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Abstract—High-Electron-Mobility Transistor (HEMT) with AlGaN/GaN gate stack is a promising candidate for high-speed and
high-power applications. Recent HEMT compact modeling works
have proposed threshold-based [1] and surface-potential-based
models [2]. In the latter approach, inversion charge is calculated
from the quantum expression of a 2-dimensional electron gas
(2DEG). Here, we investigate the possibility to model HEMTs
with a MOSFET-like approach whereby quantum confinement is
included as an effective bandgap widening in the surface potential
equation. We evidence that such a MOSFET-like approach leads
to a more accurate description over the whole polarization
range, especially in the moderate inversion regime. This analytical
model is validated by Poisson-Schrödinger numerical simulations.
Furthermore, to address a specific feature of HEMT devices, a
field plate model is also presented.
Index Terms—Power device, GaN, HEMT, compact model,
SPICE

triangular-well approximation [5]. The resulting surface potential equation is similar to the one used in MOS compact
models. Therefore, current, charge and other features can be
readily implemented with proven methods.
The device studied here is shown in Fig. 1. Firstly, to derive
the surface potential Ψs , we consider only the AlGaN/GaN
stack.
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In the surface-potential-based ASM-HEMT model [3], the
HEMT channel is modeled as a 2DEG. Its quantum expression
is directly included in the surface potential equation, assuming
charge sheet approximation with 2D degeneracy and FermiDirac statistics [4]. The complexity of this model contrasts
with the usual approach of MOS compact models that build
upon classical physics and include quantum effects as a
correction.
Here, we propose an approach similar to MOS models to
describe HEMT devices. First, the Poisson equation is solved
classically, using Boltzmann statistics. Then, quantum confinement is added as an effective bandgap widening through
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Fig. 1. HEMT structure definition for n-type configuration including Gate and
Source field plate description. Inset shows the equivalent circuit in-cluding
non-linear resistance (Si and Di are internal nodes).

Considering only the inversion charge and no GaN doping,
the Poisson equation is derived in the classical case.
d2 x
1
=
2
dy
ΦT GaN q ni exp (x − xn )

(1)

where ΦT is the thermal voltage, x = Ψ/ΦT is the normalized
potential, y is the vertical coordinate, GaN is the GaN permittivity, q is the electron charge, ni is the intrinsic concentration
and xn = VD /ΦT is the normalized quasi-Fermi level.
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Then, using the boundary conditions
dx
CAlGaN
(y = 0) =
dy
GaN (xg − x)
dx
(y → ∞) = 0 ,
dy
2

(d)

(b)

(e)

(2)
(3)

the implicit surface potential equation is obtained:
(xg − xs ) = G2 exp (xs − xn ).

(a)

(4)

Then, following the same approach as [5], an energy shift
is introduced to account for quantum effects,


2
2/3
(xg − xs ) = G2 exp xs − xn − KQ (xg − xs )
(5)
2
G2 = 2qni GaN /CAlGaN
ΦT , KQ is the quantum parameter and CAlGaN is the AlGaN capacitance. The shift
2/3
−KQ (xg − xs )
corresponds to the difference between
the bottom of the “classical” conduction band and the first
occupied sub-band, assuming a triangular energy well. The
limitations of this approximation have been discussed extensively [6]. According to the consensus, this is sufficient to
capture the global behavior of the quantum effect, particularly
in moderate inversion. For strong inversion, accuracy decreases
due to non-consideration of Fermi-Dirac statistics. However,
fitting can still be improved by slightly tuning the related
charge parameters.
The numerical solution of (4) and (5) is plotted in Fig. 2(a).
The exact solution of (4) is expressed via the Lambert W0
function.

 x 
G
g
exp
(6)
xs,0 = xg − 2 W0
2
2

An analytical approximation of the W0 function exists.


ln(1 + ln(1 + x))
W0 (x) ∼ ln(1 + x) 1 −
(7)
2 + ln(1 + x)
It can be used as an initial guess in the implicit surface
potential equation (4). Then, an error correction based on a
2nd-order Taylor expansion is applied twice.
xs,1 = xs,0 + e2 (xs,0 )
xs,2 = xs,1 + e2 (xs,1 )

(8)
(9)

where the function e2 (x) is defined as
e2 (x) =

a(x)
b(x) +

a(x) c(x)
b(x)

(xg − x).

(10)

and the functions a(x), b(x) and c(x) are defined as
a(x) = ln(xg − x) − ln(G) −

x KQ
+
(xg − x)2/3
2
2

(11)

1
KQ
b(x) = 1 + (xg − x) +
(xg − x)2/3
(12)
2
3
1 KQ
c(x) = +
(xg − x)2/3
(13)
2
18
The error is brought below the numerical noise, as shown in
Fig. 2(b,c).

without quantum
correction (𝐾𝑄 = 0)

(c)

(f)
with quantum
correction

Fig. 2. (a) Surface potential as a function of gate voltage in the case of
(4) (without quantum correction) and (5) (with quantum correction); (b,c)
Absolute error of the initial guess x(s,0) and the explicit solutions x(s,1) and
x(s,2) of (8) and (8). Surface potential (d) and associated capacitance (e) for
model (solid lines) and simulations (dots). (f) Comparison with the 2DEG
model with inset in the moderate inversion regime.

To validate our model, we have developed a dedicated
Poisson-Schrödinger numerical solver for AlGaN/GaN stack.
Figs. 2(d,e) illustrate the comparison between the PoissonSchrödinger solver and the model. It also includes numerical
simulations with Boltzmann statistics. The full model from (5)
and the classical model from (4) are in good agreement with
the Poisson-Schrödinger solver and the Boltzmann simulations, respectively.
For a complete comparison, in Fig. 2(f), the capacitance
is also plotted for an analytical 2DEG model. This model
is obtained with charge sheet approximation and Fermi-Dirac
statistics in a 2-dimensional electron gas, considering only the
first energy level. It obeys the following equation:



(14)
xg − xs = α ln 1 + exp x0s − KQ (xg − xs )2/3
qd
me kT
where α = AlGaN
π~2 ΦT (where d is the AlGaN layer
E −E /2
thickness) and x0s = xs + c qΦTg (where Ec is the bottom
of the energy well).
In moderate inversion, our MOS-like model is in good
agreement with the Poisson-Schrödinger solution, while the
2DEG model exhibits a more abrupt transition (inset of
Fig. 2f). Since the energy well is shallow in moderate inversion, it is similar to an energy continuum. Therefore, it is better
described by the MOS-like model based on classical physics.
In strong inversion, the 2DEG model is more accurate than the
MOS-like model. This is due to greater confinement. However,
this discrepancy can be compensated by slightly tuning the
effective AlGaN layer thickness, as already mentioned.
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Finally, one of the main advantages of the proposed model is
its simplicity in terms of implementation. Moreover, it builds
upon previous MOS models, which means that implementation
of current, charge and other features can be done in a similar
way.
II. C URRENT AND CHARGE CALCULATION INCLUDING

neglected. Equations (16) and (17) express gate and source
field plate charges.
QF PG = Cox,F P G (xg,F P G − xs,F P G )

(16)

where Cox,F P G is the gate field plate dielectric capacitance,
V
−V f,F P G
and Vof f,F P G is the cut-off voltage
xg,F PG = GD Φof
T
of the gate field-plate.

FIELD PLATES

Implementation of the current is similar to the Leti-NSP
model [7]. The main features have been adapted from this
model, such as mobility degradation (including Coulomb
scattering, phonon and surface roughness), saturation velocity,
channel length modulation and self-heating effect. One of
the main differences is the description of source/drain access
resistance and the addition of field plates. Access resistance
was modeled similarly to previous work [8], thus adding an
internal node and an extra resistance with nonlinear current
dependence [9], as illustrated in the inset of Fig. 1.
RaS,D = RLS,D + 
1−



RN LS,D
βS,D 1/βS,D

QF PS = Cox,F P S (xg,F P S − xs,F P S )

where Cox,F P S is the source field plate dielectric capacitance,
V
−V f,F P S
xg,F PS = SD Φof
and Vof f,F P S is the cut-off voltage
T
of the source field-plate.
Fig. 4 illustrates model versus experimental data from
reference [10]. Note that drain and depletion capacitances are
added in order to capture Coss (or Csd ) capacitance.

(15)

(a)
Impact of
gate FP

Ids
ISATS,D

where RLS,D , RN LS,D , ISATS,D and βS,D are the nonlinear
access parameters and Ids is the drain current. Fig. 3 illustrates
the model versus experimental data from [9].

Vds=0.1 … 10 V

(d)
Ciss
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Impact of
source FP
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(c)
Fig. 4. Comparison between experimental data from reference [10] and model
for Ciss (a), Crss (b), Coss (c) and these three capacitances (d). Dots are
for experimental data; solid line is for the model including all the field plates
(FP); dashed line is the model without source FP; dotted line is the model
without any FP.

Vgs=-4 … 3 V

Vds=0.1 … 10 V

(b)

(c)

Impact of
drain end depletion

(b)

Vgs=-4 … 3 V

(a)

(17)

(d)
III. C ONCLUSION

Fig. 3. Comparison between experimental data from reference [9] and model
for Id vs Vgs (a), gm = d Id /d Vgs vs Vgs (b), Id vs Vds (c) and gd =
d Id /d Vds vs Vds (d). Dots show experimental data. Solid lines represent
the model.

Field plate modeling is challenging. Former work [10] uses
duplication of internal node to capture each field plate effect.
Here, we propose to add only a parasitic field plate charge
without adding any internal node, in the same way a parasitic
charge is induced by an overlap capacitance [11]. In practice,
the charge calculation reuses the surface potential procedure
with dedicated parameters for field plate workfunction, interface state and geometry. In HEMT, the field plate dielectric
thickness is larger than the field plate length. Therefore, the
dependence of field plate charge with longitudinal field is

We have developped a surface-potential-based compact
model for HEMT devices. Similarly to MOS models, quantum
confinement is described as a simple energy shift, corresponding to the difference between the bottom of the “classical”
conduction band and the first occupied sub-band. Above
this first energy level, the conduction band is treated as a
continuum, using Boltzmann statistics. Thankfully, a good
initial guess exists for the entire polarization range. Applying
a Taylor-based error correction, the accuracy can go beyond
numerical precision. Our model matches very well PoissonSchrödinger simulations in the moderate inversion regime. In
strong inversion, the slight difference can be compensated with
fitting parameters. One main advantage of the model, beside its
simplicity, is its close resemblance to other surface-potentialbased MOS models such as PSP. This means that charge,
current and other features can be readily implemented with
proven methods.
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Finally, we have adressed a specific feature of HEMT
devices: the field plates. In order to minimize the number of
fitting parameters and avoid additional internal nodes, field
plate charge is added similarly to a parasitic charge induced
by an overlap resistance. Capacitance and currents are fitted
on experimental data, demonstrating model capability in a real
case.
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