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ABSTRACT

An overview of a surface-potential (SP) based model
for AlGaN/GaN HEMTs named “Advanced SPICE Model
for High Electron Mobility Transistor” (ASM-HEMT) is
presented in this paper. Recently, our model has been
selected as industry standard model for GaN HEMTs by
Si2-Compact Model Coalition (CMC) after more than
five years of rigorous evaluation and testing by semi-
conductor companies. In our model, we preserve the
2DEG nature of the channel by self-consistently solving
the Schrödinger’s and Poisson’s equations to obtain an
analytical expression for the surface-potential after con-
sidering two energy sub-bands in the triangular quan-
tum well at the hetero-interface. We proceed to calcu-
late all other important quantities such as the intrinsic
charges, drain current etc. in terms of the surface po-
tential, valid for a wide range of bias conditions. We
have incorporated real device effects such as Access Re-
sistances, Drain Induced Barrier Lowering (DIBL), Mo-
bility Degradation, Channel Length Modulation, Self-
Heating, Gate Current, Noise, Field-Plates etc. We have
a working trap model incorporated into the main model
and it is validated against pulsed IV measurements, har-
monic balance power sweeps and load pull for a commer-
cial RF GaN HEMT. We have also validated the model
for power devices with field plates and have been able
to accurately capture the capacitances incorporated due
to the field plates.

Keywords: AlGaN/GaN HEMTs, compact model, ASM-
HEMT, SPICE model, Load-Pull.

1 Introduction

HEMTs based on GaN have become immensely ubiq-
uitous in the past decade and offer a strong competition
to mature technologies like silicon primarily due to the
superior characteristics offered by the GaN material sys-
tem over existing technologies [1]. A high bandgap al-
lows the HEMT to perform under significantly higher
voltages coupled with a high mobility two-dimensional
electron gas (2DEG) allowing high power designs to be
implemented in a considerably smaller area. The pres-
ence of the 2DEG, along with an undoped system which
minimizes scattering, leads to a better frequency re-

sponse and makes GaN HEMTs, candidates of choice
for RF applications as well. Realizing these applications
requires robust and computationally efficient model for
these devices to be used in circuit simulation tools. The
ASM-HEMT model presented in this paper is an effort
in that direction. Among all the existing models for
the GaN HEMT system [2–5], the ones based on surface
potential [5] or intrinsic charges [4] are preferred owing
to their physics-based formulation and scalability. The
presence of these attributes allows these models to ac-
curately simulate fairly complex systems both in the RF
and power regimes. The primary goal of this paper is
to provide a concise overview of the surface potential
based ASM-HEMT model, which was recently selected
as an industry standard by the CMC. This will involve
demonstrating the robustness of the model across differ-
ent sizes, bias conditions and operating temperatures.

2 Model Description

The ASM-HEMT model has its foundations based on
the solution of the triangular potential well present at
the heterostructure boundary of the AlGaN/GaN sys-
tem. We obtain a self-consistent solution for the Fermi
level of the system using Schrödinger’s and Poisson’s
equations considering the first two sub-bands of the sys-
tem. The solutions for the Fermi level are considered for
different regions of operation of the device - based on the
relative position of the Fermi level with the sub-bands.
These regional solutions are then stitched together into
a unified Fermi level expression given by [6]:

Ef,unified = Vgo −
2Vtln

(
1 + e

Vgo
2Vt

)
1

H(Vgo,p) + (Cg/qD)e−
Vgo
2Vt

(1)

where Vgo = Vgs − VOFF , VOFF is the cut-off voltage,
q is the electronic charge, Cg is the gate capacitance
per unit area, D is the density of states and Vt is the
thermal voltage. H(Vgo,p) has been defined to capture
the dependence of the Fermi level on applied bias for
Vgs > VOFF . ψ = Ef + Vx then defines the surface po-
tential of the device, where Vx is the channel potential.

Once we have the solution for the Fermi energy, 2DEG
concentration for the channel is defined as n = Cg(Vgo−
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Figure 1: Schematic of ASM-HEMT complete drain-current model
showing all the real device effects included along with the core drain
current model.
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Figure 2: ASM-HEMT small-signal equivalent circuit model showing
parasitic elements and the standard pad parasitics for simulations.

ψ) which is a function of both the applied voltage and
the position in the channel. The charge stored in the en-
tire channel is then derived by integrating this concen-
tration over the dimensions of the device. Gate charge is
then expressed as the channel charge with the opposite
sign as [6]:

Qg = −
∫ L

0

qWndx = −
∫ L

0

qWCg(Vgo − ψ)dx (2)

Ward-Dutton partitioning scheme is then used to explic-
itly define the terminal charges in the device [7].

Since most of the contemporary GaN-HEMT devices
have a fairly long channel length, the ASM-HEMT model
uses a classical drift-diffusion model for transport. Drain
current Ids is calculated using the surface potential as
[8]:

Ids =
µeffCg√

1 + θ2
satψ

2
ds

W

L

[
(Vgo − ψm + Vth) (ψds)

(1 + λVds,eff )

]
(3)

where ψds = ψd−ψs and ψm = (ψd +ψs)/2. Secondary
effects like velocity saturation, vertical field dependence
of mobility and channel length modulation are then in-
corporated using variables θsat, µeff and λ respectively.
As depicted in Fig.1, two dimensional effects like DIBL

(a) (b)

(c) (d)

Figure 3: Modeling of output and transfer characteristics at two dif-
ferent temperatures: (a-b) 100 ◦C and (c-d) -20 ◦C. The non-linear
Rd/s and self-heating effects are accurately captured by the model
which are visible at higher Vg .

have been incorporated in the model along with non-
linear access region resistances, self-heating, tempera-
ture dependence etc. to accurately represent the char-
acteristics of physically fabricated devices.

The access regions play a key role in both power and
RF applications of the device by affecting breakdown-
voltage (BV) and transit frequency (ft). These regions
exhibit a non-linear dependence on the current flow-
ing through the device and effectively control the de-
vice characteristics at high gate voltages. ASM-HEMT
represents these resistances using a current-dependent
non-linear model as [9]:

Rd/s =
Rd0/s0[

1 −
(

Id
Iacc,sat

)γ] 1
γ

(4)

where Iacc,sat is the maximum current supported in the
access region and low current access resistance Rd0/s0 =
Lacc/(Qacc · µacc). As is evident from (4), with Id ap-
proaching Iacc,sat, Rd/s increases rapidly and limits the
total drain current flowing through the device.

ASM-HEMT incorporates physics-based models for
across-the-spectrum noise - ranging from flicker noise
[10] at low frequencies to thermal noise at high frequen-
cies [11]. The former has been modeled taking into con-
sideration both fluctuations in carrier density as well as
mobility while the latter has been implemented using
the approach by Klaassen and Prins. Gate-channel cou-
pling is known to induce thermal noise in devices and
has been modeled accordingly [12].
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Figure 4: Scalable model extraction results for RF devices [17] with
different widths and number of fingers, where thermal resistance pa-
rameter scaling is the key factor.

High power applications using GaN-HEMT devices
can be significantly improved with the incorporation of
field plates. While these appendages offer benefits in
terms of breakdown voltage, the device capacitances are
considerably increased as well. The presence of these
capacitances has a key role in the application of a GaN
HEMT as a switching device. Field plates have been
modeled [13] in the ASM-HEMT model as series con-
nected transistors with varying threshold voltages. Charge
and current calculations for each of these transistors is
modeled using the core ASM-HEMT formulation. The
model also takes into account the cross-coupling charges
induced due to fringing fields [14].

Capturing the temperature dependence of device char-
acteristics is a key feature of all industry standard mod-
els and has been included in the core formulation (such
as electron mobility, threshold voltage and saturation
velocity) of the ASM-HEMT model. Further, the model
also incorporates temperature dependence for Rd/s [9,
16], gate current, field-plates and noise characteristics.

A key deciding factor for the RF performance of a
system are its resistances and capacitances which de-
cide its maximum operable frequency, gain and various
other parameters. ASM-HEMT takes into account par-
asitic impedances both at the input (in the form of gate
resistances and overlap capacitances) and the output of
the device as can be seen in Fig. 2. RF applications
also call for proper large signal modeling of device char-
acteristics which requires a good trapping model.

The presence of traps significantly impacts the char-
acteristics of a HEMT device, introducing effects like
current collapse, and can be characterized using pulsed

(a) (b)

Figure 5: (a) Comparison of the modeled Ciss − Vg with measured
data at Vd = 0V for the source and gate connected power GaN HEMT;
(b) variation of input, reverse and output capacitances with Vd at sub-
threshold condition (Vg = −15V ).

(a) (b)

Figure 6: Validation of trap model against pulsed-IV data for two
different quiescent conditions; (a) Vdq = 5V and (b) Vdq = 20V .

IV measurements. These effects influence parameters
like the sub-threshold slope,cut-off voltage , drain and
source-resistances and have been modeled using two RC
sub-circuits [15] and have been successfully validated
against measured data.

3 Comparison with Measured Data

The ASM-HEMT model has been validated with mea-
sured data for source and gate field-plated Toshiba power
HEMT and Qorvo RF GaN device. A comparison with
measured DC I-V data showing accurate modeling of
transfer and output characteristics at multiple drain and
gate voltages respectively, as well as at two different
temperature conditions (100 ◦C and -20 ◦C) is presented
in Fig. 3. The model is able to accurately capture the

(a) (b)

Figure 7: Accurate modeling of (a) RF output power, RF power gain
and (b) PAE and bias current Idd (mA), as the input power Pin is
varied. The drain bias and the input signal frequency is 20 V and 10
GHz, respectively.
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Figure 8: Load pull contour plots for Pout (left) and PAE (right) for
bias condition Vd = 20V , Id = 100mA/µm.

effect of non-linear source/drain access region resistance
and self-heating at higher gate voltages. Fig. 4 shows
the modeling of the output characteristics for RF devices
[17] with different widths and number of fingers by scal-
ing the thermal resistance as a key parameter. Effects
of gate and source connected FPs on the capacitance
behavior for the aforementioned power device are well
predicted by the model and presented in Fig. 5(a), (b).
The first hump in the Ciss−Vg plot as seen in Fig. 5(a)
can be attributed to the intrinsic transistor whereas, the
presence of the second hump is due to the gate FP. Gate
and source field-plate charges and their cross coupling
due to fringing fields engender the off-state capacitances
(Ciss, Crss and Coss), the variation of which with Vd
is shown in Fig. 5(b). Data from pulsed-IV measure-
ment has been used to extract the parameters related
to the trapping effects, which have been modeled as an
RC subsection in ASM-HEMT, and the model valida-
tion is shown in Fig. 6 for two different quiescent con-
ditions. After completing the DC and trap parameter
extraction process, the next step was to extract the par-
asitic capacitances, inductances and the gate resistance
to accurately fit the small-signal S-parameters as well
as the large-signal characteristics. The variation in out-
put power (Pout), Power Gain, Power-added efficiency
(PAE), and Bias current (Idd) for a high drain bias (20V)
is presented in Fig. 7. Finally, we validate the model
for load-pull contours for two different parameters Pout
and PAE, shown in Fig. 8.

4 Conclusion

A robust and computationally efficient compact model
for GaN HEMT has been presented in the paper. We
have validated the performance of the model against
measured data from commercial RF and power devices
operating under a wide range of bias and temperature
conditions. The applicability of the model is corrobo-
rated by the fact that it has been selected as an indus-
try standard and will be playing a key role in designing
GaN-based circuits for state-of-the-art RF and power
applications.
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