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Abstract: Graded AlGaN channel High-Electron Mobility Transistor (HEMT) technology is emerging
as a strong candidate for millimeter-wave applications, as superior efficiency and linearity perfor-
mances can be achieved. In this paper, graded channel AlGaN/GaN HEMTs are investigated with
the aim of further understanding the benefit of the graded AlGaN channel compared to more conven-
tional GaN channel HEMTs. Our study employed a comprehensive simulation workflow including
an extensive calibration of direct current (DC), S-parameter, large signal, and linearity characteristics
at 30 GHz. Through device modeling and implementation of circuit-level simulation using Advanced
Design System (ADS, 2023) software, both linearity and large signal performances could be mimicked
remarkably. In agreement with previous studies, the results show that graded channel technology
allows for a modified electron confinement leading to a 3D electron gas (3DEG). Consequently,
the electric field peak inside of the channel is reduced without degrading the radio frequency (RF)
performance, as the electron velocity is improved, thus offering a more linear transconductance and
better linearity performances. As a result, for graded AlGaN channel HEMTs, a 6 dB output power
back-off from peak power-added efficiency (PAE) is needed to achieve a carrier with a third-order
intermodulation (C/IM3) ratio of 30 dBc against 9 dB for conventional AlGaN/GaN HEMTs with a
lower associated PAE.

Keywords: AlGaN graded channel; HEMT;, transconductance; linearity; simulations

1. Introduction

Gallium Nitride (GaN) High-Electron Mobility Transistors (HEMTs) have drawn great
attention owing to their potential for high-power millimeter-wave (mmW) applications. To
respond to this trend, a number of GaN HEMT technologies have made great strides and
shown significant progress to achieve high device efficiency. However, combining high
linearity and efficiency in high-power GaN devices is still challenging in the mm-wave
range. For instance, ultrathin AIN barrier GaN HEMTs exhibiting outstanding Ka-band
performance [1,2], such as continuous wave (CW) power-added efficiency (PAE) above
65% under output power (Poyt) > 3 W/mm at a drain-source voltage (Vps) of 20 V [2].
N-polar GaN devices showed excellent performances at 94 GHz with a record PAE of 53.4%
and a Poyr of 3.4 W/mm at Vpg = 12 V [3,4]. Linearity measurements at 30 GHz also
demonstrate the capabilities of N-polar technology, achieving a C/I ratio above 37 dBc but
under 10 dB output power back-off conditions, which results in a severely degraded PAE
of around 15% [5,6]. FInFET or BRIDGE-FET technologies are another emerging approach
to achieving linear devices. Results indicate that optimizing gate-metal design offers the
possibility to boost the linearity, resulting in a flat transconductance [7-10]. However, it
can be pointed out that adding metals introduces additional capacitances, which in turn
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may degrade the overall RF performances, and they can be complex to implement on an
industrial scale.

In recent years, graded channel (GC) AlGaN/GaN transistors have shown state-of-
the-art results up to the W-band [11] while also exhibiting excellent linearity characteristics
at 30 GHz [12]. The structure incorporates a 60 nm T-gate with a mini-field plate to
reduce the peak electric field with regrown n+ ohmic contacts to maximize the power
gain and the drain current density [13]. The epi-structure consists of a standard AlGaN
barrier layer of 15 nm, a 20 nm thick GaN channel, and a 1-micron AlGaN back barrier to
confine electrons in the two-dimensional electron gas (2DEG) and prevent short-channel
effects with short gate lengths. A key feature of this technology is the insertion of a
thin, graded AlGaN layer with an Al composition ranging from 0% to 10% between
the AlGaN barrier and the GaN channel. It is worth noting that the graded channel
architecture is fully reproducible, with no reported issues related to additional processing
steps. This design enables high linear transconductance exceeding 500 mS/mm, with
Fr/Fmax values of 150 GHz and 300 GHz, respectively [13]. The graded AlGaN channel
represents the best combination of high efficiency and linearity to date for Ga-polar HEMTs,
achieving a C/I ratio above 30 dBc while maintaining a high PAE of 50% [12]. To further
understand the benefit of this technology, several studies have been carried out showing
that the graded AlGaN channel induces a distributed three-dimensional charge (3DEG)
profile and eliminates the abrupt bandgap compared to a conventional AlGaN/GaN
heterojunction [14-17]. The formation and distribution of charges along the graded channel
involve multiple mechanisms, including the reduction of the electric field in the channel
at the gate edge towards the drain without additional induced capacitances. Moreover,
Gy shows a much flatter shape beyond the peak compared to conventional AlGaN/GaN
HEMTs, where the Gy exhibits a sharp peak followed by an abrupt fall-off, leading to
poorer linearity [18,19]. This phenomenon is mainly due to the reduced electron velocity
from hot phonon scattering effects at high carrier density [20,21] and an increase in source
access resistance [22]. The capacitances are also affected, and they are lower compared to
those in AlGaN/GaN HEMTs. Notably, the gate-source capacitance (Cgg) exhibits a softer,
less abrupt characteristic, which can improve device linearity [18,23].

In this paper, we introduce a simulation method that spans from the device to the
circuit level, which enables mimicking the loadpull and linearity characteristics for a better
understanding of the device technology. Subsequently, a proper comparison of graded
AlGaN channel HEMTs and conventional AlGaN/GaN HEMTs is carried out, reflecting
the main benefits through large signal and linearity characteristics.

2. Workflow Validation and Data Calibration

The simulation workflow involves three levels: device-level simulation (level 1),
compact data modeling (level 2), and circuit-level simulation (level 3), as shown in the
flowchart below (Figure 1). It is important to note that all three levels of this workflow are
interconnected, allowing data to be retrofitted at each level.

L. Device-Level 2. Compact data modelling SHGIEn 2 AL
. y . Harmonic Balance Simulatiol
ATLAS, SILVACO <:> ICCAP, Keysight <:> rm "/lxDs Krcn gi(’ll]ltnu fon
DC, small signal calibrations S, Keysig

Angeloy GaN-FET model Large signal & Linearity

Figure 1. Flowchart showing three different levels involved in the simulation workflow.

Level 1 is a device-level Technology Computer-Aided Design (TCAD) simulation
performed using SILVACO ATLAS (2024, version 5.38.0.R). It involves the device design
structure, especially the epitaxial layer compositions and thicknesses, followed by transistor
properties, such as 2DEG properties, electron mobility (u), and carrier concentration (ns)
via physics-based models. However, calibration of DC and RF characteristics against the
experimental results is necessary to validate the simulated device. Shockley—Read-Hall
recombination (SRH), Fermi-Dirac (FERMI) statistics, the parallel field mobility (FLDMOB)
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model, and the temperature-dependent low field model (Farahmand Modified Caughey
Thomas—FMCT) are used to achieve device calibration. To complete level 1, TCAD
simulation has been performed on HRL devices [12,13]. The active regions consist of a 1 pm
Alp0sGapgsN buffer, a 20 nm thick GaN channel layer, and a 6 nm thick linearly graded
AlGaN channel layer with an Al composition spanning from 0% to 10%. The barrier layer is
15 nm thick Alj»5Gag 75N with n* regrown GaN regions to achieve low contact resistances.
The T-gate length is 50 nm, and the source-drain contact distance is 0.5 um. The carrier
concentration is 9.0 x 10'> cm~2, and the mobility is 1500 cm?/Vs.

Figure 2a presents the simulated structure in ATLAS. A cutline is used through
the structure under the gate to the GaN channel, showing the Al-profiles of each layer
(Figure 2b). Corresponding DC and RF small signal calibrations with experimental data
are shown in Figure 2c,d. Excellent matching between the experimental data and TCAD
simulations could be obtained. A similar transconductance shape (Gy; peak = 515 mS/mm)
and an Ip Vg curve with an identical maximum current have been reproduced, resulting
in Fr (165 GHz TCAD vs. 158 GHz exp. data) and Fyax (290 GHz TCAD vs. 308 GHz
exp. data) fully in agreement with the experimental data. Level 2 involves the generation
of a compact and non-linear transistor model for TCAD-simulated data. The extraction
of compact model parameters is completed using a commercially available software IC-
CAP (2023). We selected the Angelov GaN Model, a well-established mathematical model
dedicated to GaN FETs [24,25]. Parameter extraction includes several steps and requires
multiple iterations to reach sufficient matching between TCAD data and the model [26].
Figure 3 shows the qualitative DC fitting of TCAD data with the Angelov model imported
into ICCAP. After satisfactory fitting, the model parameters are exported as “.mps” files,
which are readable by the circuit-level simulator ADS.

(a) Graded AlGaN channel HEMT (b)
gite 0.24 ;
n 15nm
urce drain 0.2 Alo.zs(.;aN
gite E barrier 20nm GaN
Regrown Regrown S Gnnvgraded channel
GaN n+ GaN channel GaN n+ .ﬁ oz AlGaN
g 4 o0>10%AL |
E 0.08 —] \
o ]
Materials - —
- S < 0.04 — -
ATLAS et = Gate
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Cutline
(c) (d)
800 T T T T 50 T T
—— Exp.data — Exp.data
T 700 | ¢ ATLAS simulation | o e ATLAS simulation
£ DS —, T 40F o
3 600 ®
E s
‘;;) 500 ® 30
=] ]
=400} s
E -
£ 300 2201 msemac
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Figure 2. (a) Simulated graded AlGaN channel, (b) Al-profiles along the structure, (c) simulated DC,
and (d) RF small signal characteristics vs. exp. data [12,13].
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Figure 3. DC fitting vs. Angelov model (a) IpVp, (b) IpV for graded AlGaN channel HEMT.

Level 3 is a circuit-level simulation performed using ADS. The compact, non-linear
model from ICCAP to ADS is a custom-made GaN HEMT, which acts as the device under
test (DUT) for harmonic balance simulations to predict active loadpull and two-tone
linearity characteristics at 30 GHz. Figure 4 shows a strong agreement between simulated
large signal and linearity characteristics with the experimental data [12]. It is worth noting
that extensive parameter tuning—over hundreds of iterations—was required to achieve a
good match between TCAD data and the Angelov model. In particular, the capacitances
Ccs, Cap, and Cpg played a key role in achieving these results. Furthermore, the Angelov
model exported to ADS is calibrated only for a specific bias point (in this case, Vpg = 14 V);
operation at different voltages would require further parameter adjustment.

(a) (b)
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Exp.data 60 | Exp.data -l
40 | e Simulation results 960 ® Simulation results 4
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a0} ]
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Figure 4. (a) One-tone large signal simulation vs. exp. data, (b) two-tone linearity simulation vs. exp.
data [12].

A comparable max PAE of 65% at Vpg = 14 V is obtained (Figure 4a) with an associated
Pour of 3.3 W/mm (3.0 W/mm reported) with a quasi-identical impedance matching of
I=0.763 > 23° (0.76 > 28° reported). Similarly, a close matching of C/I ratio is observed,
which is found to be greater than 30 dBc with an associated PAE of 46% at 6 dB output
power back-off from the peak PAE, as shown in Figure 4b.

3. Graded Channel vs. AlGaN/GaN HEMT

Based on this extensive calibration, including DC, RF, loadpull, and linearity perfor-
mances, a comparison of the graded AlGaN channel with a conventional AlIGaN/GaN
HEMT has been carried out. The full workflow has been applied in similar structures with
and without the graded AlGaN channel. Figure 5a,b illustrate the two structures designed
in TCAD, along with their corresponding conduction band diagram (eV) and electron
concentration (/ cm3 ), as shown in Figure 5¢,d. These data were obtained directly from
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cutlines through both structures with no applied bias. The conduction band diagram for
the graded AlGaN channel (Figure 5c) reveals a broader electron distribution compared to
the conventional AlGaN/GaN HEMT (Figure 5d). In the standard AlGaN/GaN HEMT, a
typical carrier distribution is observed at the heterojunction, where electrons are tightly
confined at the interface, resulting in a sharp electron density between the AlGaN barrier
and the GaN channel. In contrast, as reported [17,27], the graded structure confines elec-
trons in a volume charge density, which locally reduces the charge density in the channel.
This effect causes electron spreading across the graded channel, forming a 3D electron gas
(3DEG) over an approximate width of 6 nm. Thus, a higher 2DEG of 1.5 x 103 cm~2 was
fixed for the conventional AlGaN/GaN HEMT with a mobility of 1500 cm?/Vs.

(a)  Graded channel HEMT (b) AlGaN/GaN HEMT
G G
S SiN SN D s SiN SiN D
nt | 15nm Alo2sGao.7sN s n+  15nm Alo2sGao7sN [y
GaN 6nm Graded AlIGaN GaN GaN GaN
20nm GaN
20nm GaN
1 pm Alo.0sGo.ssN 1 um Alo.0sGo.ssN
SiC substrate SiC substrate
(c) (d)
2.0 — 6E+19 20 T . 6E+19
Graded AlGaN GaN ch | s
g'aerﬁ:r :AlGaN: GaN channel —5E+19€ Barrier : e ehanne [
S15L channel, s S15¢ | b &
< : = 2 =
z v J4E+195 2 : JE+19
S10} | i T S0t i ] ®
H I I PEH9E S I 13E+19 §
Sos} ! | S Sost ' 1 5
5 | {2E+192 8 ! 2E+19 ©
<] | ! S o H
© ool \ g ° 3
. L2 {iE+198  00F 1E+19 9
A | w w
05 T . . 0E+00 05 . . 0E+00
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
y-direction (um) y-direction (um)

Figure 5. (a) Simulated graded AlGaN channel HEMT, (b) conventional AlIGaN/GaN HEMT, (c) ex-
tracted conduction band diagram of graded AlGaN channel, (d) conventional AlGaN/GaN HEMT.

Figure 6 presents a comparison of Gy (Figure 6a), its first derivative (Gyy) (Figure 6b),
its second derivative (Gy») (Figure 6¢), and small signal characteristics (Figure 6d) at
Vps =5V for both structures. The plots have been aligned to compensate for the shift in the
threshold voltage that results from the different 2DEG properties. Higher transconductance
as well as Fr/Fyax are found for the AlGaN/GaN HEMT. This is due to the higher
carrier concentration in the channel. However, the graded channel enables a much flatter
Gy, indicating better linearity performance. From Figure 6a, a simple calculation of the
difference in the Gy peax and the Gy at a voltage range of 1 V can be applied for both
structures. This parameter can define a “roll-off” factor. For the graded AlGaN channel,
the difference is equal to 93 mS/mm (18% decrease), whereas for the AlGaN/GaN HEMT,
the difference is 245 mS/mm (39% decrease). This confirms the better flatness of Gy for the
graded channel HEMT. The improved linearity is also reflected on Gyy and Gyy». In fact,
the amplitudes of the derivatives are smaller for the graded channel, suggesting less of an
impact of intermodulation distortions.
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Figure 6. Simulated Gy (a), Gyy (b), Gy (c) of graded channel and AlGaN/GaN HEMTs and (d) RF
small signal characteristics comparison.

To further study the formation of the 3DEG and its impact on the Gy shape, the lateral
electric field has been extracted for both structures at peak Gy bias and Vpg = 10 V along
the channel (Figure 7). From TCAD simulations, it appears that the graded AlGaN channel
HEMT (Figure 7a) enables a reduction of the electric field compared with the standard GaN
channel (Figure 7b). The peak electric field in the channel is equal to 1.40 MV /cm against
1.90 MV/cm for the AlIGaN/GaN HEMT. Electric field profiles have been extracted using a
cutline along the channel from the gate to the drain edge. Figure 7c shows that the graded
channel allows for a 25% reduction in the peak field, which is consistent with previous
reports [27,28].

(a) (b) (c)
Graded channel ‘ Peak Gy, bias AlGaN/GaN HEMT Peak Gy, bias @Vps = 10V | AlGaN/GaN HEMT
HEMT Vps = 10V Vps =10V y Graded channel HEMT||
I

N
»

N
o
T

aN
Graded channel

N
o

"25% eletric field reduction-|

GaN channe

o
®

E Field (V/cm) E Field (V/cm)
3.5e+06 3.5e+06

Eletric field (MV/cm)
N
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2.26e+06 2.26e+06 04
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Figure 7. Electric field distribution for graded channel (a), AlGaN/GaN HEMT (b) and electric field
profiles comparison (c), extracted from ATLAS.
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In terms of RF small signal performances, the cut-off frequency (Fr) was also extracted
from S-parameter simulations for various Vgs for both devices. As shown in Figure 6,
the graded channel has a more linear transconductance, enabling it to maintain high Fr
values over a wider Vg range (Figure 8a). In contrast, the AlIGaN/GaN device achieves a
higher Fr peak but over a narrower Vg range. This behavior is attributed to the ability
of the graded channel to handle greater electron velocity saturation compared with the
conventional AlGaN/GaN structure. Specifically, the channel velocity has been extracted
from TCAD simulations for both structures.

(a) (b)

250 T T T T T 2.4x107 T T T T
—eo— AlGaN/GaN HEMT G —e— AlGaN/GaN HEMT
200 == Graded channel HEMT| E —e— Graded channel HEMT
L T O
3 22.0x107 ]
| ™~ | )
< 150 &~ °
T \ N >
o ® 3 1.6x107 F 1
- 100 N . 1 €
('8 o \. E
o
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_. %
0 o L @Vps =5V 2 @Vps =5V
Il 1 1 1 1 80x1 06 1 1 1 1 1 1 1
-4 -3 -2 -1 0 0 200 400 600 800 1000 1200
Vs (V) Ips (mA/mm)

Figure 8. (a) Simulated Fy comparison between AlGaN/GaN and graded channel HEMT at Vpg =5V
for different Vg, (b) simulated maximal channel velocity at different current levels.

Figure 8b indicates that the graded channel is less affected by the saturation velocity
limitation caused by hot phonon scattering. This is due to the 3DEG configuration, resulting
in a more linear Gy response. To quantify the benefits of the graded AlGaN channel, the
simulation workflow described initially was applied to the simulated AlGaN/GaN HEMT.
Figure 9 presents the DC fitting between TCAD data and the Angelov model (ICCAP,
level 2). The model was computed and exported to ADS to compare the large signal and
linearity characteristics of both devices.

(a) (b)

14 ' TCAD

Vac =05V 1 14+ OI TCAb
Angelov Model 89 Angelov Model

12t 1 121

1.0} 1 1.0r
- - Vps = 15V
E € DS
£ 08} 1 Eo08f
< <
o 06} 1 «06¢
a a

04t ] 0.4

02f 1 02}t

0.0} et 1 0.0

0 5 10 15 5 4 3 2 1 0
Vps (V) VesV)

Figure 9. DC fitting vs. Angelov model (a) IpVp, (b) IpV for AlGaN/GaN HEMT.

Figure 10 depicts the large signal comparison between both devices at 30 GHz using
an identical impedance matching. At the same bias (Vpg = 14 V), a higher PAE (68.5%)
is observed for the conventional AlGaN/GaN HEMTs with a comparable Poyt. This is
consistent with the higher power gain for the conventional GaN channel (16.3 dB vs. 15.2 dB
for the graded channel) owing to a higher peak transconductance. On the other hand, the
linearity performance (Figure 11) at Pyy = 12 dBm reveals that the graded AlGaN channel
has a C/I ratio of 17.5 dBc near the maximum PAE.
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Figure 10. Large signal performance comparison between graded channel (a) and AlGaN/GaN
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Figure 11. Linearity performance comparison between graded channel (a) and AlGaN/GaN
HEMT (b).

This is higher than the conventional AlGaN/GaN HEMT, which delivers a C/I ratio
of 16.5 dBc, showing a degraded linearity near the maximum PAE. When focusing on the
linear regime, at C/I = 30 dBc, a 6 dB output power back-off is required for the graded
AlGaN channel HEMTs delivering an associated PAE of 46%. In contrast, conventional
AlGaN/GaN HEMTs reach a C/I =30 dBc at 9 dB output power back-off with an associated
PAE of 35.5%. A significantly higher back-off is needed from the maximum PAE to achieve
a linear regime for conventional GaN channel HEMTs, which is attributed to the higher
electric field peak at the gate edge. Indeed, spreading the electric field enables mitigating
hot electron effects, as energetic carriers can interact non-linearly with the lattice, leading
to phenomena like impact ionization and trap generation, which introduce distortion.
Thus, the graded AlGaN channel HEMT offers an advantageous performance compared to
standard AlGaN/GaN HEMTSs, enabling it to combine a high PAE with excellent linearity,
as required for future mmW applications.

4. Conclusions

For a high frequency beyond 30 GHz, a graded AlGaN channel HEMT is an attractive
solution to overcome the trade-off between high linearity and high power-added efficiency
compared to the conventional AlIGaN/GaN HEMT. In this work, large signal and linearity
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performances of promising graded channel-based HEMTs fabricated using HRL have
been successfully reproduced by employing a hybrid simulation method for the first time.
The simulation approach consists of three different levels, including ATLAS (SILVACO),
compact transistor modeling (Angelov GaN Model, ICCAP), and circuit-level simulation
(ADS). Subsequently, a comparison with conventional AlGaN/GaN HEMTs shows the
benefit of the graded AlGaN channel HEMTs. Indeed, the formation of a 3DEG enables
spreading the electric field (similarly to field plates but without the drawback of a parasitic
capacitance penalty) and improving the channel velocity, thus enabling flat Gy; and the
device’s linearity. The linearity and power-added efficiency combination improvement
could be quantified. The proposed method allows for further understanding of advanced
RF devices in operational conditions. This may guide engineers in optimizing device
architecture for practical applications and lead to more sustainable manufacturing practices.
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