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Abstract— Simulations and measurements of submicron
pseudomorphic high electron mobility transistors (HEMT’s)
are presented. For the simulations the generic device simulator
MINIMOS-NT is used which is capable of dealing with complex
device geometries as well as with several physical models
represented by certain sets of partial differential equations. A
description of the structure of the simulator is given, which
shows the basic idea of splitting the device geometry into distinct
regions. Within these “segments,” arbitrary material properties
and physical models, i.e., partial differential equations, can be
defined independently. The segments are linked together by
interface models which account for the interface conditions.
The simulated characteristics of a HEMT with a gate length
of 240 nm are compared with the measured data. Essential
physical effects which determine the behavior of the device can
be identified in the output and transfer characteristics.

I. INTRODUCTION

I

N RECENT years, high electron mobility transistors
(HEMT’s) have become a widely used supplement to
the spectrum of industrial semiconductor devices. Especially
pseudomorphic submicron HEMT’s have conquered a
broad field of application because of their high-frequency
performance.
The aim of this work is to show the capabilities and features
of the two-dimensional (2-D) device simulator MINIMOSNT which are required for the simulation of HEMT’s.
Special interface models are developed on the basis of
DC-characteristics simulation of a pseudomorphic doubleheterojunction AlGaAs/InGaAs HEMT with a gate length of
240 nm.
The simulation results are compared with measured data
and three distinct operation regimes of the transfer characteristics can be diagnosed, each owing to a major physical
effect. Identifying the essential physical mechanisms which
are responsible for particular effects of the HEMT’s electrical
behavior by means of simulation allows to push ahead the
further development of HEMT’s. The capability of simulation
includes device scaling as well as the potential of band gap
engineering. Both improvements can be realized by process
technology due to advances in epitaxial growth producing
epilayers of almost arbitrary material composition.
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The simulation of HEMT’s is mainly facing two problems.
Of concern are short-channel effects caused by reducing the
gate length well below a quarter micron. Secondly, the device
characteristics strongly depend on the properties of abrupt
heterojunction interfaces.
To account for short-channel effects several attempts have
been made to make the hydrodynamic (HD) model suitable for
device simulation [1]–[4]. However, the convergence of the
HD model is poor and the computational effort is high, since
the set of unknowns is augmented by the carrier energies.
Both effects can be mitigated when the HD model is only
used for regions of the device where nonlocal behavior is
dominating, hence by mixing drift-diffusion (DD) and hydrodynamic model (mixed-model simulation). For HEMT’s the
critical region is the channel layer. To apply the HD model
only for the channel layer, this region must be cut out and then
linked with the remaining regions by specific interface models.
Thus, the device region is split into a set of subdomains by a
process referred to as segment split method (SSM) [5].
Moreover, the SSM offers an elegant way to handle abrupt
heterojunctions using specific interface models mentioned
above. Previously published simulators are only capable
of dealing with continuous material properties [6], [7] and
therefore ignoring thermionic-field emission, or they are
designed for only one dimension in space [8], [9]. Using SSM
it is possible to combine models for abrupt heterojunctions
and 2-D device simulation. Accordingly, for the simulation
of HEMT’s the short-channel effects can be considered as
well as the influence of the thermionic-field emission on the
confinement of the electrons inside the channel layer.
In Section II the equations for the drift-diffusion and hydrodynamic models, the interface model for thermionic-field
emission, and the physical models are presented along with
some notes on numerics. The measured DC characteristics
are compared with simulation results in Section III as well
as a discussion of several physical effects which influence
the transfer characteristics. Finally, some conclusions are
presented in Section IV.
II. SEGMENT SPLIT METHOD AND MIXED
DRIFT-DIFFUSION HYDRODYNAMIC SIMULATION
The electrical behavior of the HEMT is mainly determined
by the epitaxial grown structure of the device. Several distinct layers of different semiconductor alloys are combined
to obtain a channel with high electron mobility and high
electron concentration. The properties of the channel are
expected to govern the electron transport (see Fig. 1). The
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(2)
(3)
and
are the electron and hole current densities,
where
respectively,
is the net recombination rate, is the permittivity, and the electron and hole concentrations, is
the absolute electron charge,
and
are the densities
of ionized acceptors and donors, and
is the density of
ionized deep traps, respectively.
The current densities are defined as

(4)
Fig. 1. Schematic cross section of a delta-doped pseudomorphic double-heterojunction HEMT. The current is conducted inside the narrow
band-gap In0:2 Ga0:8 As channel layer, 12 nm thick, which is sandwiched
between the wide band-gap Al0:2 Ga0:8 As upper and lower barrier layer.

material and electrical properties change almost abruptly at the
heterojunction interfaces, i.e., at interfaces between different
layers. Inside a layer the material properties and the electrical
quantities are continuous, and the partial differential equations
(PDE) describing the electrical behavior can be solved numerically. The discontinuous behavior on interfaces between
layers has to be treated by specific interface models to link
the layers together. For the simulation the device domain is
split into several subdomains, referred to as segments. Each
segment corresponds to a distinct layer of the device. This
process is termed segment split method (SSM).
Abrupt heterojunction interfaces can be properly handled
with interface models. Especially, the effects of tunneling
through energy barriers at heterojunction interfaces can be
considered analytically for arbitrary device geometries. Tunneling is important to describe the electron transport from the
drain-sided end of the channel into the barrier layer above.
Furthermore, by linking segments with different properties by
appropriate interface models, the models for the segments can
also be different. Thus, for the channel segment a five equation
hydrodynamic (HD) model can be used to account for shortchannel effects and a plain three equation drift-diffusion (DD)
model for the other segments. Compared to simulations using
the HD model for the entire device, mixed DD/HD model
simulations are more effective with respect to computation
time and the convergence of the iteration scheme.
A. Basic Equations
In the following the basic equations used for the simulation
of the HEMT are given. For plain drift-diffusion modeling
the well known Poisson equation and continuity equations
are used. Additionally, to account for short-channel effects,
a hydrodynamic model describing the energy transport is
implemented and the continuity equations are extended for
nonconstant carrier temperatures.
The Poisson and continuity equations read
(1)

(5)
where the nonconstant carrier temperatures and effectivedensity-of-states are considered by the terms
and
respectively. The terms
and
account for the nonconstant band edge energies.
The definition of the carrier mobilities
and
depends on
the applied model and considers a field dependence for the DD
model and a carrier temperature dependence for the HD model.
For the HD model the equations governing the energy
transport are

(6)

(7)
where
(8)
(9)
are the electron and hole energy fluxes, respectively,
and
are the energy relaxation times, and
and
are the
electron and hole energies, respectively. Since the simulations
are performed for room temperature
K the drift
kinetic energy part is small compared to the random kinetic
energy of the carriers and can be neglected
(10)
For the thermal conductivities the Wiedemann–Frantz–Law
is used
(11)
Furthermore, for the discretization of the continuity and energy balance equations we implemented the scheme proposed
in [3] to improve the poor convergence behavior of the HD
model.
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B. Interface Models
Considering the interface between Segment 1 and Segment 2, the thermionic-field emission model determines the
electron current density
leaving Segment 1, the electron
current density
entering Segment 2, the electron energy
flux density
leaving Segment 1, and the electron energy
flux density
entering Segment 2
(12)
(13)

(14)

(15)
where
(16)
denotes the “emission velocity,” and
are the electron
effective masses for Segments 1 and 2, respectively. The
barrier height is defined as

mixed-model simulation the carrier temperatures on both sides
of the interface are supposed to be equal
C. Numerical Methods
The discretized nonlinear equation system is solved by a
Newton–Raphson scheme. Additionally, to improve the well
known poor convergence of the energy transport equations a
block iterative scheme is implemented. First, the set of Poisson
equation and continuity equations is solved alternately with
the set of continuity equations and energy transport equations.
Each set is solved iteratively by the Newton–Raphson method
until the norm of the updates remains under a certain value.
At last, for the full equation set the Newton–Raphson method
[11], [12] is invoked to obtain the desired final accuracy.
The linear system is solved either by a Gauß-solver or by a
state-of-the-art BiCGStab algorithm [13]. When the BiCGStab
algorithm is employed, at first the matrix is scaled with an
iterative algorithm [14] and preconditioned [15].
D. Physical Models
In the sequel the models for the band edge energies [16],
the electron and hole effective masses [16], and the mobilities
for Al Ga
As and In Ga
As are given.
Usually, the band gap energies are used for simulation.
However, the correct treatment of the abrupt heterojunctions
requires the energy barrier height on the interfaces, i.e., the
values for the conduction band edge energy and the valence
band edge energy as well.
The band gap energy for Al Ga
As reads

(17)

(20)

For the electrostatic potential the interface condition reads
(21)

(18)

(22)
(23)

Tunneling of electrons through the energy barrier is taken into
account by barrier height lowering, which is modeled as
(19)
where
is the electric field perpendicular to the interface
in Segment 2 and
is the effective tunnel length which is
assumed with 7 nm.
The exponential term in (14) containing the barrier height
determines the current flow across the interface. The effectiveness of this energy barrier is reduced either by barrier
height lowering due to tunneling or by increasing electron
temperature
Thus, the carrier temperature influences
the current flux across the interface—the higher the electron
temperature the more electrons are able to surmount the energy
barrier. This effect is referred to as real-space transfer (RST,
[10]).
The mixed DD/HD model simulation requires a suitable
value for the electron temperature
inside the wide bandgap semiconductor segment where the carrier temperature is
not calculated explicitly. One possibility is to assume the carrier temperature identical to the lattice temperature. However,
full HD simulations show that the carrier temperature does not
change very much in the vicinity of the interface. Thus, for

where
is given in eV and is the lattice temperature
in K.
The band gap energy for InAs reads
(24)
with the appropriate parameters
Table I).
The band gap energy for In Ga

, and

(see

As is given by
(25)

and
are the band gap energies for
where
GaAs and InAs, respectively, and is the “bowing” parameter
[16]. For the values of the parameters, see Table I.
The band gap energy is related to the band edge energies by
(26)
(27)
thus, 60% of the change of the band gap energy are attributed
to the conduction band edge energy and 40% to the valence
band edge energy.
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governed by the equations

TABLE I
PARAMETER VALUES FOR MODELING THE BAND GAP ENERGIES

(31)
The HD mobility is modeled carrier temperature dependent
(32)
are the carrier temperatures and
is the lattice
where
temperature. The corresponding values for the parameters can
be found in Table III.
III. RESULTS
TABLE II
PARAMETER VALUES FOR MODELING THE CARRIER EFFECTIVE MASSES

TABLE III
PARAMETER VALUES FOR THE MOBILITY MODELS

The carrier effective masses for Al Ga

As read
(28)

the effective masses for GaAs are obtained.
where for
Table II shows the values used for these parameters.
The carrier effective masses for In Ga
As are governed
by
(29)
where the effective masses for InAs are obtained with
(see Table II).
The DD mobility is modeled by
(30)

are the zero-field mobilities,
are the saturation
where
velocities, and
are the magnitudes of the driving force
for electrons and holes, respectively. The driving forces are

The device simulated in this study was fabricated using
a structure grown by molecular beam epitaxy. From top to
bottom the layer sequence consists of a highly doped GaAs
cap layer, a 30 nm undoped Al Ga As upper barrier
layer, a 12 nm In Ga As channel layer, and a 400 nm
Al Ga As lower barrier layer on a semi-insulating GaAssubstrate. Within the upper barrier layer, a delta doping with
an active doping concentration of about
cm
is grown. The Al Ga As barrier below the channel contains
a 7 nm thick doping layer with an active doping concentration
of about
cm
The gate length of the HEMT is 240 nm. In the vicinity
of the gate, the cap layer is etched to form a recess of about
540 nm length. The gate is placed symmetrically within the
recess. Thus, ungated channel regions extend for about 150
nm at both sides of the gate. Fig. 2 shows a representative
SEM-profile (Scanning Electron Microscopy) of the structure.
As can be seen, the alloying process of the ohmic contacts
does not lead to complete penetration of the cap. Thus, we
assume that the underlying heterostructures are not destroyed
by the contacts. Therefore, the schematic structure shown in
Fig. 1 where the ohmic metal is placed on top of the cap
layer is used for simulation. For the 2-D simulations a contact
resistance of 0.1 mm is assumed. The width of the device
is 180 m which results in a contact resistance of 0.6 for
the complete extrinsic device.
The mixed-model simulation is performed with a hydrodynamic model within the channel region and a drift-diffusion
model within the other layers. The hydrodynamic model is
only applied to electrons. The hole concentration does not
influence the device characteristics and their temperature is
held constant at 300 K. A rectangular grid with 2726 points is
used for discretization. The channel layer is discretized with
315 points. Thus, the mixed DD/HD model simulation needs
about 1.2 times the computation time of a plain DD simulation
and at least 0.7 times the computation time of a full HD
simulation.
The simulation of one bias point requires an average of
500 iteration steps, 30 MB main memory, and needs 200 s.
CPU-time on an HP 9000/735 with 100 MHz clock frequency.
The measured transfer characteristic for a drain-source voltage of 2 V is shown in Fig. 3 along with three simulated –
curves, one with plain DD model simulation, one with mixedmodel simulation, and one with full HD model simulation. The
measurement was performed on wafer on a
m device.
As depicted in this figure the mixed-model simulation and
the measured data agree very well. Furthermore, the full HD
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Fig. 2. Representative scanning electron microscopy cross section of the HEMT.

Fig. 3. I –V curves for VDS

= 2 V.

model and mixed-model simulations are almost identical. For
gate voltages higher than 0.6 V the full HD model simulation
shows an increase of the drain current which can be attributed
to a parasitic channel in the upper barrier layer. This parasitic
channel is also shown by mixed-model simulations but for
gate voltages beyond 0.8 V. A detailed investigation of the
parasitic-channel effect will be published in another paper.
The transfer characteristics can be divided up into three
operation regimes, each regime owing to a major physical
effect. Firstly, the pinch off regime, i.e., negative gate voltages
where the electron concentration in the channel is low but is
starting to rise with the gate voltage increasing. Most of the
current flowing is conducted in the lower barrier layer.
The deviation of the DD simulation and the measurement
can be attributed to an overestimation of the electron confinement in the channel, i.e., the electrons are not swapped
out into the lower barrier where their mobility is rather low.
This is simulated much more realistically by the mixed-model
simulation as shown in Fig. 6.

Fig. 4. Transconductance for VDS = 2 V.

The second regime is the one of most interest for device
applications. The drain current is controlled mostly linear by
the gate voltage and exhibits the maximum in
as shown
in Fig. 4.
For gate voltages higher than 0.3 V, marking the third
regime, the – curve in Fig. 3 drops off since the electrons
heat up and start to surmount the energy barrier between channel and the barrier layer above known as real-space transfer
of the electrons. Hence, an increasing fraction of the electron
transport takes place within the upper barrier layer where
the electron mobility is much lower than within the channel.
Fig. 5 shows the electron temperature inside the channel of the
transistor and Fig. 7 the electron concentration of the entire
device. As clearly can be seen in Fig. 5 the temperature is
about 3000 K on the drain-sided end of the channel which
allows the electrons easily to cross the heterojunction between
channel and upper barrier layer.
Tunneling of electrons through the heterojunctions is important for the connection of the drain-sided end of the channel
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to the drain contact. When tunneling is not taken into account
only few electrons are able to leave the channel and to reach
the drain contact. Thus, the current is correspondingly too low
(see Fig. 3).

In Fig. 8 the output characteristics of the HEMT are depicted. The simulation results are in good agreement with the
measured data. The correspondence of the output conductance
shows, that, as stated above, the current flow inside the channel
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of which is very inexact. This exponential dependence causes
the inaccuracy of the model for the ohmic operation regime of
the HEMT. Further improvement of the tunneling model will
alleviate this problem.
IV. CONCLUSION

Fig. 8. Output characteristics of the HEMT. The simulation results are in
good agreement with the measured data except for drain-source voltages below
0.5 V. The inaccuracy of the results for the ohmic operation regime is induced
by the exponential dependence of the tunneling model on the electrical field
at the heterojunction interface.

and the neighboring segments is well characterized by the
mixed-model simulations. The disagreement of the simulations
and the measurements for drain-source voltages below 0.5 V
is due to the tunneling model. The tunneling current across
the heterojunction depends exponentially on the perpendicular
component of the electric field at the interface, the calculation

A quarter micron delta-doped pseudomorphic doubleheterojunction high electron mobility transistor is simulated
with the generic 2-D device simulator MINIMOS-NT. A
new method is used which divides the device region into
several subdomains, referred to as segments, each segment
with its specific physical models. This offers the opportunity to
combine segments where a hydrodynamic model is used with
segments where the plain drift-diffusion model is employed.
Thus, for the channel of the transistor, where short-channel
effects are expected, the energy balance equations are used
to account for nonlocal effects such as velocity overshoot.
Furthermore, solving the hydrodynamic model in only a part
of the device is more efficient than a full hydrodynamic
solution.
Moreover, the distinct segments are linked together with
specific interface models. These interface models allow to
deal with abrupt heterojunctions and to include the effects of
thermionic-field emission which determine the current confinement within the channel layer and properly describe how the
carriers swap out into the neighboring segments. Hence, the
reduction of the transconductance by real-space transfer can
be observed by the simulations.

SIMLINGER et al.: SUBMICRON DOUBLE-HETEROJUNCTION HEMT’S

The combination of abrupt heterojunctions and a 2-D mixed
hydrodynamic drift-diffusion model simulation leads to reasonable results which are in good agreement with the measured
data. Furthermore, the influence of several physical effects,
such as real-space transfer and carrier heating, on the device
characteristics can be identified.
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