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1 8 Outline of Tasks Completed during this Period.

During the first year of this program we have made progress on several different

issues. These are:

1) Application of the materials theory based modeling approach to the study of
carrier transport in 3C-SiC, InN, and 4H-SiC. As discussed below, these
studies provide a means of assessing the fundamental transport properties of
these materials and a prediction of their breakdown properties.

2) Development of a device simulator based on a coupled Poisson solver, Monte
Carlo algorithm.

3) Application of the self-consistent Monte Carlo simulation to the study of GaN
based MESFETSs. As discussed below, using this technique we have made the

first predictions of the breakdown properties of GaN based MESFETs and

their high frequency capabilities.


mailto:kbrennan@ece.gatech.edu

4) Invention of a new avalanche photodiode structure based on the exploitation
of the strain induced polarization fields. We have performed calculations that
indicate that the local electric field can be substantially altered through use of
strain induced fields.

IL. Background and Review

We have developed a general methodology, termed materials theory based
modeling, that is useful for predicting device performance in technologically immature
materials when little experimental information is available. The basic outline of the
approach is shown in Figure 1. The first step in materials theory based modeling is to
determine the band structure. Typically, we employ both ab initio techniques as well as
the empirical pseudopotential method. The ab initio methods are first principles
techniques in which the band structure is determined directly from the solution of the
Schroedinger equation using the density functional theory, DFT, along with linear
augmented plane waves, LAPW. Though the ab initio methods provide a relatively
fundamental solution for the band structure, they suffer from several limitations that
hamper their usefulness. These techniques are highly computationally intensive, orders of
magnitude higher than the pseudopotential technique (described below). Additionally, the
ab initio techniques rarely provide accurate agreement with the full range of measured
quantities available, i.e., the energy band gap, effective masses, valley separation
energies, etc.

The empirical pseudopotential method provides a useful alternative for

calculating the band structure. The pseudopotential method relies on fitting the band

structure results to measured experimental data. As such, excellent agreement with



experimental measurements, where available, can be obtained. Additionally, the
pseudopotential method is far more computationally efficient than the ab initio methods.
For these reasons, we utilize the pseudopotential method in the calculations reported here.

Once the band structure has been determined, the fundamental transport
properties of the material are calculated from a numerical solution of the Boltzmann
equation using the Monte Carlo method. The Monte Carlo technique provides a complete
solution of the Boltzmann equation through the direct simulation of the carrier
trajectories in both momentum and real space. By taking suitable averages over the
appropriate macroscopic variables, the important transport properties, i.e., drift velocity,
mobility, diffusivity, and ionization coefficients etc. can be assessed.

We have used this technique to study the transport properties of GaN, InN and
SiC. The results of these studies are summarized in the enclosed preprint for Solid State
Electronics, entitled, “Materials theory based modeling of wide band gap
semiconductors: From basic properties to devices.” We have calculated the carrier drift
velocities, mobilities, and impact ionization coefficients. From these results, device level
simulations can be made.
III. Summary of Results

The full details of our results and the method by which they were obtained are
disclosed in the enclosed preprints/reprints at the end of this report. Here we will only
summarize the salient features of our work. First, we summarize the publications that

have arisen from this work. These are:



Journal Publications:

1

2)

3)

4)

5)

B. Doshi, K. F. Brennan, R. Bicknell-Tassius, and F. Grunthaner, “The effect
of strain induced polarization fields on impact ionization in a2 multiquantum
well structure,” Applied Phys. Lett, vol. 73, pp. 2784-2786, Nov. 9, 1998.

E. Bellotti, H-E. Nilsson, K. F. Brennan, and P. P. Ruden, “Ensemble Monte
Carlo calculation of hole transport in bulk 3C-SiC,” J. Appl. Phys., vol. 85,
pp- 3211-3217, March 15, 1999.

E. Bellotti, B. K. Doshi, K. F. Brennan, J. D. Albrecht, and P. P. Ruden,
“Ensemble Monte Carlo study of electron transport in wurtzite InN,” J. Appl.
Phys., vol. 85, pp. 916-923, Jan. 15, 1999.

M. Farahmand and K. F. Brennan, “Full band Monte Carlo simulation of
zincblende GalN MESFETS including realistic impact ionization rates,”
accepted for publication in IEEE Trans. Electron Devices, June, 1999.

K. F. Brennan, E. Bellotti, M. Farahmand, J. Haralson II, P. P. Ruden, J. D.
Albrecht, and A. Sutandi, *Materials theory based modeling of wide band gap

semiconductors: From basic properties to devices,” submitted to Solid State

Electronics.

Conference Presentations:

1))

K. F. Brennan, E. Bellotti, and M. Farahmand, “Theoretical study of wide
band gap semiconductors for power amplifier applications,” presented at the

Advanced Heterostructure Workshop, Hapuna Beach, Hawaii, Nov 29-Dec .4,

1998.



2) J. D. Albrecht, P. P. Ruden, K. F. Brennan, S. Limpijumnong and W. R. L.
Lambrecht, “Monte Carlo simulation of electron transport in bulk ZnO,”
presented at the American Physical Society March Meeting, Atlanta, GA,
March 21-26, 1999.

3) M. Farahmand and K. F. Brennan, “Full band Monte Carlo simulation of
breakdown and high frequency properties of GaN MESFETs,” presented at
the American Physical Society March Meeting, Atlanta, GA March 21-26,
1999.

4) K. F. Brennan, E. Bellotti, M. Farahmand and P. P. Ruden, “Materials theory
based modeling of wide band gap semiconductors: From basic properties to
devices,” presented at the First Workshop on Wide Bandgap Bipolar Devices,
Panama City, FL, Jan. 24-27, 1999.

Copies of the manuscripts are enclosed at the end of this report.

As mentioned in Section I, the salient achievements made during this part of the
research project are: the first high field, high energy transport calculations for bulk InN
and 3C-SiC; the first simulation of a GaN based MESFET device in the breakdown
regime; development of a new concept for locally heating the carriers through the action

of a strain-induced polarization field. We have also completed a preliminary study of hole

transport in 4H-SiC.
IV.  Future Work

In the next year of effort we will perform the following tasks.



D

2)

3)
4)

)

Finalize our study of hole transport in 4H-SiC. We will examine the
directional dependence of the breakdown properties of hole initiated
ionization in 4H-SiC.

Extend our self-consistent Monte Carlo simulation to the study of wurtzite
phase GaN based MESFETs. We will provide the first comparison of the
breakdown properties and high frequency potential of wurtzite and zincblende
phase GaN MESFETs.

Develop a self-consistent HEMT simulation tool.

Study the breakdown properties of GaN based HEMTs,

Study the high frequency and breakdown properties of 4H-SiC MESFETs

following the conclusion of the electron transport study in bulk 4H-SiC.
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Materials Theory Based Modeling of Wide Band Gap Semiconductors: From Basic
Properties to Devices

Kevin F. Brennan, Enrico Bellotti, Maziar Farahmand, and Joe Haralson 1I
School of ECE
Georgia Tech
Atlanta, GA 30332-0250
and
P. Paul Ruden, John D. Albrecht, and Agust Sutandi
Department of ECE
University of Minnesota
Minneapolis, MN
55455

Abstract

In this paper we present a general methodology, materials theory based modeling,
for predicting device performance in technologically immature materials that can proceed
relatively independently of experiment. The models incorporated within this general
approach extend from a fundamental physics based, microscopic analysis to macroscopic,
engineering based device models. Using this scheme, we have investigated the transport
and breakdown properties of several emerging wide band gap semiconductor materials,
L.e., GaN, InN, 3C-8:1C, and 4H-SiC. The carrier drift velocities, mobilities, and impact
ionization coefficients for these materials can be predicted using the materials theory
based modeling method. Using these results, device level simulations can then be made.
Here we report Monte Carlo and self-consistent charge control modeling of GaN based
devices. Comparison to experimental measurments is made when possible. Good
agreement between the self-consistent charge control model calculations and experiment

1s obtained. Some of the issues pertinent to heterostructure bipolar transistor modeling of
GaN are discussed.



L Introduction

The wide band gap semiconductors, in particular the IIl-nitride compounds and
SiC, are of increasing importance in various applications from high frequency, high
power amplifiers to blue and ultraviolet light emitters and detectors [1-7]. Though these
materials have much practical importance they are still technologically immature. As a
result, their basic transport properties and device potential is not well understood.
Progress in assessing the device potential of the wide band gap semiconductor materials
1s impeded experimentally by the lack of sufficient device quality material and
theoretically by the lack of detailed knowledge of the critical modeling parameters.
Parameters of importance for optical properties and for electron and hole transport
characteristics (such as deformation potentials, dielectric functions, and piezoelectric
parameters, etc.) are currently based either on calculations, on the rather sparse
experimental data, or on extrapolations from better known other materials. If the relevant
parameters of other materials are used to infer the properties of proposed large band gap
material devices, considerable uncertainty is introduced because the better characterized
III-V or [I-VI materials are quite dissimilar in such fundamental properties as the bond
ionicity, ion radii, and atomic masses. Furthermore, the crystal structure of the IIl-nitrides
obtained by the standard epitaxial techniques is the hexagonal wurtzite structure. This
implies polarization and bandstructure phenomena that are not encountered in the cubic
phases of traditional group IV or III-V semiconductors. Consequently, the properties of
other semiconductors are of limited use for IlI-nitride device design, analysis, and

optimization. SiC crystallizes in several polytypes, adding additional complication.



To advance the field of Jarge band gap material device exploration, we have
developed a hierarchy of semiconductor device models that are based on materials-theory
results rather than on experimentally determined materials characteristics. We refer to
this approach as materials theory based device modeling. The goal of materials theory
based device modeling is to function as a predictive technique, i.e to make predictions of
material and device performance in advance of experiment. The methodology will be
briefly reviewed here and illustrated through several examples. The device models extend
from a fundamental physics based, microscopic Monte Carlo simulation to rather simple
analytical models that incorporate the results of microscopic calculations of the electronic
structure and transport characteristics. Bandstructure calculations provide optical
absorption spectra and surface reflectivities (for photodetector modeling), and Monte
Carlo simulations provide transport parameters, such as mobility, saturation velocity,
diffusivity, and impact jonization coefficients. Materials-theory-based device modeling
bas yielded practical III-nitride device designs and has helped in the interpretation of
experimental results obtained from these devices [8].

I Model Description

The materials theory based modeling approach is outlined in Figure 1. As can be
seen from the figure, this approach is hierarchical in nature. The modeling begins with
knowledge of the crystalline structure, experimental data concerning the lattice constant,
energy gaps, optical data, etc. From this information the energy band structure is
computed, both from ab initio methods and from empirical methods, for example the
empirical pseudopotential method, EPM. The carrier-phonon scattering rates are

determined using both empirical information as well as ab initio lattice dynamics



calculations. Knowledge of the band structure and carrier-phonon scattering rates provide
the key inputs to the transport calculation discussed here which is the ensemble Monte
Carlo simulation. The Monte Carlo simulation can be used to calculate the transport
parameters, i.e., mobility, drift velocity, ionization coefficients, etc. or to directly perform
device simulation. The Monte Carlo method provides a direct solution of the Boltzmann
equation through microscopic simulation of the trajectories of particles subject to the
band structure, scattering agents, device geometry, and applied potentials and fields.

The particular advantage of the Monte Carlo method is that it provides a first
principles transport formulation based on the exact solution of the Boltzmann equation,
limited only by the extent to which the underlying physics of the system is included.
Additionally, the Monte Carlo model does not depend upon extensive experimental input.
The full details of the Monte Carlo model used herein have been described elsewhere and
will not be repeated here [9]. Nevertheless, it is useful to mention some of the details of
our model in order to help clarify its strengths and limitations when applied to the study
of relatively unknown materials.

As mentioned above, the principal input for the ensemble Monte Carlo model is
the band structure. We typically employ EPM to determine the band structure since it is
computationally efficient and can be tuned through an appropriate choice of form factors
to provide excellent agreement with quantities such as the energy gaps, effective masses,
etc. that have been determined either experimentally or through first principles
calculations. The EPM form factors are adjusted to ensure reasonable agreement with the
known band structure properties of each material. Many uncertainties in the description

of the band structures of the wide band gap semiconductors necessarily remain. Even for



the most studied semiconductors, such as silicon and GaAs, little is known about the
properties of the band structure far from the band edges. Therefore, our choice of band
structure for each material can, at present, be only considered to be approximate.

The electron scattering interactions are the other primary ingredients of the Monte
Carlo model. Polar-optical, acoustic phonon, ionized impurity, and piezoelectric
scattering are the most important mechanisms that affect electron and hole transport in
most of the wide band gap semiconductors. Though some of the coupling constants, such
as that for polar optical phonon scattering, can be determined from known physical
parameters, other coupling constants are highly uncertain. Much of the uncertainty arises
quite simply from lack of detailed experimental information while some arises from a
considerable spread in measured values of the deformation potentials. In these instances,
a suitable choice of the deformation potential can be obtained through comparison of the
calculated mobility to experimental measurements. Again, considerable uncertainty exists
since, for most of the wide band gap semiconductors, unequivocal values of the mobility
for each carrier species are not yet available.

Clearly, the lack of experimental information results in a high degree of
uncertainty in the calculation of the band structure and scattering rates. Consequently,
there is considerable uncertainty in the Monte Carlo calculations. The actual magnitudes
of the ionization coefficients and carrier drift velocities predicted by the Monte Carlo
model cannot be considered definitive. Rather, these calculations provide a first estimate
of the important transport properties of the wide band gap semiconductors that can be

used to enable further theoretical and experimental studies.



The Monte Carlo technique requires long computation times to generate
statistically valid outputs. It is thus impractical to implement for physical phenomena
and devices that operate over long time scales and large spatial dimensions, and it is
difficult to employ for simulating bipolar devices. In these instances, it is useful to apply
macroscopic simulations such as the self-consistent charge control, drift-diffusion or
hydrodynamic models.

Charge control, drift-diffusion, DD, and hydrodynamic, HD, simulations provide
only an approximate solution to the Boltzmann equation. Nevertheless, these models are
useful in situations where Monte Carlo is impractical and in devices that contain
extensive extrinsic and bipolar effects. Analytical models based on charge control are
typically predictive only in limited applications. Alternatively, the DD and HD methods
provide greater flexibility and can be employed in virtually all device types. The DD and
HD models are formulated by taking the first two and four moments of the Boltzmann
equation, respectively [10]. Though both the DD and HD methods are highly attractive in
device modeling, it should be noted that these formulations, particularly the HD, are
numerically often very difficult to solve. This is due to non-linearities in the equations as
well as the fact that the carrier concentrations often change by many orders of magnitude
throughout the simulation in either time or space. As a result, special formulations must
be applied to ensure numerical stability [10].

Though numerical stability is always a problem in utilizing DD and HD
simulations, a greater limitation is placed on these simulation tools by parameterization.
In contrast to the Monte Carlo method, the DD and HD simulations are macroscopic.

Their respective inputs are quantities such as carrier mobilities, diffusivities, lifetimes,



etc. that must be determined either empirically or through some alternative theoretical
approach. Therefore, usage of DD and HD simulations in examining devices made from
poorly understood materials, is greatly frustrated. This is the inherent advanFage of
employing the Monte Carlo simulation under these circumstances. However, as discussed
above, the direct application of the Monte Carlo method is not always practical. The
approach taken under these conditions is to first employ the Monte Carlo method to
determine macroscopic modeling parameters such as the carrier mobilities and
diffusivities. These parameters are then used within analytical models or DD or HD
simulations to study device performance.

The materials theory based modeling approach can then be summarized as
follows. From knowledge of the crystalline properties of the material and any empirical
data, such as the energy gaps, effective masses, etc., the band structure is computed. The
scattering mechanisms are next determined using both ab initio and empirical approaches.
The combined knowledge of the band structure and scattering rates enables an ensemble
Monte Carlo calculation of the transport properties of the material. The Monte Carlo

g c¥.
method can be used directly to perform device simulation gﬁ'] or in cases where its
computational requirements render it impractical, the essential transport parameters that
characterize the material, i.e., mobility, diffusivity, etc. are extracted. These parameters
are then used within charge control, DD or HD simulations to assess device performance.
III.  Calculated Materials Properties of the Wide Band Gap Semiconductors

The ensemble Monte Carlo calculated electron drift velocity as a function of
applied electric field in GaN wurtzite, WZ, zincblende, ZB, InN WZ, SiC-3C, and ZnS

WZ phases is plotted in Figure 2a. Similar calculations for holes in 3C-SiC are shown in



Figure 2b. The details of the respective Monte Carlo simulations for each material have
been reported earlier [11-13]. As can be seen from Figure 2a the highest peak velocity
occurs in InN. The relatively high peak electron drift velocity in InN is mainly a
consequence of the low electron effective mass within the central valley. Further
inspection of Figure 2a shows that the electron velocities for both phases of GaN and InN
at the highest applied electric field strengths shown in the figure are comparable (~2.2 -
2.3 x 107 cv/s). In contrast, the calculated electron drift velocities in the WZ phase of
ZnS and in the cubic phase of SiC, SiC-3C, are substantially lower throughout the full
range of applied field strengths considered. Again, the difference in drift velocities is
mainly attributed to the difference in the electron effective mass. In WZ ZnS, the electron
effective mass is roughly three times larger than in WZ InN. This is roughly about the
difference in the calculated peak velocities. On the basis of these calculations and others
[14] many of the important device modeling parameters such as the saturated drift
velocity, and mobility can be determined.

The favorable breakdown properties are one of the most attractive features of the
wide band gap semiconductors. Avalanche breakdown is highly sensitive to the
magnitude of the energy gap between the first conduction and highest valence bands. The
larger this gap is, the higher the threshold electric field must be in order to affect
avalanche breakdown through impact ionization. Consequently, the breakdown voltage
increases with increasing band gap. Though it is clear that the breakdown voltage should
be substantially higher in devices made from the wide band gap semiconductors as
compared to silicon and GaAs, the actual magnitude of the expected difference is at

present unknown for many materials and device types. Through application of the



materials theory based modeling method, we have made some progress in determining
first the impact ionization coefficients in bulk material and utilizing these results in
device simulation to predict the breakdown properties of devices.

The calculated electron impact ionization coefficients as a function of inverse
applied electric field for WZ-GaN, WZ-InN, WZ-ZnS, ZB-ZnS, and ZB-GaN for various
directions of applied electric field are plotted in Figure 3. The full details of the manner
in which these calculations were made are discussed in references [11] and [15]. Two sets
of experimental measurements of the electron impact ionization coefficients in ZnS [16]
are also plotted providing some comparison between the calculated results and
experiment. In all of these calculations, the full band ensemble Monte Carlo simulation
described in Section II 1s employed. In addition, numerically calculated wave-vector
dependent impact ionization transition rates are included within the Monte Carlo model
[17,18]. The transition rates are determined for all of the materials considered in the
figure using the EPM band structure and wave-vector dependent dielectric function. The
details of the calculations for GaN and ZnS are reported in references [17] and [18]. For
most of the materials, as the energy gap increases, the threshold field increases as
expected. However, ZnS is a notable exception. For each phase, WZ or ZB, the ionization
coefficient is substantially higher within ZnS than that in either ZB-GaN or WZ-GaN
even though the energy gap is slightly larger in ZnS. The cause of this discrepancy is
presently unknown.

The calculated hole initiated impact ionization coefficients as a function of
inverse applied electric field for ZB-GaN, WZ-GaN, and 3C-SiC for various directions of

applied electric field are plotted in Figure 4. In addition, experimental measurements of



the hole ionization coefficient in 6H-SiC [19] as well as Gag 55Ing 43P [20] are plotted for

comparison. The combined knowledge of the electron and hole impact ionization

coefficients enables the study of breakdown in device structures. In the next section, we
_discuss how these ingredients are employed in various device models to predict device

performance.

IV.  Device Simulations

Once the transport parameters are determined, numerous device simulation paths
can be pursued. Here we review three different device modeling strategies that build on
the transport parameter extraction of the materials theory based modeling technique.

The first approach is a self-consistent charge control model for AlGaN/GaN
heterostructure field effect transistors, HFETs [21,22]. This method is particularly useful
in long channel devices for which the gradual channel approximation is applicable. The
channel width formed at the heterointerface is calculated from self-consistent solution of
the coupled Poisson and Schroedinger equations. The channel width is treated as constant
from the source to the drain regions of the device even in the presence of a non-zero drain
to source voltage. A critical input to the model is the (temperature dependent) drift
velocity vs. electric field curve. This is obtained from the Monte Carlo simulations
following the materials theory based modeling technique [14]. The temperature
dependence of the velocity vs. field characteristic is of great importance due to the strong
self-heating of the device under high bias conditions. The HFET modeling is executed
self-consistently by updating the power dependent channel temperature, which in turn

affects the currents and hence the power dissipated. A separate, two-dimensional heat
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flow simulation is used to determine the (temperature dependent) thermal impedance of
the device.

As an example of the application of the self-consistent charge control model, we
consider an HFET with a 1.0 um gate and a source to drain spacing of 5.0 um [21]. The
top AlGaN layer is 20 nm thick. Both III-nitride layers are nominally undoped and the
presence of charge carriers in the normally-on channel is accounted for by a polarization
charge included in the coupled Poisson and Schrodinger equation problem. The
calculated current vs. voltage characteristics are compared to experimental measurements
made at room temperature in Figure 5. As can be seen, excellent agreement between the
model and experiment is obtained over the full range of applied voltages even though the
mode! resorts to no arbitrary fit parameters but relies for its inputs solely on materials
theory or on independently measured device parameters, such as the contact resistances.
To eliminate trapping effects the device is illuminated for this test. If the device is
operated in the dark, evidence of drain current suppression is observed for low bias [21].

A second approach to device modeling is to directly perform ensemble Monte
Carlo simulations of the device. As mentioned in Section III, this method is not well
suited to studying large devices or devices with important extrinsic effects. Nevertheless,
it 1s particularly useful in studying the breakdown properties of the devices since an
accurate accounting of avalanche breakdown through impact ionization can be included.
The key advantage of the Monte Carlo method in simulating submicron feature length
devices to breakdown is that the Monte Carlo model includes the full details of the
energy band structure, scattering agents and the impact ionization transition rate itself. In

this way, the essential physics that governs the ionization process is naturally included



within the model. We have applied direct Monte Carlo simulation to the study of a ZB-
GaN MESFET device. The extensive computational demands of the Monte Carlo method
restrict us to simulating only a relatively small device. The structure examined has a gate
length of 0.1 pm and a source to drain separation of 0.3 pm. The GaN layer is assumed to
be 0.1 pm thick, with an n-type doping concentration of 3 x 10" em™. It is assumed that
no surface states exist between the source and gate and gate and drain regions of the
device. Therefore, the device is assumed to be uniformly doped 3 x 10" cm™ throughout.
The Monte Carlo simulation is self-consistent. The calculated drain current vs. drain-
source voltage at different gate biases is plotted in Figure 6. Two different conditions are
considered. The calculation is made including (solid line in Figure 6) or excluding
(dashed line in Figure 6) impact ionization. As observed from Figure 6, at the onset of
breakdown, the drain current increases with increasing drain-source voltage, V4, The
finite slope of the current-voltage characteristic is attributable to the very small gate
length examined. The breakdown occurs spatially near the drain contact. This is as
expected since breakdown occurs near the maximum in the generation rate, which
depends upon the product of the impact ionization rate and the current density. In a
MESFET structure most of the current flow is away from the surface. Consequently, the
high electric field near the gate does not strongly affect breakdown since little current
flow occurs near the surface. In a HEMT, a different situation arises since most of the
current flow is near the heterointerface. Therefore, the high electric field near the edge of
the gate, can have a greater effect on breakdown. The full analysis of this device will be

reported elsewhere [23].



The third approach to device modeling that we employ is drift diffusion/
hydrodynamic simulation, DD/HD. As discussed above, the DD and HD methods provide
self-consistent numerical solutions of the transport problem. Though these methods are
by design approximate, in many instances they provide a reasonably accurate description
of the device behavior. The DD and HD methods are well suited to the study of
heterostructure bipolar transistors, HBTs. The presence of both electrons and holes as
well as the typically large spatial dimensions of an HBT often preclude Monte Carlo
studies of these devices due to their excessive computational demands. The DD and HD
methods offer an attractive alternative. The DD method is most often applied in
numerical device simulation since it is computationally fast and requires relatively little
parameterization. However, the DD solution is highly approximate since it neglects many
important physical effects such as thermal gradients, non-stationary transport effects, and
energy dependent phenomena. These effects, though of little importance in large feature
length and low-power, low operating field devices, are of increasing importance in state-
of-the-art, submicron feature length devices. This limitation of the DD method is
particularly important in the study of HBT structures since the base width is typically
very small.

Comparison of the DD and HD models for a GaAs/AlGaAs HBT device with a
base width of 0.05 pm and is p-type doped at 1.0 x 10" cm™ shows that there is a
substantial difference in the calculated base current at low Vy,. between the two models
[10]. This discrepancy arises from the presence of substantial non-stationary transport
effects within the narrow base region of the device. Since the DD model does not include

any treatment of nonstationary effects, while the HD model does, a dramatic difference



appears in the calculated base current. In an HBT device for which the base region 1s
widened to 0.1 um, close agreement in the HD and DD model calculated current is
obtained. Therefore, in some circumstances, narrow base widths, etc., usage of the HD
model is preferable over that of the DD while in others the DD model can suffice.

The DD simulation of GaN/AlGaN HBT devices can proceed based on simple
field dependent mobility models whose parameters are derived using the materials theory
based modeling approach. Acliditional complications arise though in modeling
GaN/AlGaN HBT devices due to the piezoelectric effect in this material system [24]. It
has recently been demonstrated that the strain-induced piezoelectric fields can be used to
alter the free carrier concentration at a heterostructure interface [25-27]. This mechanism
has been utilized in the design of novel heterostructure field effect transistors [28,29]. It
is also possible that the strain-induced piezoelectric fields can be used to enhance the hole
concentration in a GaN/AlGaN HBT structure. This can be investigated using a modified
DD/HD simulation tool and will be discussed in a future work.

V. Conclusions

In this paper we have presented a brief description of the materials theory based
modeling technique and illustrated its application in the simulation of various
semiconductor devices through different models. The particular advantage of the
materials theory based modeling approach is that it can proceed relatively independently
of experiment to provide an assessment of the device potential of emerging
semiconductor material systems. The basic transport parameters, i.e., mobility, velocity-
field characteristics and ionization coefficients, can be extracted directly from a full band

Monte Carlo transport study. Using these parameters various device leve] simulations,
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