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A 2D-Hydrodynamic model is carried out to predict the breakdown voltage of
microwave field effect transistors. The model is based on the conservation equations
inferred from Boltzmann’s transport equation, coupled with Poisson’s equation. In
order to take into account the channel avalanche breakdown, the charge conservation
equations for electrons and holes are considered and a generation term is introduced.
The set of equations is solved using finite difference and different computational
methods have been tested to save computing time. The model allows us to obtain
accurate predictions for power transistors considering a usual gate recess. Results are
performed for pseudomorphic A1GaAs/InGaAs/GaAs HEMTs.
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INTRODUCTION

Breakdown phenomenon makes up one of the
main limitations of Field Effect Transistors (FETs)
for microwave power amplification. In order to

improve the device breakdown voltage, different
gate-recess topologies were developed. They are

mainly based on a single gate recess or a double
step gate recess which can be symmetrical or asym-
metrical [1-3]. Consequently, the power tran-
sistor structure is very complicated. It depends on

a lot of different technological parameters, such as
the thickness of the cap layer and its doping

concentration or the gate recess offset, and un-

known parameters such as the surface potential
(due to Fermi level pinning).

In this background, a physical model giving
accurate predictions makes up a very useful tool in
order to optimize the device and to curtail the
fabrication cost. In order to investigate the per-
formance of power FETs, the model must enable
us to study the main limitations of the device, the
breakdown voltage for example. In this paper, in
order to study the phenomenon ofavalanche break-
down, a two-dimensional hydrodynamic energy
model has been carried out. This model, built up
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from previous versions achieved in our laboratory
[4-5] has been strongly modified and improved
to take the phenomenon of channel avalanche
into account. The minority carriers are introduced
and a generation term is considered. This leads to a
more complex software including a larger set of
equations to solve, and it needs appropriate nu-
merical methods to save computing time. The
behaviour of the device is analysed by means of
the distribution of the different physical quantities.
The model includes the physical limitations specific
to submicron gate length devices and makes it pos-
sible to study the breakdown mechanisms and the
breakdown voltage determination for gate recessed
devices close to experimental manufacturing. Tran-
sistors based on different existing semiconductor
components can be modeled, such as MESFETs,
uniformly or &doped HEMTs structures.

MODEL DESCRIPTION

The numerical model used in this study was
described in detail in previous papers [4, 5]. It is
based on the conservation equations, derived from
Boltzmann’s equation, coupled with Poisson’s
equation. Our model is a Monte Carlo calibrated
model, including a full two-dimensional treatment
of the equations and the boundary conditions.
Consequently, there is no simplifying assumption
on the carrier energy. We are able to model
structures very closed to experimental making: we
take the real gate recess into account and we can
consider complex devices (one or several 6 doped
layers, one or several channel in the structure).

In order to take the avalanche phenomenon into
account, minority carriers are introduced in the
model and a generation term is included in the
charge conservation equations. The equations to
be solved are the following ones:

charge conservation equations for electrons
and holes:

0/7

Ot--+ div(nTn) G R

Ot--+ div(pFp) G R

where n and p are the electron and hole carrier
concentrations, Vn and Vp the carrier velocities.
The recombination rate R is assumed to be zero,
when the generation rate G is written:

G annVn q- appVp

where a and Op are the electron and hole impact
ionization coefficients [6]:

exp

F is the electric field, A and X are given by the
following equations:

wi ) "7
WiA=0.217 p} and X=qF---

where wi is the ionization threshold energy, q is the
charge unit and A, /Wp) are as follows:

Wp ) and (we)A Ao tanh 2ksTe w tanh
2

In these expressions, Wp is the optical phonon
energy, 0 is the mean free path for optical phonon
scattering at 0 K, ks is Boltzmann’s constant and

Te is the electronic temperature.

energy conservation equation for the electrons:

Onw -qnT- Vn -n(w- (3/2)kBTo)
Ot rw

wG

where w is the carrier energy, rw is the energy
relaxation time and Sn is the energy flux:

Sn -Te q-[w -k kBTe(w)]nV
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where n is the thermal conductivity, given by the
Wiedemann-Frantz-Law [7]:

t - qn#nTe

The energy conservation equation for the holes is
not considered. A drift diffusion behaviour is
assumed for the minority carriers.

carrier velocity equations:

P

These equations are obtained by the momentum
conservation equations where the inertial terms are
neglected. This hypothesis is fully justified for gate
length FETs larger than 0.5 tm and enable us to
solve a simplified set of equations.

Poisson’s equation

where N- is the ionized donor concentration and e
is the dielectric permittivity. The physical param-
eters such as #n, #p, -w and 7" depend on the
average total energy in the material. They are
obtained from steady-state three valleys Monte
Carlo simulations [8]. The main physical phenom-
ena are taken into account and the whole carrier
dynamics are treated, particularly the carrier
transfer in the upper valleys, by means of a single
equivalent electron gas [4].

The model can take into account a gate recess
area close to experimental making. Appropriate
boundary conditions are applied around the
simulated area and inside the device at the

semiconductor-insulator interface. Neumann
boundary conditions are applied on the free sur-

faces so that no current flux leaves the simulated
device area. Dirichlet boundary conditions are

applied on the source and drain contacts (Te To;
n N-; V external bias). On the gate contact, the
potential is raised by the value of the junction
diffusion potential to take the Schottky barrier
height into account. The insulator area is supposed
to be ideal. Consequently, the orthogonal carrier

velocity is equal to zero at the interface between
the semiconductor and the insulator. The discon-
tinuities of the conduction band are modeled using
an equivalent transverse electric field at the inter-
faces and the surface potential effect is introduced
using electrostatic charges in the gate recess area.

The generation term depends on the carrier energy
for the electrons and on the longitudinal electric
field for the holes [8].
The equations are discretized using a finite

difference method where the varibles used are the
potential V, the electron density n, the hole density
p and the electron energy w. A non uniform mesh
is used in both directions. The scalar variables are
defined at the mesh points whereas the vector
quantities are defined at the half-points. Poisson’s

equation is discretized using a centered finite
difference and is solved using the matrix double
sweep method [10]. Carrier velocity equations for
electrons and holes are discretized using an upwind
method for stability reasons. In the charge
conservation equations for electrons and holes
and in the electron energy conservation equation,
the spatial discretization is performed using a

centered finite difference method and the temporal
discretization is performed using a full implicit
method. These three non-linear equations are
linearized using a Newton-Raphson Method
and solved from a Bi-CGSTAB algorithm [11]. A
transient simulation is carried out up to the steady
state determination. From this model, it is possible
to obtain the distribution of the physical quantities
and the current-voltage characteristics. The small
signal parameters of the equivalent scheme are
obtained either from incremental methods on Vs
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FIGURE 3 Average electron velocity along the structure.

where the electric field is high. The electron-hole
carrier generation occurs at the place where the
electron energy and the electric field are maximum
at the exit of the gate. Figure 2 shows the same
physical parameters close to pinchoff at the same
drain-source bias (Vx)s=8V, Vs=-0.3V). In
this case, the electron energy maximum is smaller
as well as the avalanche carrier generation. This
can be seen from the generation rate and the hole
concentration distribution. This is due to a high-
er device breakdown voltage at pinchoffwhen com-
pared to the one usually observed at open channel.
The average electron longitudinal velocity in the

device is represented Figure 3 with and without (G
assumed to be equal to zero) the generation
phenomenon. An increase of the velocity is
observed when the ionization phenomenon is
introduced in the model. This is due to a drop in
the carrier energy in the high energy area (Fig. 4)
evolving from the energy lost by the carriers due to
the avalanche multiplication.

Figure 5 shows the drain current Ix)s, the
transconductance gm and the gate-source capaci-
tance Cas versus Vas for Vos 8 V. When the
ionization phenomenon is taken into account, a

(eV)
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FIGURE 4 Average electron energy along the structure.

higher transconductance is obtained due to the
current increase. The Cs capacitance remains
practically identical.
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FIGURE 5 Drain current, transconductance and gate-source
capacitance versus V6s (Vos 8 V).

CONCLUSION

The reported 2D hydrodynamic model helps
understand the avalanche breakdown physical
behaviour of microwave power field effect transis-
tors by means of the study of the device physical
quantities. And it especially shows the electron and
hole distributions as well as the generation rate and

its influence on the carrier velocity and carrier
energy. The breakdown voltage of the device drawn
from the current-voltage characteristic strongly
depends on these parameters. So, the model makes
up a useful tool for the optimization of the
breakdown voltage of power devices considering
various gate recess topologies such as for instance a
double step gate recess. In this background, due to
the device complexity and the large number of
technological parameters to be taken into account,
it makes up a useful tool to help the designers and to
curtail the development costs.
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