43)
exhibits 2% and 2.6% lower value of EVM for 16-/64-QAM
OFDM signals, compared to baseline case (Fig. 11(c–d)).

Fig. 10. Constellation diagram for (a) Conventional and (b) MMG
HEMT (S = 0.43) at 5 GHz under 100 MHz 16-QAM OFDM signal.
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Fig. 11. Modulated Signal performance of the conventional and pro-
posed MMG HEMTs at 5 GHz with different 5G FR1 signals. ACPR vs.
Pout at 100 MHz (a) 16 QAM OFDM (0.4 Gb/s) (b) 64 QAM OFDM (0.6
Gb/s). EVM vs. Pout at 100 MHz (c) 16-QAM OFDM (0.4 Gb/s) (d) 64-
QAM OFDM (0.6 Gb/s).

IV. CONCLUSION

The MMG architecture effectively enhances GaN HEMT
linearity by modulating VTH to suppress gm3. Two different
approaches to implement MMG HEMT are proposed : differ-
ent gate metals along the width of the finger, and different
metals in different fingers. Effect of FLP is considered in
the MMG architecture. A maximum of 3.4× reduction in
gm3 was achieved after optimization. This in turn, resulted in
10.7 dB improvement in OIP3/PDC compared to conventional
HEMT, in deep class AB operation. MMG HEMT exhibits
P1-dB of 25.6 dBm (3.6 W/mm), 7.9 dB (3 W/mm) higher
than conventional HEMT. Furthermore, distortion due to PA in
modulated signals is shown to be reduced. ACPR is maintained
below −40 dBc upto Pout = 20 dBm. EVM is reduced by 2.6%
in MMG architecture at 5 GHz, under a 100 MHz 64-QAM
OFDM signal. More broadly, this study links device-level
and system-level performance metrics, demonstrating that the
suppression of gm3 results in improved PA performance.
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