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Abstract— For the development of next-generation GaN-based
high electron mobility transistors, reliable software tools for DC
and AC simulation are required. A hydrodynamic approach must
be used, as the drift diffusion models fail to deliver accurate
results for such structures. We propose two different hydrody-
namic mobility models which account for the peculiarities of
the GaN material system. The models are implemented in our
simulator Minimos-NT and carefully calibrated. A device from a
recent transistor generation is measured and simulated using the
calibrated setup. A good accuracy for all relevant characteristics
is achieved.

I. I NTRODUCTION

Models which account for the specific physics in a given
semiconductor material are crucial for device modeling. While
for Silicon there exist well-established models, the GaN sys-
tem still poses certain challenges. The major one is caused by
the negative differential electron mobility (NDM) predicted
by Monte Carlo (MC) simulations e.g. [1], [2]. Several works
provide direct evidences of this effect: a peak velocity at
191 kV/cm in lightly doped material was first reported in
[3], however later studies observed a velocity saturation and
adjacent decrease at around 225 kV/cm [4]. While the latter
measurement was in normal plane, measurements in basal
plane yielded saturation velocity at 180 kV/cm inn-type
GaN and at 140 kV/cm in AlGaN/GaN heterostructures [5].
Indirect evidence of NDM in GaN, such as transferred-electron
effects in Gunn diodes also exist [6]. Nevertheless, a definite
examination of the problem is still pending since not only
the saturation velocity reported by different groups are con-
tradictive (depending largely on the material and orientation),
but also there is still no agreement on the reason for the
NDM (intervalley transfer or nonparabolic effect). Therefore,
a model for GaN has to be capable of describing NDM effects,
while providing some straightforward approach to fine-tuning
the velocity characteristics at high electric fields.

Several groups have proposed various models and model
parameter sets for the simulation of GaN-based devices. Farah-
mand et al. provide a low-field model which accounts for
temperature and the ionized impurity concentrations, as well
as a high-field model, based on Monte Carlo simulation results
[7]. Another low-field model, valid in a large temperature and
concentration range is proposed by Mnatsakanovet al. [8].
A highly parameterized field-dependent model based on an
extensive data pool is developed by Schwierz [9]. Turinet
al. propose another high-field model which delivers excellent
agreement with the results from MC simulations [10]. All

those models are suited only for the drift-diffusion transport
model. However, the latter is not able to deliver accurate
results for sub-micron devices [11], therefore a hydrodynamic
(HD) transport model is essential. In this work we propose two
models specific to the hydrodynamic simulation of GaN-based
devices. Our models are calibrated against MC simulation
results and experimental data and implemented in the two-
dimensional device simulator MINIMOS-NT [12], which has
proven to be a suitable tool for the analysis of heterostructure
devices [13],[14]. Using the calibrated setup we simulate
a device from a recent generation of AlGaN/GaN HEMTs.
Very good accuracy for the DC and AC characteristics in
comparison to measurement results is achieved.

A. Low-Field Mobility

Since AlGaN/GaN HEMTs are unipolar devices, the hole
concentration is very low and does not influence the device
characteristics [15]. Thus, the presented models are tailored to
the electron transport, while for the hole transport conventional
models are applied.

The low-field mobility is modeled by an expression similar
to that proposed by Caughey and Thomas [14], [16]:

µLI = µmin +
µL − µmin

1 + (CI/Cref)
α .

CI denotes the concentration of ionized impurities,µL

is the mobility in undoped material,µmin is the mobility
in highly doped material, limited by impurity scattering. In
order to model the temperature dependence the mobilities are
additionally parameterized using power laws:

α = α300

(

TL

300 K

)γ0

,

µL = µL
300

(

TL

300 K

)γ1

, µmin = µmin
300

(

TL

300 K

)γ2

.

The maximum (µL) and minimum (µmin) mobility and the
parameters, which describe the mobility decrease with rising

TABLE I

LOW-FIELD MOBILITY PARAMETERS

µL
300

µmin
300

Cref
300

α300 γ0 γ1 γ2

1600 cm2/Vs 100 cm2/Vs 3×1017cm−3 0.7 0.065 -1.5 -0.2
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Fig. 1. Electron drift velocity versus electric field: simulations with different
mobility models compared to MC simulation results and experimental data.

impurity concentration (Cref300 andα300) are calibrated against
an extensive analysis of available MC simulations results
and experimental data. Our model assumes the high mobility
consistent with the defect-free substrates of the simulated
devices. A profound discussion on the choice of the parameters
describing the temperature dependence (γ1, γ2) based on
experimental data from measurements at elevated ambient
temperature can be found in [17]. The values used for the
low field-mobility in the simulations are listed in Table I.

B. High-Field Mobility

The models proposed for the high-field mobility are based
on the mobility expression of the form [18]:

µ(E) =
µLI

ξ +

(

(1 − ξ)β +
(

µLI
·E

vsat

)β
)1/β

. (1)

µLI is the low-field electron mobility as calculated previ-
ously,vsat is the electron saturation velocity,E is the electric
field. The same expression with different values forξ and β
was used by [19].

In order to obtain a consistent hydrodynamic mobility
expression, the local energy balance equation:

E2 · µ =
3 · kB · ∆Tn

2 · q · τǫ
(2)

is solved forE(Tn), which is then inserted into (1). This is
performed withξ=1/2 for both models, and withβ=2 for the
first model, andβ=1 for the second model, respectively.Tn is
the electron temperature andτǫ is the energy relaxation time.

a) Model 1: The expression obtained with the chosen
values for ξ and β is identical with the one proposed by
Hänschet al. [20]. In order to account for NDM effects it
is modified by introducing two parameters (γ1 andγ2):
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Fig. 2. Valley occupancy as a function of the electric field.

µ(Tn) =
µLI · (Tn/TL)

γ3

(

1 + α1/γ4 · (Tn − TL)
1/γ4

)γ4

α =
3 · kB · µLI

2 · q · τǫ · (vf)
2
.

In the standard Ḧansch modelvf corresponds to the satu-
ration velocityvsat (as in (1)). However, due to the powered
temperature term(Tn/TL)γ3 in the numerator the velocity is
steadily decreasing at high-fields. Hence,vf does not describe
the saturation velocity as a physical quantity, although it does
affect the high-field transport characteristics.τǫ is the electron
and lattice temperature dependent energy relaxation time (a
quadratic expression is used). The parameterγ4 has a more
pronounced effect at low fields, whileγ3 influences primarily
the high-field mobility, though their impact cannot be isolated
to a specific field region. The conventional Hänsch model
corresponds to the parameter setγ3=0,γ4=1, however, in order
to approximate the simulation and experimental data, a set with
γ3 = −0.3 andγ4 = 2.4 is chosen (Fig. 1).

b) Model 2: Inserting (2) into (1) withξ=1/2 andβ=2
gives the following expression for the high-field mobility:

µv (Tn) =
2 · µLI

v

2 + αv +
√

αv · (4 + αv)
, v = Γ,U

αv =
3 · kB · µLI

v · (Tn − TL)

2 · q · τv · (v f,v)
2

.

In order to approximate the intervalley transfer at high
fields, two sets ofµv(Tn) are used. One describes the mobility
µΓ(Tn) in the lower valley and one in the higher (µU(Tn)).
In Model 2 too,vf does not denote the saturation velocity. A
weighted mean is built:

µ(Tn) =
µΓ(Tn) + µU(Tn) · PHD(Tn)

1 + PHD(Tn)
(3)
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TABLE II

HIGH-FIELD MOBILITY PARAMETERS

µΓ µU vf,Γ vf,U τU τΓ ∆EC m∗

Γ
m∗

U

µLI µLI [cm/s] [cm/s] τǫ τǫ [eV] m0 m0

1.0 0.1 3.0×107 1.0×107 1.0 8.0 1.4 0.2 0.3

PHD(Tn) is the valley occupancy [21]:

PHD(Tn) = 6 ·

(

m∗

U

m∗

Γ

)3/2

· exp

(

−
∆EC

kB · Tn

)

,

m∗

Γ and m∗

U are the electron masses in theΓ andU valleys
respectively,∆EC is the difference in the conduction bands.
Fig. 2 compares the valley occupancy as a function of the
electric field as calculated in the model and MC simulation.
Since all MC simulations and experiments, on which we rely
to calibrate the low-field mobility, were performed at low
electric fields, we setµΓ=µLI as calculated by the low-field
mobility model. Using a down-scaled mobility (µU = 0.1×µLI

supported by MC data) and velocity parameter (vf ) in the
higher band results in a decrease of the electron velocity at
higher fields. The parameters for this model are summarized
in Table II.

The two valley approach delivers a good approximation
to the MC simulation results, but also to Model 1 (Fig. 1).
It is a carefully chosen trade-off between a match the MC
simulation results on the one hand, and calculation complexity
and convergence behavior at the other hand.

While the models deliver consistent results, the two ap-
proaches expose some differences. Model 1 is close to already
established models, and offers a straightforward calibration
with only two auxiliary parameters (within a narrow value
range). Model 2 is more complex, however it allows for a more
flexible calibration. The parameters are derived from physical
quantities.

The models are to be used for sub-micron devices. However,
for large devices a drift-diffusion model is sufficient, while
requiring a lower computational effort. Based on Model 2
a corresponding DD model can easily be synthesized. From
(1) and ξ=1/2 andβ=1 (the same set as in Model 2) again
two sets of µv(E) are calculated. The weighted mean is
built corresponding to (3), but with an occupancy PDD(E)
as following:

PDD(E) = 6 ·

(

m∗

U

m∗

Γ

)3/2

· exp



−
∆EC

kB · TL ·
(

1 + E
E0

)



 .

All of the proposed models are suitable for TCAD imple-
mentation.

II. D EVICE DESCRIPTION

The AlGaN/GaN HEMT technology is based on multi-wafer
metal oxide chemical vapor deposition (MOCVD) growth on
3-inch semi-insulating SiC substrates. The gate is e-beam
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Fig. 3. Comparison of measured transfer characteristics and simulations.
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Fig. 4. Comparison of measured output characteristics and simulations.

defined. Device isolation is achieved by mesa isolation. An
Al0.22Ga0.78N/GaN heterointerface is grown on top of a thick
insulating GaN buffer. All layers are unintentionally doped.
We assume a metal diffusion of the metal source and drain
contacts reaching into the channel. The positive charge (intro-
duced by polarization effects) at the channel/barrier interface
is compensated by a commensurate negative surface charge at
the barrier/cap interface. Using the methodology as in [22] a
theoretical value 1.2×1013 cm−2 for the Al0.22Ga0.78N/GaN
interface is calculated. However, in the real device several
effects such as dislocations and surface states reduce the total
sheet charge density. Thus, a lower value of 0.94×1013 cm−2

is used in the simulations, adapted in order to achieve a 2DEG
density similar to the one extracted from Hall measurements.
The barrier/cap and cap/passivation charge densities equal
−0.25×1013 cm−2 and−0.4×1013 cm−2 respectively.

The device has a T-shaped gate with lg=0.25µm and a gate
width Wg=2×50µm (taken as 1×100µm in the simulations).
Contact resistance is 0.2Ωmm.

Fig. 3 compares the measured transfer characteristics at
VDS=7 V with simulations. The results achieved with Model 1
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Fig. 5. Simulated S-parameters compared to measured data.

match slightly better, however the model delivers a lower
current at low VDS than measured (Fig. 4). One possible
reason is a higher electron velocity at lower fields in the real
device, due to low dislocation scattering effects.

AC simulations are performed to compare the calculated
and experimental figures of merit e.g. cut-off and maximum
frequency. In order to account for the parasitics introduced by
the measurement equipment, the intrinsic parameters obtained
in the simulation are transformed using a standard two-port
pad parasitic equivalent circuit. Both models provide a very
good agreement for the cut-off frequency with the experiment.

Fig. 5 compares the measured and simulated (using
Model 2) extrinsic S-parameters at VGS=-1.5 V and VDS=7 V.
An excellent agreement is achieved for all parameters in the
frequency range 100 MHz−26 GHz.

III. C ONCLUSION

We propose mobility models accounting for the specifics
of electron transport in the GaN material system. They are
implemented in a device simulator and simulations of a recent
HEMT generation are conducted. The results are compared
against experimental data and show excellent agreement. The
presented TCAD methodology allows the design of next-
generation GaN HEMTs through predictive simulations with
a good accuracy at reasonable computational cost.
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