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Abstract— The GaN material system is modeled and intro-
duced in the two-dimensional device simulation toolMinimos-
NT. The simulation setup is calibrated against measurement data
from AlGaN/GaN HEMTs. Further, the impact of gate field plates
on the electric field distribution in the channel for different
geometry setups is investigated.

I. I NTRODUCTION

The rapid evolution of the telecommunications technolo-
gies in the last decade has posed a new challenge to the
microelectronics industry. RF sources and power amplifiers
are required in base station transmitters for cellular tele-
phone systems, satellite transmitters, high-definition television
(HDTV) transmitters, power modules for phased-array radars,
surveillance and traffic control radars. Development of a solid-
state solution for these applications has turned out to be one
of the last frontiers for semiconductor electronics. Such a
solution must include attributes of ultra-high power combined
with high efficiency, linearity, and manufacturability. Even
though the importance of these features are specified by the
application, only a few technologies can satisfy the majority
of the needs simultaneously. One is the GaN-based family of
semiconductors. Historically the material was one of the first
III-V compound semiconductors to be studied [1]. The interest
declined in the early 1980s as continuous problems achieving
p-type doping could not be overcome. The breakthrough came
in the late 1980s when the first films on sapphire substrates
were realized [2] and later in the 1990s when a post-growth
thermal treatment was introduced [3]. Only one year later the
first AlGaN/GaN high electron mobility transistors (HEMTs)
were demonstrated [4]. Since then GaN HEMTs are an object
of ongoing research interest. Starting at a cut-off frequency
fT=11 GHz [5], values of fT=163 GHz were reached recently
[6]. RF power applications also require devices with high
breakdown voltage (VBR). Due to its wide bandgap GaN
features a high critical electric field of breakdown. Further
enhancements can be achieved by adopting a field plate
technique [7]. With its origins in the context of high voltage
p-n junctions [8] the field plate reduces the peak electric field
values in the channel. This allows breakdown voltages as high
as 1900 V, while a low Ron of ∼2.2 mΩ cm2 is maintained
[9]. Material attributes, such as the high peak and saturation
velocity and high electron mobility are also the reason for the
excellent microwave performance.

Thus, AlGaN/GaN HEMTs have established themselves as
microwave power devices. However, they are still designed
primarily with experimental empirical techniques. Simulation
software is used to improve individual device characteristics

after calibration of the simulation model parameters. For such
purpose a fast simulation turnaround is typically preferred, at
the expense of the physical depth of the models employed.
The latter can lead to a restrictive design space. Therefore, a
reasonable tradeoff between model complexity and computa-
tional time must be found.

II. T HE DEVICE SIMULATION TOOL

In this work we use the in-house developed simulator
Minimos-NT [10]. It is a general-purpose semiconductor
device simulation tool which features the capability to consider
various semiconductor materials, and also complex geometry
structures. The box integration method is used to discretize the
conservation equations [11]. The basic equations solved ina
device simulator are the Poisson equation and the current con-
tinuity equations for electrons and holes (1)-(3). The unknown
quantities are the electrostatic potentialψ and the electron and
hole concentrationn and p. C denotes the net concentration
of the ionized dopants,ε is the dielectric permittivity of the
semiconductor, andR is the net recombination rate.EC and
EV are the position-dependant band energies,NC,0 andNV,0

the effective density of states.
Since the longitudinal electric field in the device channel

reaches very high values of above 500 kV/cm, a hydrodynamic
approach must be used in order to properly model the carrier
transport and energy relaxation. It allows the carrier tempera-
ture to be different from the lattice temperature. The basic
equations are completed through two additional equations
describing the conservation of the average carrier energies, (4)
and (5).Tn andTp denote the carrier temperatures,τw,n and
τw,p are the energy relaxation times,Sn and Sp the energy
fluxes. Self-heating effects are accounted for by solving the
lattice heat flow equation (6) self-consistently.

Since HEMTs are unipolar devices, in the particular exam-
ples presented in this work, the equations for holes, (3) and
(5), are neglected. A global lattice temperature model [12]
is used for further reduction of complexity, which is solved
together with a system of three partial differential equations
(1), (2), and (4).

The complex device geometry is partitioned into indepen-
dent logical units, so-called segments, which consist of diverse
materials. Different models and algorithms are applied in the
segments, e.g. the hydrodynamic transport model is used in
the channel and the drift-diffusion transport model in all other
segments. The segments are linked together through interface
models, which account for the interface conditions, depending
on the type of the junction.
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Fig. 1. Electron energy relaxation times in GaN as a function of electron
temperature for different lattice temperatures. Comparison between model and
MC simulation data.

For all materialsMinimos-NT employs universal models
with different parameter sets. Therefore, a proper material
parameter set is of great importance for the quality of the
device simulation. We have conducted an extensive literature
research to gain such a parameter set. The data we use for
our device simulations have been verified against measurement
results and own Monte Carlo (MC) simulation data in [13]. As
an example, Fig. 1 shows the electron energy relaxation time
(τw,n) in GaN as a function of the electron temperature for
different lattice temperatures. The symbols represent data ob-
tained by Monte Carlo simulation, the curves are the analytical
models implemented inMinimos-NT.

III. C ALIBRATION

Our simulator is calibrated against measurement data from
devices produced at IAF (Freiburg). The AlGaN/GaN HEMT
technology is based on multi-wafer MOCVD growth on 2-
inch semi-insulating SiC substrates based on an Aixtron 2000
multi-wafer reactor. The gate technology is so far e-beam
defined with a gate length oflg =150 nm, 300 nm, and 600
nm. Device isolation is achieved by mesa isolation. Fig. 2
gives an example of a typical fully planar AlGaN/GaN HEMT
field-plated structure. An AlxGax−1N/GaN heterointerface is
grown on top of a thick insulating GaN buffer. The material
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Fig. 2. A schematic layer structure of a single heterojunction AlGaN/GaN
HEMT device with field plate.

composition amounts to x=0.3. All layers are not intentionally
doped (nid), except theδ-doping which is introduced in the
AlGaN supply layer to provide additional carriers and to
improve the access resistance. A gate Schottky contact controls
the carrier flow in the channel.

The crucial factor building the channel in HEMTs are the
polarization charges at the AlGaN/GaN heterointerfaces. The
positive charge at the channel/spacer interface is compensated
by a negative surface charge at the barrier/ cap interface. The
optimum value of 1.1×1013 cm−2 is found (Fig. 3). As can
be seen in Fig. 4 (the electron concentration for VDS=7 V,
VGS=0 V is shown) the device is a normally on transistor.
Another unknown is the penetration depth of the drain/source
metal contacts which may build an alloy with the AlGaN
supply layer. We assume a metal diffusion to theδ-doping
in our simulations. We further assess the impact of thermionic
emission and field emission (tunneling) effects which critically
determine the current transport across the heterojunctions. An
optimal tunnel length of 7.5 nm is found.

Fig. 5 shows simulated (lines) and measured (symbols) data
for the transfer curves with and without field plate. In Fig. 6the
measured and simulated output characteristics are compared.
As can be seen a good agreement has been achieved for both
devices.
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Fig. 3. Transfer characteristics for different polarization charge densities at
the AlGaN/GaN heterojunctions.
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Fig. 4. Simulated electron concentration (given in [cm−3]) in an AlGaN/GaN
HEMT with lg=lFP=600 nm forVGS=0 V andVDS=7 V.

IV. F IELD PLATE OPTIMIZATION

Further we focus on exploring the impact of the field plate.
The benefit is an increase of the breakdown voltage and a
reduced high-field trapping effect. Overall the power density
can be increased significantly [14].

The critical variables associated with the field plate for
a given gate length are the field plate length and the SiN
thickness (see Fig. 2). While the gate length is crucial for
the transit time, the field plate length is the major factor for
the size of the electrical field-reshaped region. The nitride
thickness controls the onset voltage but has also a significant
influence on the maximum electric field.

The difference caused by the field plate is better demon-
strated by the electrical field distribution in the channel as
shown in Fig. 7. A 50% reduction of the maximum electric
field, located at the drain side of the gate edge, is achieved by
the introduction of the field plate. A second peak occurs at the
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Fig. 5. Comparison of measured (symbols) and simulated (lines) transfer
characteristics of HEMTs with and without field plate.
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Fig. 6. Output characteristics for 600 nm device with field plate.

field plate edge. We further optimize the critical geometrical
values controlling the field distribution.

First we explore the exact distribution for different field
plate lengths lFP. Therefore, we simulate devices with 600 nm
gate length at VGS=VFPS=-7 V, VDS=60 V. The field plate is
varied between 200 nm and 1µm (see Fig. 8). lFP=600 nm
appears to be the best choice, since it provides the lowest
peak value of the electric field.

Under the same bias conditions we simulate devices with
different gate lengths (see Fig. 9). The field plate length is
always set equal to the gate length (lFP=lg). The simulation
results show that the optimum field-plate lengths do not scale
as much as the gate lengths.

V. CONCLUSION

A full set of models and model parameters for GaN-based
materials has been created based on experimental results and
own Monte Carlo simulation data. The analytical models are
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Fig. 7. Simulated electric field along the channel oflg=600 nm HEMTs
with and without field plate forVGS=0 V andVDS=7 V.

integrated in our two-dimensional device simulatorMinimos-
NT. The device simulation results show a good agreement
with measured electrical data of AlGaN/GaN HEMTs. Such
a calibrated tool allows us the consecutive investigation and
optimization of the electric field in the channel.
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