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ABSTRACT
This study examines the extraction of small-signal equivalent circuit parameters, linearity and inter-
modulation metrics, and capacitance–voltage characteristics for both AlGaN and GaN channel
HEMTs. Compared to GaN channel HEMTs, AlGaN channel HEMTs have better linearity and inter-
modulation distortion. In the instance of AlGaN channel HEMTs, the device parasitics are decreased.
Additionally, the effect of graded AlGaN buffer layer thickness on breakdown characteristics and
linearity is examined. For breakdown characteristics, the 200 nm-graded AlGaN buffer layer thick-
ness yields superior results with VBOff 157 V for a thickness of 200 nm (147 V in the case of 500 nm).
At 200 nm thickness, the linearity and intermodulation distortion FOMs are also reasonably good,
and the remaining device properties are essentially unchanged. Hence, the graded AlGaN buffer
thickness can be reduced for high-voltage applications. For higher-voltage applications, the graded
AlGaN buffer thickness can, therefore, be decreased.
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1. INTRODUCTION

A lot of attention is paid towards designing electronic
devices used in high frequency, high temperature, and
high-power applications with the developed semicon-
ductor technology. In recent years, III-Nitride-based
conventional AlGaN/GaN High Electron Mobility Tran-
sistors (HEMTs) enable high temperature, high fre-
quency, high voltage and high-power operation owing to
the unique combination of physical properties, i.e. high
mobility, high critical electric field, high thermal con-
ductivity, high electron density and low on-resistance
[1–5]. Due to the high critical electric field of GaN,
the voltage sustainability between the drain and gate
is high. The breakdown mechanism occurs due to the
avalanche process near the gate edge on the gate-drain
side. For high breakdown voltage applications, several
AlGaN/GaN HEMTs have been designed but it is still far
from GaNmaterial limits due to many leakage paths and
deficient in avalanche-withstanding capabilities [6,7]. To
achieve higher breakdown voltage, the peak electric field
at the gate edge of the drain-gate side should be reduced.
A lot of studies have been carried out on breakdown
voltage improvement using different field plate struc-
tures such as overlapping gate structures (referred to as
gate field plates), source and drain field plates, 2- and 3-
step field plates, slant field plates, etc. [8–10]. For further

improvement of performance limits of GaN HEMTs in
breakdown voltages and device reliability at high tem-
peratures, AlGaN channel devices have been proposed
due to their superior thermal stability and larger bandgap
compared to GaN channel HEMTs [10–21]. Nanjo et al.
reported Al0.39Ga0.61N/Al0.16Ga0.84N HEMTs with the
AlN buffer layer, sufficiently suppressed off-state drain
leakage current which enhanced the breakdown voltage
(1700V) [10]. A novel hybrid (ohmic/Schottky) drain
contact with AlGaN channel HEMTS was fabricated by
Zhang et al. and more than 2200V breakdown volt-
age was obtained [13]. Wu et al. demonstrated Au-
free AlGaN-channel HEMTs and RBHEMTs on a sil-
icon substrate having −2 kV of VRB and 2 kV of VFB
[14]. Raman et al. calculated the power figure of merits
and demonstrated the AlGaN channel HEMTs’ poten-
tial for microwave power and high-voltage switching
applications [21]. FabricatedAlGaN channelHEMTwith
high mobility (807 cm2/V·s), maximum drain current
849mA/mm and ION/IOFF ratio ∼109 were reported
by Xiao et. al. [22]. Zhang et al. demonstrated the first
enhancement mode (E-mode) Al0.05Ga0.95N-channel p-
GaN gate injection transistors with threshold voltage
adjustable from 4V to 7V [23]. Several studies have
been carried out for the high-frequency applications of
AlGaN channel HEMT [24–26]. Moon et al. reported an
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extrinsic fT of 170GHz and fMAX of 363GHz at 50-nm
gate length for graded channel AlGaN/GaN HEMT [25].
High linearity and lower intermodulation distortion at
the output are essential parameters for all RF applications,
especially in communication systems [27,28]. Venkate-
san et al. reported POIP3 /Pdc of 19.4 dB for a linearly
graded channel, while the use of a square-root graded
channel further improved the linearity figure of merit of
a discrete device to 22.2 dB [28]. In [22], the fabricated
AlGaN channel HEMT and GaN channel HEMTs have
been reported with their I-V characteristics, breakdown
characteristics, and an improved breakdown voltage with
an increase in gate-drain distance (Lgd).

In this paper, the I-V characteristics were calibrated using
different models and tuning the model parameters to get
a good agreement between the experimental and simu-
lated results. This paper has focused on the comparative
study of linearity and intermodulation matrices, Capac-
itance–voltage characteristics, and small-signal equiva-
lent circuit parameter extraction for both AlGaN and
GaN channel HEMTs. In Section 2, the fabricated AlGaN
channel and GaN channel HEMT device structures are
described and give the workflow for the calibration of
Simulation models in TCAD for both AlGaN channel
andGaN channelHEMTs, as per the experimental results
reported in [22]. Section 3 describes the linearity and
intermodulation matrices, Capacitance–voltage charac-
teristics, and small-signal equivalent circuit parameter
extraction for both AlGaN and GaN channel HEMTs.
Also, the I-V characteristics, breakdown characteris-
tics, linearity and intermodulation matrices, Capaci-
tance–voltage characteristics, and small-signal equiva-
lent circuit parameter extraction for AlGaN channel
HEMTs with graded AlGaN buffer layer thickness are
investigated.

2. DEVICE STRUCTURE AND SIMULATION

A cross-sectional view of the device architectures viz.
AlGaN channel HEMT and GaN channel HEMT struc-
tures are shown in Figure 1(a,b) [22]. The AlGaN/GaN
HEMT structure with the same thickness of barrier layer
and buffer layer with AlGaN channel HEMT, using the
same device process was fabricated [22] to compare the
performances of the AlGaN channel HEMT with the
conventional GaN channel HEMT. The reason behind
the performance difference between these HEMTs can
be observed in Figure 1(c,d). The threshold voltage shift
(Figure 2) is because of the difference in total fixed charge.
Similar to the conventional GaNHEMT the 2DEG at het-
erojunction is formed by the spontaneous and piezoelec-
tric polarization sheet charges (Figure 1(d)). Due to the

Figure 1: (a) AlGaN channel and (b) GaN channel HEMT device
structures. (c) and (d) their respective charge diagrams

Figure 2: Comparison of experimental results with the simulated
results for Id–Vg characteristics at Vds = 16 V for (a) GaN and (b)
AlGaN channel HEMTs

polarization grading from the GaN to AlGaN layer, the
polarization-induced charge over the graded region gets
spread (Figure 1(c)), which is evenly distributed [17,29].

To calibrate the simulation model with the experimental
results, reported by Xiao et al. in [22], iterative simula-
tions have been performed using the TCADATLAS sim-
ulation tool. Models used for calibration are as follows:
Shockley Read Hall Recombination (SRH), Parallel Field
Dependent Mobility (FLDMOB), Hot electron injec-
tion (HEI), and Selberherr’s impact ionization (IMPACT
SELB). Calibration was initiated by the work function
tuning of the metal–semiconductor Schottky gate to get
the pinch-off voltage as reported. By defining traps and
their corresponding energy levels in the bulk buffer layer
(density = 1× 1016 cm−3 e.level = 3.4 eV) and by tun-
ing the interface charges, desired current densities were
achieved. The interface charge values were considered
as ∼1.3× 1013 cm−2 for AlGaN Channel HEMT and
∼1.1× 1013 cm−2 for GaN Channel HEMT. To reduce
the error in the linear region of the output characteris-
tics, GaN-specific field-dependent GANSAT model was
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Figure 3: (a)–(c) Transconductance and second- and third-order derivatives of drain current with respect to gate bias at Vds = 16 V for
AlGaN channel (Black line) and GaN Channel (Red line) HEMTs

used, and its parameters (ann.gansat and n2n.gansat)
were tuned. A comparison between the simulated and
the experimental results is presented in Figure 2 in terms
of Id–Vgs characteristics for GaN and AlGaN channel
HEMT. The comparison drawn between the calibrated
result and the experimental data in Figure 2 brings forth
the fact that the results are in good agreement. The sim-
ulated breakdown voltage for GaN and AlGaN channel
HEMT was 119 and 147V (Experimental Breakdown
Voltage for GaN and AlGaN channel HEMTwas 110 and
150V).

3. RESULTS ANDDISCUSSION

After calibration, the transconductance of AlGaN and
GaN channel HEMTs was studied. Figure 3(a) represents
the transconductance characteristics at Vds = 16V for
AlGaN and GaN channel HEMTs. The peak gm for the
GaN channel was 110mS/mm at Vgs = −2.25V and for
the AlGaN channel it was 117mS/mm at Vgs = −1.5V.
The analysis of linearity characteristics of the device is
very essential as linearity plays a significant role in RF
application. To get the linearity and distortion metrics,
second- and third-order derivatives (gm

′′
and gm

′′′
) of

drain current with respect to the applied gate bias are
the major parameters to be considered. The mathemat-
ical equations for VIP2, VIP3, IIP3 and IMD3 [30,31] are
shown by Equations (1)–(4).

VIP2 = 4 × gm
g′′

m
(1)

VIP3 = √
24 × gm

g′′′
m

(2)

IIP3 = 4 × gm
g′′′

m × Rs
(3)

IMD3 = 9
2

× (VIP3)3 × g′′′
m (4)

For most of the applications, RS = 50 � [32]. g′′
m and

g′′′
m are the dominant nonlinear sources and harmonic

distortion occurs due to the nonlinearity of these higher-
order components. If a device has a higher value of
VIP2, VIP3, and IIP3 with a lower value of IMD3, it
has better linearity and lower intermodulation distortion.
The Figure of Merits (FOMs) have been extracted using
second- and third-order derivatives of drain current with
respect to Vgs. It can be observed from Figure 3(b) that
the g′′

m shows a higher peak in GaN channel HEMT com-
pared to AlGaN channel HEMT which corresponds to
the steep slope of gm for GaN channel HEMT. There is
a sharp decrease in g′′

m and becomes negative for increas-
ing Vgs. This is because of the decreasing gm with applied
gate bias due to the saturated 2DEG density which limits
the current to increase with applied gate voltage. As evi-
dent from Figure 3(c), a single zero crossing point in g′′′

m ,
further results in high linearity FOMs.

A comparison of GaN channel and AlGaN channel
HEMTs in terms of VIP2, VIP3, IIP3 and IMD3, respec-
tively, is shown in Figure 4. As mentioned previously,
the transconductance of GaNHEMT is marginally lower
than AlGaN channel HEMT, and the lower g′′

m peak
for AlGaN channel HEMT results in deteriorated VIP2.
However, the overall improvement in linearity param-
eters i.e. VIP3 and IIP3 is superior in AlGaN channel
HEMT, which again indicates better linearity in AlGaN
channel HEMT. As evident from Figure 4(d), the IMD3
has a lower peak at low gate bias for AlGaN channel
HEMT.

The AC simulations were carried out to study the capac-
itances, gain and small signal parameters of the devices
(AlGaN and GaN channel HEMTs). Figure 5(a,b) shows
the gate–source capacitance (Cgs) and gate-drain capac-
itance (Cgd) for GaN channel HEMT and Figure 5(c,d)
shows the gate–source capacitance and gate-drain capac-
itance for AlGaN channel HEMT. The trends for the
C-V curve and the peak values of the gate–source capac-
itance (Cgs) and gate-drain capacitance (Cgd) for GaN
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Figure 4: Comparison of GaN channel (Red Line) and AlGaN
channel (Black Line) HEMTs in terms of (a) VIP2, (b) VIP3, (c) IIP3
and (d) IMD3

channel and AlGaN channel HEMTs are the same. But
there is a shift in gate voltage where the capacitances start
increasing. The transfer characteristics have a threshold
voltage shift between GaN and AlGaN channel HEMTs
(Figure 2). Figure 6 shows the simulated unilateral power
gain and current gain (at Vds = 10V) of GaN andAlGaN
channelHEMTs. The fT and fMax. were extracted from the
current gain and unilateral power gain. The cut-off fre-
quency (fT) and maximum frequency (fMax.) for AlGaN
channel HEMT (6.8 and 22.4GHz, respectively) were
higher than the GaN channel HEMT (5.8 and 20.8GHz).
As shown in Figure 3, gm is high for AlGaN channel
HEMT compared to GaN channel HEMT. fT is directly
proportional to gm and fMax. is directly proportional to
fT, hence the fT and fMax. are high for AlGaN chan-
nel HEMT compared to GaN channel HEMT. The high
gain performance of AlGaN channel HEMT enforces
its suitability for high-frequency applications over GaN
channel HEMT devices. The small signal equivalent
circuit parameter extraction was carried out on mul-
tiple biases to compare the device parasitics of GaN
and AlGaN channel HEMTs. The 10-intrinsic element
small signal equivalent circuit was used for extraction.
The small-signal equivalent circuit is shown in Figure 7.
The conventional small-signal equivalent circuit contains
the 8 (in 16-element topology)-12 (22-element topol-
ogy) extrinsic elements, out of which only two extrin-
sic elements (Source and Drain resistance (Rs, Rd)) are
considered as only these two resistances were consid-
ered during simulation [33]. The conventional extraction
methodology was followed [34,35]. The initial values of

Figure 5: Gate-Source and Gate-Drain capacitances for (a)-(b)
GaN channel HEMT and (c)-(d) AlGaN channel HEMT

Figure 6: (a) Current Gain and (b) Unilateral Power Gain for GaN
channel (Red) and AlGaN Channel (Black) HEMTs

the parameters were obtained from mathematical calcu-
lation and curve fitting using the simulated S-parameter
data and then the equivalent circuit was designed using
ADS (Advance Design System) software to optimize the
value of the parameter to get a good match between the
two results. Table 1 shows the comparison between the
optimized small-signal equivalent circuit parameters of
AlGaN and GaN channel HEMTs for different biases and
after optimizing the circuit, the s-parameter from the
TCAD simulation and circuit was matched, as shown in
Figure 8.

After studying the linearity and intermodulation matri-
ces, capacitance–voltage characteristics, and small-signal
equivalent circuit parameter extraction for both AlGaN
and GaN channel HEMTs, the focus is shifted to the
impact of Graded AlGaN Buffer layer thickness on the
DC, RF and Breakdown Characteristics. Also, the lin-
earity and intermodulation and small-signal equivalent
circuit parameters’ dependency on Graded AlGaN buffer
layer thickness are studied. Table 2 shows the variation
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Table 1: Optimized small signal equivalent circuit parameters for AlGaN and GaN channel HEMTs (Frequency range 600MHz-
60 GHz)

AlGaN Channel HEMT

Intrinsic Elements
Vds = 10 V
Vgs = −3 V

Vds = 10 V
Vgs = −1 V

Vds = 15 V
Vgs = −3 V

Vds = 15 V
Vgs = −1 V

Vds = 20 V
Vgs = −3 V

Vds = 20 V
Vgs = −1 V

Cgs (fF) 248.55 274.78 253.73 302.58 270.41 307.03
Cgd (fF) 17.68 18.89 14.31 15.75 11.02 14.17
Cds (fF) 6.62 6.43 6.85 6.56 7.16 6.91
Ri (Ω) 15.56 15.83 16.01 16.14 17.19 17.53
Rgd (Ω) 5.47 6.87 6.91 8.94 8.03 10.14
Gm (mS) 11.06 14.61 11.36 14.74 11.76 14.84
Gd (mS) 0.22 0.24 0.20 0.21 0.19 0.20
Tau (pSec.) 4.61 4.64 4.74 4.88 4.98 5.15
Rgsf (KΩ) 39.24 40.04 38.42 38.94 37.98 38.03
Rgdf (KΩ) 43.01 44.21 42.56 43.12 41.89 41.98

GaN Channel HEMT

Intrinsic Elements
Vds = 10 V
Vgs = −3 V

Vds = 10 V
Vgs = −1 V

Vds = 15 V
Vgs = −3 V

Vds = 15 V
Vgs = −1 V

Vds = 20 V
Vgs = −3 V

Vds = 20 V
Vgs = −1 V

Cgs (fF) 265.22 300.91 305.26 338.42 325.26 356.20
Cgd (fF) 20.17 22.53 15.60 20.40 15.47 17.25
Cds (fF) 7.69 7.54 8.96 8.13 9.01 8.67
Ri (Ω) 14.33 15.51 14.77 15.99 15.03 16.25
Rgd (Ω) 6.59 9.12 8.09 10.79 9.81 10.93
Gm (mS) 9.73 13.95 10.08 14.01 10.43 14.15
Gd (mS) 0.20 0.25 0.19 0.27 0.16 0.25
Tau (pSec.) 6.22 5.54 7.57 5.81 7.84 6.08
Rgsf (KΩ) 28.03 28.48 27.86 28.13 27.11 27.96
Rgdf (KΩ) 22.17 22.58 21.79 22.01 21.03 21.89

Figure 7: Small-signal equivalent circuit with ten intrinsic
elements

Figure 8: S-parameter fromATLAS simulation (Red) and its circuit
simulation in ADS (Black) for (a) AlGaN channel HEMT and (b) GaN
channel HEMT at Vds = 10 V and Vgs = −1 V

in graded AlGaN buffer layer thickness used for inves-
tigation using TCAD simulations. The graded AlGaN
buffer layer thickness is varied from 200 nm to 700 nm
in step of 100 nm out of which 500 nm is the experi-
mental structure in [27]. The GaN buffer layer thick-
ness is adjusted relatively so that the overall thickness
of the buffer layer is maintained. The required simu-
lations were performed for different dimensions men-
tioned in Table 2. The DC simulation provided the Drain
current vs. applied gate bias and using it, the second
and third derivatives of change in drain current with
applied gate bias werederived. Using Equations (1)–(4),
different linearity and intermodulation distortion matri-
ces were extracted for different graded AlGaN buffer
layer thicknesses. Figure 9(a–c) shows the first-order,
second-order and third-order derivatives of Drain cur-
rent with applied gate bias at Vds = 16V for different
Graded AlGaN buffer layer thickness. The gm for all
the graded AlGaN buffer layer thicknesses is overlapped
with each other. The drain current had very slight varia-
tion; hence the first -order derivative of the drain current
is almost overlapping, but the second- and third-order
derivatives are varying with thickness which will fur-
ther affect the linearity and intermodulation distortion
FOMs. Figure 10(a–d) shows the linearity and intermod-
ulation distortion FOMs VIP2, VIP3, IIP3 and IMD3
for different Graded AlGaN buffer layer thicknesses. It
is observed that for graded AlGaN buffer thickness of
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Figure 9: (a) first-order, (b) second-order and (c) third-order derivatives of Drain currentwith applied gate bias at Vds = 16 V for different
Graded AlGaN buffer layer thickness

Figure 10: Linearity and intermodulation distortion FOMs viz. (a)
VIP2, (b) VIP3, (c) IIP3 and (d) IMD3 for different Graded AlGaN
buffer layer thicknesses

Table 2: Variation of graded algan buffer layer thickness for
TCAD simulations
Graded AlGaN Buffer
Thickness (nm) 200 300 400 500 600 700

GaN Buffer Thickness (μm) 1.3 1.2 1.1 1.0 0.9 0.8

200 nm, the VIP2 and IIP3 have higher values compared
to the other thicknesses. In Figure 10(c), the IIP3 peak at
Vgs = −0.75V, 200 nm shows the highest peak. But the
peak VIP3 value is achieved for 500 nm thickness and the
second peak is achieved for 200 nm thickness. Also, the
IMD3 peaks (at Vgs = 1V) are lower for 200 nm thick-
ness than 500 nm. The AC simulations were carried out
to study the impact of graded AlGaN buffer layer thick-
ness on gate–source capacitance and gate-drain capac-
itance. Figure 11(a,b) shows the gate–source capaci-
tance and gate-drain capacitance, respectively for differ-
ent Graded AlGaN buffer layer thicknesses. It is evident
from Figure 11 that the different graded AlGaN buffer

Figure 11: (a) Gate-Source capacitance (b) Gate-Drain
capacitance for different Graded AlGaN buffer layer thickness

Table 3: Optimized small signal equivalent circuit param-
eters for different graded AlGaN buffer layer thickness
HEMTs at Vds = 10 V and Vgs = −1 V (Frequency range
600MHz–60GHz)
Intrinsic
Parameters 200 nm 300 nm 400 nm 500 nm 600 nm 700 nm

Cgs (fF) 295.91 292.57 291.46 274.78 293.68 298.13
Cgd (fF) 19.16 18.93 18.49 18.89 18.05 19.56
Cds (fF) 4.09 4.56 4.86 2.18 5.78 5.32
Ri (Ω) 18.36 20.77 17.60 17.22 17.15 17.09
Rgd (Ω) 6.15 4.44 3.80 4.87 4.66 6.16
Gm (mS) 14.26 14.50 14.63 14.61 14.76 14.78
Gd (mS) 0.32 0.30 0.29 0.25 0.25 0.24
Tau (pSec.) 4.61 4.54 4.54 4.339 4.54 4.54
Rgsf (KΩ) 39.79 39.50 39.35 40.04 41.91 41.34
Rgdf (KΩ) 42.41 42.72 43.53 44.21 42.86 43.19

layer thicknesses have overlapping capacitance behav-
ior. Then the small-signal equivalent circuit parameter
extraction was investigated for multiple biases. Table 3
shows the optimized intrinsic parameters for different
graded AlGaN buffer layer thicknesses. After optimiz-
ing the circuit, the s-parameter from the TCAD simu-
lation and circuit were matched, as shown in Figure 12
for different graded AlGaN buffer layer thicknesses. The
intrinsic parameters have small differences as the DC and
capacitance characteristics vary slightly. As a result, the fT
and fMax. have a negligible change.
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Figure 12: S-parameter from ATLAS simulation (Red) and its cir-
cuit simulation in ADS (Black) for (a) 200 nm, (b) 300 nm, (c)
400 nm, (d) 500 nm, (e) 600 nm and (f ) 700 nm graded AlGaN
buffer layer thickness at Vds = 10 V and Vgs = −1 V

Figure 13: (a) Off-state Breakdown Characteristics and (b)
Electric-Field along the channel length at Vgs = −10 V and
Vds = 80 V for different Graded AlGaN buffer layer thicknesses

Then the off-state breakdown characteristics for different
buffer layer thicknesses were investigated. Figure 13(a)
shows the off-state breakdown characteristics at Vgs =
−10V. Figure 13(b) shows the electric field along the
channel length at Vgs = −10V and Vds = 80V for dif-
ferent GradedAlGaN buffer layer thickness. The off-state
breakdown behavior shows a great impact for the graded

AlGaN buffer thickness variation. The 200 nm shows the
highest breakdown of 157V. As the graded AlGaN buffer
layer thickness is reduced from 700 to 200 nm, the break-
down is increasing. For 300 and 400 nm thickness, the
breakdown voltage has a difference of only 2V as is evi-
dent from the electric field plot in which the electric
field peaks are overlapped for 300 and 400 nm. And the
200 nm thickness buffer layer has the lowest electric field
peak. Hence the breakdown voltage is highest (157V) for
a 200 nm thick-graded AlGaN buffer layer.

4. CONCLUSION

For both AlGaN and GaN channel HEMTs, the extrac-
tion of small-signal equivalent circuit parameters, as well
as linearity and intermodulationmetrics, have been stud-
ied. AlGaN channel HEMTs perform better than GaN
channel HEMTs in terms of linearity and intermodula-
tion distortion. Meanwhile, in the case of AlGaN chan-
nel HEMTs, the device parasitics were also decreased.
Additionally, the effect of AlGaN buffer layer thickness
on breakdown characteristics and linearity is examined.
Better breakdown properties are shown by the 200 nm
graded AlGaN buffer layer thickness. VBOff was raised
from 147V (in the case of 500 nm) to 157V for a thick-
ness of 200 nm. While the remaining device parame-
ters (capacitances, fT, fMax, small-signal equivalent circuit
parameters) are almost the same, the linearity and inter-
modulation distortion FOMs for 200 nm buffer thickness
are likewise comparably as excellent as 500 nm thickness.
Therefore, it is possible to minimize the graded AlGaN
buffer thickness for applications requiring high-voltage
and -power.
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