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1 Air Force Requirements & Research Objectives

High speed power electronics and opto-electronics are central to a great number of Air Force and commercial
applications. Software defined radio, cellular and satellite communications, missile transmitters, and defense-
related radar are just a few examples of immediate technological requirements that make great demands on
the power and frequency bandwidth of electronic components and circuits [1–6]. Other important applications
such as optical communications, laser detection and ranging (ladar), laser imaging, diagnostics, material
processing, and infrared countermeasures place stringent requirements on high power, high speed optical
sources and detectors [7,8]. Maintaining Air Force technological superiority requires exploiting applications
like these to their fullest potentials.

Meeting performance metrics demanded of advanced Air Force electronic and opto-electronic applica-
tions poses a challenging multiscale design problem. First, a material system must be selected to offer the
appropriate electronic and/or optical properties. These may include good thermal conductivity as well as
high critical electric field, electron mobility, and peak velocity [9], or large dipole moment matrix element
combined with low Auger recombination [10]. If an appropriate material system with a suitable combination
of properties can be identified, a device architecture based on this material must then be designed. It too
must meet certain performance metrics, which might include high transconductance, output impedance,
and breakdown voltage, or high quantum efficiency and optical responsivity [11]. The device must also be
impedance matched with an output circuit or efficiently coupled to an external optical network. This design
step can be further complicated by the highly nonlinear operating conditions, signal frequency dispersion, or
unwanted harmonics. Concerns like these result in a costly and laborious design cycle that can benefit from
predictive computational physics tools addressing one or more of the many design steps.

Because of the multiscale nature of the design process, its different aspects require very different compu-
tational tools. Material properties present a microscopic problem at the atomic level of a semiconductor’s
crystal structure that can be treated with various quantum mechanical approaches. Simulating the com-
ponent level of the design process requires treating the dynamic interaction between electromagnetic (EM)
fields and charges within the materials for realistic device structures on a macroscopic scale. Accuracy re-
quires effective design tools include certain physical processes that reflect the conditions under which the
components operate. For example, highly nonlinear operating conditions require a careful treatment of hot
electron transport. Possible losses and memory effects require coupling hot electron transport to trapping
and emission from crystal defects [12], and propagating wave effects at high frequencies require coupling
it to full wave EM fields [13]. Capturing device-physics processes like these requires approaches different
from those used for material properties. Integrating an electronic or opto-electronic component within a
surrounding circuit/system represents yet another scale in the multiscale design problem with its own set of
appropriate simulation approaches. Even the most numerically efficient physics-based device simulators still
require too much computation to treat a large scale integration of active components. Instead, circuit simu-
lations require compact device models, mathematical constructs using minimal numbers of fitting coefficients
adjusted to match measured or simulated data.

The overarching objective of this research has been, and continues to be, developing methods for capturing
the essential behavior at each design scale and communicating this information to the next level of the design
process. The goal is quantitatively meaningful simulation of system behavior that may inform this design
process and better achieve the performance metrics demanded by Air Force applications. AFOSR support
has enabled considerable progress towards these ends. For example, it has resulted in an effective method
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for incorporating microscopic material properties into a new hot electron transport model that combines
accuracy and numerical efficiency not available in other academic or commercial simulators. In addition, it
has produced a new EM field discretization scheme that allows the nonlinear hot electron transport to be
fully coupled to Maxwell’s propagating EM wave equations, resulting in the only electronic device simulation
with full wave capabilities. Insights into how these physical effects impact circuit and system design have
also been achieved. This report documents some of this progress. Section 2 details methods used for different
parts of the multiscale problem, and Section 3 presents some of the notable results made possible by AFOSR
support for this lab task.

2 Research Approaches

Length and time scales for different parts of the technology design process span many orders of magnitude
ranging from atomic scales, for which quantum mechanical electron wave functions determine behavior,
up through macroscopic device and integrated circuit scales, for which the behavior is virtually classical.
As a result, different computational methods are required for different parts of the design process. For
the microscopic level, there are various quantum mechanical approaches available to determine electronic
and optical material properties. For example, the electronic band structure showing available electron
energy states can be computed for better known electronic materials, e.g. Si and GaAs, using the empirical
pseudopotential method (EPM) [14, 15]. Electron coupling to lattice vibrations can be computed from
their relatively simple acoustic and optical phonon spectra [16] and from known deformation potentials [17]
providing intravalley and intervalley electron-phonon scattering rates. Lesser understood materials, such as
Ga2O3, may require ab initio methods such as density functional theory (DFT) [18, 19] available in public
domain computational quantum chemistry software like Quantum Espresso (QE) and the Vienna Ab-initio
Simulation Package (VASP). These codes can provide electronic band structures for complex crystal lattices
like monoclinic β-Ga2O3. Additional features such as the Wannier electron phonon wave function [20] utility
allow code suites like QE to compute electron-phonon coupling.

There are a variety of different approaches to physics-based active component level simulations. The
non-equilibrium Green’s function (NEGF) method [21] is a fully quantum mechanical treatment of charge
transport which solves Schrodinger’s equation for a Hamiltonian that includes electrostatics, band structure,
and scattering potentials. It is fully correlated in space and time and spans the complete range of transport
from diffusive to phase-coherent. However, it is prohibitively CPU intensive for 3D simulation of realistic
device geometries. Full band ensemble Monte Carlo (EMC) is a semi-classical method that has been used
for simulations of electronic devices [22–25]. It is a stochastic solution of the Boltzmann transport equation
(BTE) that tracks large numbers of individual charged particles as they drift in real space under the influence
of applied fields and scatter randomly in momentum space from various perturbing potentials. When EMC
includes the material’s full electronic band structure and all the relevant charge scattering mechanisms, it
can produce accurate device simulations without relying on adjustable parameters. However, its stochastic
algorithm is very computationally demanding and has difficulties resolving the highly disparate length and
time scales of the different processes that can occur in electronic devices such as rapid phonon scattering
combined with much slower defect ionization and lattice heating. Some more computationally efficient
models are based on moments of the BTE. Moments of various orders produce different energy transport
models, including hydrodynamics, and form the basis of highly successful commercial simulators [26–35].
These models can serve as effective design tools because they can reveal varying field strengths along with
electron particle and energy densities within the device interior and draw connections between them and the
device’s terminal characteristics. However, important electronic material properties such as nonparabolic
band structure and energy dependent phonon and impurity scattering are replaced with ad hoc adjustable
parameters. This parameterized charge transport can compromise predictive accuracy and numerical stability
[36–41]. Moreover, none of these transport models have been coupled self-consistently to full wave EM fields,
which proves to be essential for high frequency electronics.

Working towards predictive computational capabilities, this lab task has developed new approaches to
component-level simulation. This includes a hot electron transport model that can incorporate the quantum
mechanical electronic material properties and a new discretization scheme that couples it to full wave EM
fields. Devices are simulated by solving Ampere’s (1), Faraday’s (2), and Gauss’s (3) laws, mobile electron
continuity (4) and energy conservation (5), as well as the conservation of lattice energy (6),

∂ǫE

∂t
− q

∑

i

Ji = ∇×H (1)
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where E and H are the electric and magnetic fields, N+

D and N−

A are ionized impurity densities, ni and
Ei are the mobile electron particle and energy densities, respectively, Ji is the mobile electron particle flux,
Si is the total energy flux (i.e. kinetic energy flux plus electronic heat flow) for mobile electrons, Cn

i is
the particle collision operator for electrons, CE

i is the mobile electron energy collision operator, ρ is the
mass density of the semiconductor crystal, Cp is its specific heat, κ is its thermal conductivity, and TL is
lattice temperature. Additional equations for mobile valence band holes can also be included to simulate
bipolar devices such as p-n diodes or heterojunction bipolar transistors, but these will not be considered here.
Steady state simulations neglect Ampere’s and Faraday’s laws and set all remaining time derivatives to zero.
Quasi-static solutions are obtained by including the dynamic particle and energy densities and repeatedly
solving (3)-(6) as the simulator steps through time. Full wave solutions solve the complete set of equations
including Ampere’s and Faraday’s laws for rotational electric and magnetic fields.

Electron densities that can satisfy device equations (1)-(6) are computed using the Fermi kinetics trans-
port model (FKT), which treats an electron ensemble as an ideal gas of particles with a piecewise Fermi-Dirac
distribution,

fi =
1

exp
(

E−Fi

kBTi

)

+ 1
(7)

where kB is the Boltzmann constant, Fi is an electron gas chemical potential/Fermi level, and Ti is its
temperature [42]. Properties of an ideal gas depend on the electronic phase space it occupies. For example,
the electron density is given by,

ni =

∫

Ei

fi(E)

[
∫

ki

1

4π3

δ(Ek − E)

|∇kE|
dk

]

dE =

∫

Ei

fi(E)

[
∫

ki

ρk(E)dk

]

dE. (8)

where k is the electron momentum vector, and the bracketed terms denote the density of electron states
as determined by the gradient of electron energy in momentum space. Because an ideal gas is spherically
symmetric is momentum space, its distribution function depends only on energy. As a result, the density of
states can be integrated over all degenerate momentum vectors and saved as an energy spectrum for use in
simulating carrier dynamics. Electron fluxes can be derived from odd moments of the BTE in the relaxation
time approximation,

∂fi
∂t

=
q

~
E · ∇kfi − v · ∇fi −

fi
τk

(9)

where v is the electron group velocity, and τk is the momentum relaxation time [16]. The first moment gives
the particle flux,
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1
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dE, (10)

and the third moment gives the kinetic/internal energy flux,
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)

dE. (11)

Like electron density (8), electron fluxes (10) and (11) contain bracketed integrals over degenerate momentum
vectors. These iso-energy integrals can also be precomputed and saved as energy spectra to simulate carrier
dynamics.
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The iso-energy integrals can be computed from a semiconductor’s electronic band structure. Figure 1
shows how this can be done for GaN. Starting from the crystal’s primitive lattice vectors, the reciprocal
lattice can be computed. As indicated in Figure 1 (left), the reciprocal lattice for the GaN wurtzite crystal
forms a set of simple tetrahedra, the circumcenters of which provide the crystal’s first Brillouin zone. Also
shown in Figure 1 (left) is a conformal mesh of tetrahedra filling the irreducible wedge. Crystal symmetry
operations map this mesh throughout the rest of the Brillouin zone. Using EPM [15, 52], electron energy
eigenvalues can be computed for momentum vectors identified by the Brillouin zone mesh points. Figure 1
(right) shows surfaces of constant electron energy for the first conduction band of GaN, labeled with the

kx
ky

kz

Figure 1: (left) A tetrahedral mesh (blue) is formed from the reciprocal lattice of the GaN wurtzite crystal. The
circumcenters of the tetrahedra form a polyhedron (red) that defines the first Brillouin zone. Also shown within the
Brillouin zone is another tetrahedral sub-mesh of the irreducible wedge. (right) Some electron energy iso-surfaces
extracted from the electronic band structure computed on the Brillouin zone mesh points.

symmetry points at which local minima/valleys appear. Fermi gases of electrons are assigned to different
valleys. Integrating energy gradients over the iso-energy surfaces provides the density of states spectrum
required by (8) to determine the electron gas density in each valley. Combining these energy gradients with
quantum mechanical electron scattering rates from Fermi’s golden rule [16] provides the iso-energy integrals
required by (10) to compute electron fluxes. Using the GaN electronic band structure and deformation
potentials from Sarkar and Ghosal [53] produced flux iso-energy integrals shown in Figure 2. The figure also
shows electron drift velocities versus electric field computed by FKT and compared with results computed
with EMC [31, 54]. Electron drift velocities computed with Fermi kinetics compared favorably with results
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Figure 2: (left) The integral over degenerate momentum vectors from the bracketed term in (10) evaluated over
Γ-valley electron energy iso-surfaces likes those shown in Figure 1 for different lattice temperatures. (right) Average
velocity of the electrons assigned as Fermi gases to the GaN Brillouin zone valleys in Figure 1 versus applied electric
field compared to ensemble Monte Carlo results from Benbakhti et al. [31] and Dessenne et al. [54].

from EMC, but FKT took a small fraction of the CPU time, making it well suited for simulating realistic
high frequency device structures.

To enable simulation of larger scale integrated systems, the results of component simulations must be
expressed in a more computationally efficient form with enough degrees of freedom to capture their com-
plex behavior. This might be done empirically using table look-up to simply retrieve previously measured
or simulated data [46]. The device characteristics could also be retrieved from a neural network trained
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with the data [47]. Alternatively, the data might be reproduced with analytic functions whose shapes and
adjustable parameters are sufficient to capture required features and trends [48]. All these approaches could
be considered entirely empirical and described as behavioral models.

Other simplified device models suitable for circuit simulation appeal to the device’s basic operating
principles by defining an equivalent circuit that represents them through lumped parameter circuit elements.
The result is known as a compact model, and details depend on the specific device being considered [49]. For
example, a high electron mobility transistor (HEMT) is known to contain a high density of mobile electrons
in a conducting channel that is modulated with a voltage applied to the gate contact. With this in mind, a
compact model can define a channel charge in terms of a capacitor driven by a voltage related to the gate bias
offset by a threshold parameter [50]. Assuming a linear voltage drop along the channel defines an electric field
which can be combined with the channel electron density and an electron mobility parameter to compute a
channel current. This simple representation can exhibit transistor behavior. Adding additional adjustable
parameters to represent other features such drain access resistance, parasitic capacitances, and temperature
dependencies can enable the model to reproduce measured device characteristics in a computationally efficient
manner. Although key model parameters must be extracted from experimental measurements, they are used
to express the device’s underlying operating principles. In this sense, such compact device models could be
considered not entirely empirical and may indicate how some design changes could affect performance. As a
result, this lab task investigates these compact models for circuit simulation purposes.

3 Program Accomplishments

Based on computational physics approaches described above, this lab task continued its progress on different
levels of the multiscale design process. This section details some of the achievements for different aspects
of the problem, including the microscopic material properties, component-level simulation, as well as circuit
design.

3.1 Electronic Material Properties

To realize effective computational tools for electronic and opto-electronic application development, it is
necessary they can accommodate a variety of technologically important material systems. Some successes
had previously been reported for GaAs and GaN technologies. Continued research has worked to broaden
the range of material systems.

Gallium oxide Ga2O3 has gained attention for power electronics and other applications because of its
wide band gap, second only to diamond among semiconductors. It occurs in five different polymorphs
with different structural, electronic, and optical properties, but β-Ga2O3 is the most stable. It forms a
monoclinic crystal lattice, which is a distorted cubic structure that provides the closest packing. Its modest
mobility and poor thermal conductivity are partially offset by its very high critical breakdown field. For a
given design voltage, this allows a thinner device and possibly improved efficiency. As a result, β-Ga2O3 is
considered for applications such as display technologies, photovoltaics, chemical sensors [55, 56], and high
voltage electronics, e.g. switching memories and heavy-duty electric motors [57,58]. To undertake simulating
a device made from β-Ga2O3, electron energy isosurface integrals for the FKT model must be computed.
This requires using the crystal’s primitive lattice vectors to compute the reciprocal lattice vectors and then
using the reciprocal vectors to compute the first Brillouin zone. Although this procedure was also required for
previously considered materials, the β-Ga2O3 distorted monoclinic lattice required a generalized algorithm
based on the geometry of intersecting perpendicular bisector planes. The resulting Brillouin zone was then
filled with conformal tetrahedra like those shown in Figure 3 (left).

To compute electronic band structure at mesh points of the β-Ga2O3 Brillouin zone, the Vienna Ab
initio Simulation Package (VASP) was investigated. VASP produces solutions to the many-body Schrodinger
equation using density functional theory (DFT) with different possible choices of potentials and functionals.
Figure 3 (middle) shows electron eigenenergies for different points in the Brillouin zone using the Tran-
Blaha modified Becke-Johnson exchange-correlation potential and using the Heyd-Scuseria-Ernzerhof hybrid
functional. Phonon dispersions, like those shown in Figure 3 (right), are required to compute electron
scattering processes. They can be computed with perturbation DFT available in the QE computational
chemistry suite installed on AFRL HPC platforms. The phonon dispersions can then be imported into QE’s
electron-phonon Wannier utility to compute the electron-phonon interaction throughout the Brillouin zone.
These results provide the information needed for solving a stationary Boltzmann equation and for computing
the isosurface integrals.
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Figure 3: (left) Conformal tetrahedral mesh for first Brillouin zone of monoclinic β-Ga2O3 to use for com-
puting the electron energy isosurface integrals required for full band Fermi kinetics simulation of devices
made with this material. (middle) Electronic band structure for monoclinic β-Ga2O3 computed with VASP.
’TBmBJ’ uses the Tran-Blaha modified Becke-Johnson exchange-correlation potential, and ’HSE’ uses the
Heyd-Scuseria-Ernzerhof hybrid functional. (right) The phonon dispersion for β-Ga2O3 computed with the
Quantum Espresso computational chemistry suite.

Because of the β-Ga2O3 crystal’s large and complex primitive unit cell, accurate computation of some
electronic properties can require DFT with hybrid exchange correlation energy functionals involving expen-
sive Hartree-Fock calculations of nonlocal exchange energies [19,59]. When investigating higher dimensional
defects (dislocation or interface), interaction between defects, or configuration order in alloys, a more com-
putationally efficient approach addressing larger scale systems may be necessary. Semi-empirical methods
with various approximations of electronic integrals can lead to significant reduction in computational de-
mand. The density functional tight binding (DFTB) method is one popular choice derived from DFT [60].
A new parameter set was constructed and optimized for the bulk electronic properties and lattice structure
of β-Ga2O3. It was also tested for other properties such as surface energy and point defect formation energy.

The first step of parameterization was the pseudoatomic orbital (PAO) of gallium and oxygen. Assuming
a quadratic confinement potential of Vconf(r) = (r/r0)

2, the confinement length r0 becomes an independent
parameter of PAO optimization. For a specified confinement length, a set of PAOs (s and p orbitals of oxygen
along with s, p, and d orbitals of gallium) can be computed. Using those PAO, Slater-Koster (SK) functions
were calculated as functions of separation distance between PAOs [61], resulting in electronic band structure
agreeing reasonably with more computationally expensive DFT results obtained with the hybrid functional
HSE06 and allowing investigation of higher dimensional oxygen defects. Figure 4 shows the formation energy
of oxygen vacancy defects. All three types of vacancies assume neutral states stable when the Fermi level is
near the conduction band. The donor states of +2 valence become stable in the midgap. The transition level,
ǫ(+2/0), is deeper than 1 eV from the conduction band for all three types of oxygen sites. Such observations
are in accordance with other DFT studies [59, 62]. However, the formation energies of oxygen vacancies are
generally overestimated compared to the reported values of some previous studies. Figure 4 also shows the
formation energies of gallium vacancy defects, which are in good agreement with the literature [59].

Additional ab initio computational research has investigated electron-phonon coupling in β-Ga2O3, which
is essential for simulating device structures incorporating this material [63]. Here, QE was used for ground
state DFT as well as the corresponding perturbation DFT for dynamical lattice properties. After com-
puting electron and phonon dispersions, the electron-phonon Wannier (EPW) software package, including
a recent extension for polar materials [64], was used to compute the electron-phonon coupling matrix ele-
ments for different degenerately doped oxide materials. The resulting electron-phonon scattering rates are
shown in Figure 5. The strong temperature dependence illustrates the rapid occupation of higher energy
phonon modes. Integrating these scattering rates over electron band structure energy isosurfaces may enable
macroscopic simulation of β-Ga2O3 device structures.

6 
Approved for public release; distribution is unlimited.



Figure 4: Formation energies of point defects in β-Ga2O3 plotted against the Fermi level for (a) oxygen rich
and (b) oxygen poor conditions. Red lines are for oxygen defects. Black lines are for gallium vacancies.
(tetra) is for vacancy at the Ga(I) site, and (octa) is for vacancy at the Ga(II) site of the monoclinic unit
cell.

Figure 5: Electron-phonon scattering rates in the full range of β-Ga2O3 conduction bands (a) and in a small
window near the conduction band minimum (b) for T = 10 and 100 K.

3.2 Component-Level Simulations

In addition to considering additional material systems, this lab task also continued its work on macroscopic
device-level simulation. This included an investigation of the numerical properties of the FKT hot electron
model. To get some sense of the convergence characteristics of the nonlinear FKT equations, convergence
was quantified by defining an L2 error,

ǫik =

√

∑

j wj [ũij,k − uij,k]2
∑

j wju2
ij,k

, (12)

and evaluating it on a series of meshes with varying density. Here, ũij,k is the ith solution variable defined
on the jth element of the kth mesh after it has been interpolated onto the most dense mesh, whose solution
variables are uij,k. The weighting factor wj is the Voronoi volume associated with node j. An approximate
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order of convergence pk was then determined by,

ǫk =

√

∑

i

ǫ2ij < CN−pk

k , (13)

where Nk is the number of independent variables and C is a constant that best fits the global errors.
The data shown in Figure 6 (left), computed for a generic transistor under saturation conditions, suggests
approximately first order convergence for the FKT method as it is currently implemented.
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Figure 6: (left) Integrated errors, calculated with (13) for a MESFET biased in saturation and simulated
with different mesh densities. (right) Order analysis of the FKT particle flux reconstruction. Errors labeled
SG1 corresponded to discretized fluxes computed from (15) and those labeled SG2 correspond to (16). As
expected, the SG1 particle fluxes exhibit first order convergence, and the SG2 particle fluxes exhibit second
order convergence.

To explore possible improvements in convergence, higher order discretization was considered, principally
the FKT particle and energy fluxes. Simulations to date have used the Scharfetter-Gummel flux discretization
scheme [51]. It is a highly effective method based upon the assumption that a flux density of the form,

J(r) = a1n(r) + a2
dn(r)

dr
, (14)

is constant along the length L of any mesh edge in the simulation domain, where 0 < r < L. The constant
flux assumption allows (14) to be solved in terms of the electron densities at the edge’s two nodes, n0 and
n1,

J = −
a2
L
[B(x)n0 −B(−x)n1]; B(x) =

x

ex − 1
, (15)

where x = a1L/a2. The resulting flux is numerically robust and consistent with the constant electric field
projections assumed on mesh edges. However, these piecewise constant assumptions result in the 1st order
convergence suggested by Figure 6.

To test higher order discretization, the flux was assumed piecewise quadratic,

J2(r − r0)
2 + J1(r − r0) + J0 = a1n(r) + a2

dn(r)

dr
, (16)

and solved using the electron densities as well as their gradients. The resulting discretized flux is given by,

J = −
a2
L

[

B1(x)n0 −B2(x)n1 + LB3(x)
dn0

dx
− LB4(x)

dn1

dx

]

(17)

B1(x) =
x [4 + 3x+ ex(x− 4)]

4 [2 + ex(x− 2) + x]

B2(x) =
x [4 + x+ ex(3x− 4)]

4 [2 + ex(x− 2) + x]
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B3(x) = −
4 + x(x+ 3) + ex(x− 4)

4 [2 + ex(x− 2) + x]

B4(x) = −
4 + x− ex[4 + x(x− 3)]

4 [2 + ex(x− 2) + x]
.

An easy way to see the effects of this higher order discretization is to assume some spatial variation in the
electric fields as well as the carrier particle and energy densities so that (14) can be evaluated analytically
and compared to the approximations provided by (15) and (16) for different mesh sizes. An example of this
comparison in Figure 6 (right) shows that the higher order discretization can, in principle, produce a better
approximation. However, the higher order discretization scheme must be implemented within a realistic
device simulation to test if its encouraging numerical behavior persists over a full range of highly nonlinear
operating conditions.

In addition to considering possible numerical improvements, further research also applied the simulation
to real-world applications such as various RF switches. Wide band RF subsystems with minimal power
dissipation and small form factors are needed to counter emerging Air Force threats, and ongoing progress
in solid-state electronics may be a path towards these goals. GaN HEMTs can address the RF amplification
needs of DoD systems, but trade offs between performance and miniaturization persist. For example, when
configured for amplification, the HEMT can provide power gain across a wide bandwidth, but as switches they
can introduce RF loss that limits subsystem power and operating frequency. Furthermore, transistor-level
characteristics such as threshold and driving voltage are largely fixed by the epitaxial structure, impeding
realization of on-chip low-power (E/D) logic and analog circuits.

Functionality not available on a monolithic microwave integrated circuit (MMIC) can be incorporated
off-chip, although usually with increased size, complexity, and cost. Expanding the library of circuit elements
available in the MMIC would provide increased design flexibility, thereby enabling new circuit functionality
and improved microsystem performance within a small and manufacturable form factor. To attain higher
levels of integration for RF microsystems, the DVSI/FKT simulation tools may be used to help assess the
trade space between monolithic and off-chip RF control devices. Figure 7 (left) shows a potential RF switch
design whose switching capabilities are determined by voltage control of a 2DEG density maintained at a

Figure 7: (left) A gateless HEMT structure containing a GaN/AlGaN interface which induces a 2DEG whose
density can be controlled with dc bias conditions. (right) Voltage control of the 2DEG significantly affects
the device’s capacitance, thereby allowing it to act as a voltage-controlled capacitive switch.

GaN/AlGaN interface below the device surface. Since this varactor’s electromagnetic behavior is controlled
by manipulating mobile charges within the device, the tools developed by this lab task are well suited for
its simulation. Figure 7 (right) shows good agreement between simulated and measured capacitance versus
applied bias voltage. Further simulations can investigate the effects of design changes to improve the device’s
RF switching performance.

Along with investigating device design variations, other simulations were used to investigate certain
aspects of semiconductor device physics that are not entirely understood. Full wave electromagnetics dis-
cretized with DVSI and combined with FKT charge dynamics has demonstrated accurate simulations up
through the mm-wave frequency range [43]. However, considering still higher frequencies requires a more
careful look at the limits of diffusive transport. As described in Section 2, mobile electron fluxes used in
FKT can be obtained from the first moment of the Boltzmann equation,

J + τ̄
∂J

∂t
=

1

4π3

∫

k

vτk

(

qE
df

dE
−∇f

)

· vdk, (18)
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but unlike (9), this moment of the BTE includes τ̄ , which is a weighted average of the momentum relaxation
lifetime τk computed from mobile electron scattering rates. For high speed semiconductor devices, τ̄ can
be subpicosecond and τ̄ ∂J/∂t ≈ 0 up through mm-wave frequencies. At higher frequencies, this term is
non-negligible and can significantly affect device behavior.

A version of FKT was developed to incorporate the limits momentum relaxation places on diffusive
transport. A discretization scheme was developed for fluxes of the form given by (18), and it was first
tested with simple lossy transmission lines. Figure 8 shows results for different values of τ̄ . The simulated
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Figure 8: (left) The magnitudes of S-parameter S21 for a rectangular transmission line simulated as lossless,
ideally lossy τ̄ = 0, and lossy with finite electron momentum relaxation time. (right) Time dependent voltage
at drain of GaN HEMT with gate length LG = 0.1 µm and a σ = 0.1 ps Gaussian input voltage on the
gate simulated with different average momentum relaxation lifetimes. The red curve exhibits rapid THz
oscillations that persist long after the energy injected by the Gaussian signal has dissipated.

S-parameters S21 in Figure 8 (left) show how τ̄ places frequency limits on diffusive transport. When there
are no mobile charges in the substrate, the transmission line is ideally lossless and produces the |S21| shown
in red. When the substrate is conductive but τ̄ = 0, it can be considered ideally lossy in that mobile charge
momentum randomizes instantly. The corresponding S-parameters in Figure 8 show significant current
shunted through the lossy substrate and away from the transmission line output. The figure also shows S-
parameter for lossy substrates and τ̄ > 0, revealing how the limits of diffusive transport cause the device to act
ideally lossy at low frequencies and then approach ideally lossless behavior at sufficiently high frequencies.
This would represent a fundamental change in an active electron device from nonlinear amplification of
electrical signals to passive storage of EM energy.

The momentum relaxation limits to diffusive transport were also included in the FKT simulation of a short
gate length (LG = 0.1 µm) transistor. For such a short length, τ̄ can be small enough to allow rapid mobile
charge fluctuations but still larger than the charge transit time through the channel beneath the gate. This
near ballistic transport has been observed to produce spontaneous oscillations in the drain current [44,45]. To
test this, static simulations of the short channel transistor were performed under saturation bias conditions,
then a short Gaussian (σ = 0.1 ps) voltage pulse was applied to the gate, and full wave dynamic simulations
were performed with τ̄ = 1 ps. The resulting dynamic voltage induced at the drain is shown in Figure 8
(right). Note the rapid oscillations that persist in the red curve after the EM energy injected by the
Gaussian signal dissipates. Further investigation is required to determine if this behavior indicates plasma
oscillations like those observed experimentally in some short channel transistors. It is also worth noting that
the oscillations in Figure 8 (right) were not obtainable with the quasi-static approximation. Therefore, if
these are indeed THz plasma oscillations, then the full wave EM capabilities of the DVSI/FKT simulation
may make it uniquely suited for studying this phenomenon.

To further investigate possible plasma oscillations, the average momentum relaxation lifetime τ̄ can be
calculated directly from the semiconductor’s electronic band structure and from Fermi’s golden rule instead
of simply adjusted as an input parameter. In the limit of ballistic transport, the first moment of the BTE
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has the form,
∂J

∂t
=

1

4π3

∫

k

v

(

qE
df

dE
−∇f

)

· vdk. (19)

Comparing this to (18), the transition from ideally diffusive to ballistic transport can be simulated by defining
the average momentum relaxation lifetime as,

τ̄ =

∫

E

[∫

k
vv

T τkρk(E)dk
]

fdE
∫

E

[∫

k
vvT ρk(E)dk

]

fdE
, (20)

where the numerator is the flux isosurface integral currently used by the FKT model and the denominator
is an additional isosurface integral that can be computed from the band structure’s curvature in momentum
space. Continued research into plasma oscillations should compute these integrals, along with the other
isosurface integrals required by the FKT model, for the InGaAs material system as short gate HEMTs
fabricated with these materials have been observed experimentally to exhibit THz emission [45].

In addition to high frequency device physics phenomena, much lower frequency processes important to
electronic device applications were also investigated. Efficient, low noise, and linear power amplifiers are
required for a broad range of commercial and defense-related applications such as those cited in Section 1.
Wide band gap, high breakdown voltage and heat capacity, good thermal conductivity and electron mobility,
as well as a high peak electron velocity [65] make GaN well suited for these applications. Furthermore,
the spontaneous and piezoelectric polarizations of the GaN/AlGaN material system can produce a highly
conductive two-dimensional electron gas in a HEMT structure [66]. For these reasons, the GaN HEMT
currently plays a dominant role in RF power amplifier applications [67–71].

Despite its many merits, utilizing the GaN HEMT to its fullest potential requires understanding an
operational instability often called the kink effect [72–79]. During a drain voltage sweep, the drain current
in the saturation region can appear to be initially suppressed and then increase, over a relatively narrow
voltage range, to a higher saturation value. This behavior is concerning, particularly for RF power amplifier
design, because the available RF power can be significantly lower than dc characterization might suggest.

To investigate this operational instability, the FKT simulator was further generalized to include field-
enhanced direct quantum mechanical tunneling ionization of crystal defects deep in the semiconductor band
gap [80–82]. Electron capture and emission by tunneling was expressed as

Ui,tunnel = P (|E|)

∫

σnvthg(E)NT

[

fi(1− fT )− (1− fi)fT e
−E/kTL

]

dE, (21)

where NT is trap density, fT is trap occupation probability, σn is the capture cross-section, vth is the mobile
electron thermal velocity and g(E) is the density of electron states from the electronic band structure, fi is the
mobile electron distribution function, ET is the trap energy level, and TL is the crystal lattice temperature.
To approximate the tunneling probability P (|E|) the defect was modeled as a simple square well in a
constant electric field, as depicted in Figure 9 (left). The electron wave function Ψ in and around the well
was expressed in terms of Airy functions, and P (|E|) = |ΨT /ΨC |

2 approximated the tunneling probability.
The wave function inside the trap, i.e. ΨT in Figure 9 (left), and the resulting tunneling probability depend
on the width of the well approximating the defect. The simplest case is zero width, for which the tunneling
probability is,

P (|E|) = Ai

[

−ET

(

2m∗

~2q2|E|2

)1/3
]

/Ai[0] (22)

where m∗ is the semiconductor’s effective mass at the conduction band edge. The resulting simulator was
applied to a device from the literature designed specifically for studying the kink effect [72]. The simulation
computed the drain current ID versus drain voltage VD for different gate biases VG shown in Figure 9 (right)
along with measured data from Wang and Chen [72]. The kinks in the simulated drain currents were caused
by the direct tunneling ionization of sheet traps under the gate on the AlGaN side of the GaN/AlGaN
interface that defines the device’s channel. The sudden increase in positively ionized traps has an effect
much like an increase in polarization charge at the GaN/AlGaN interface, causing a sudden decrease in
threshold voltage and a kink in the drain current. The principal reasons for the tunneling ionization and its
voltage dependence are the highly nonlinear field-dependent tunneling probability and ionization’s sensitivity
to heating of the mobile electrons with which the defect interacts. Therefore, simulating this GaN HEMT
behavior requires a charge transport model that can capture the marked electron heating that occurs in
these devices in a manner that resolves both subpicosecond hot electron scattering and the widely disparate
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Figure 9: (left) Airy function Schrodinger wave function for an electron trap, approximated as a square
potential well, in a constant electric field. The tunneling probability from the conduction band into the trap
is approximated as P (|E|) = |ΨT /ΨC |

2. (right) Drain current ID versus drain voltage VD for different gate
biases VG. Simulations include field-enhanced ionization of barrier traps under the gate near the GaN/AlGaN
interface. The measured data was published by Wang and Chen [72].

deep trap ionization time scales. For these reasons, the FKT simulation appears to be the only computation
currently able to capture this important operational instability design concern.

3.3 Circuit-Level Simulation and Characterization

Along with microscopic material properties and macroscopic device simulations, the lab task also made
progress in the coupling of devices to their surrounding circuit environments. The results of simulations
for large amplitude harmonic input signals can be used to compute various power amplifier circuit metrics
such as the maximum power available from the source (23), power delivered to the load (24), power added
efficiency (PAE) (25), and transducer gain (26),

Pavs =
Pin

1−
∣

∣

∣

Zin−Z∗

source

Zin+Zsource

∣

∣

∣

2
(23)

PL =
1

2
VLI

∗

L (24)

PAE =
PL − Pavs

IdcD V dc
D

× 100% (25)

G = 10 log

(

PL

Pavs

)

. (26)

Because amplifier circuit design considers much larger signal amplitudes than previous S-parameter sim-
ulations, some initial tests using a GaN HEMT biased as a class AB amplifier with 50 Ω load resistance
investigated possible propagating EM field effects in circuit applications. Results like those in Figure 10
indicate that full wave EM effects can be very significant even at moderate operating frequencies well below
the mm-wave range. This is a critical observation because it suggests that effective simulations for designing
large signal power amplifier applications must couple full wave EM to hot electron transport, a capability
currently available only in the computational tools produced through AFOSR support for this lab task.

Further work on circuit-level design concerns involved experimental characterization to better understand
competing performance metrics. Peak performance often requires maximizing one or more competing metrics
such as the output power and PAE cited above, as well as the linearity of the circuit over a range of oper-
ating conditions. A novel strategy for determining a transistor’s bias and impedance which simultaneously
optimizes the different metrics was developed. At an initial bias condition, the load and source impedances
were tuned to maximize the PAE. Holding these loads constant, the next step determines the optimal bias
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full wave and quasi-static electromagnetics. (right) Full wave and quasi-static power added efficiencies for
different input powers.

by measuring two-tone power sweeps. The result is a set of power metric contours across the bias space.
The optimal bias condition was determined by analyzing the Pareto front [83]. The optimal bias condition
is typically the centroid of the Pareto front polygon.

The strategy was applied to an 83 nm gate length GaN HEMT fabricated and tested at AFRL. A
maximum 39.9% PAE was measured at the optimal load conditions ΓS = 0.25∠140◦ and ΓL = 0.72∠104◦.
All subsequent power measurements were conducted at these tuning points. Input power sweeps were then
performed for different quiescent bias conditions. Figure 11 shows the maximum output power, maximum

Figure 11: Measured two-tone Pout (left), PAE (middle), and OIP3 (right) contours across the I-V plane at
30 GHz fundamental frequency.

PAE, and minimum 3rd order intermodulation (OIP3) as referenced to the dc power. These measured data
produce a Pareto optimal bias condition maximizing all three power metrics of VDS = 25 V and ID = 45 mA
and indicate a useful strategy for identifying conditions for peak MMIC performance. Further research
will investigate implementing this strategy through FKT/DVSI device simulation, circumventing the costly
device fabrication and experimental characterization.

The investigation of load matching and similar circuit design concerns also extended to devices based on
the β-Ga2O3 material system [84]. Lateral metal-oxide-semiconductor field-effect transistors (MOSFETs)
with 0.5 µm W (tungsten) gates were fabricated on a 65 nm Si-doped β-Ga2O3 channel grown by molecular
beam epitaxy (MBE) on an Fe-doped substrate. Small and large signal RF power performance was measured
to assess its potential for power amplifier applications and to identify limitations to overcome with the aid
of physics-based simulation. Operating in the L-band, load pull measurements were made with passive
source and load tuning. S-parameters were also measured under pulsed bias conditions. Figure 12 shows
output power, transducer gain, and power added efficiency for CW and pulsed measurement conditions.
Comparisons of CW and pulsed data suggested the potential for current collapse due to self-heating or drain
dispersion, which could act as limitations to performance. Device simulations incorporating the electronic
band structure and phonon scattering presented in Section 3.1 may assist in addressing these limitations and
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Figure 12: Load-pull power sweeps for CW at 1 GHz (a) and for a 10 µs pulse at 1 GHz and 2 GHz (b).

realizing the potential of this promising device technology.

4 Conclusion

Advanced technologies are essential for supporting the women and men who make the United States Air Force
unmatched in capability and effectiveness. In this 21st century digital age, electronics and opto-electronics are
indispensable elements of these technologies. Designing them to meet application performance requirements
is inevitably a multiscale problem addressing physical concerns ranging from the microscopic atomic scales of
material properties to the macroscopic scales of integrated circuits and systems. As such, the design process
is often a lengthy and expensive exercise in highly educated trial-and-error. Accurate computational physics
tools with predictive capabilities at different levels of the process could possibly reduce the length and cost
of the design cycle.

AFOSR support has enabled significant inroads to accurate multiscale computational physics tools. The
use of currently existing ab initio tools such as Quantum Espresso has produced accurate electronic band
structure and electron-phonon coupling strengths for key electronic materials such as GaN and β-Ga2O3.
Lab task support has also enabled the development of new computational tools for physics-based device
simulation such as a hot electron transport model that can incorporate the microscopic material properties,
include the dynamics of crystal defect ionization affecting measured device behavior, and couple to full
wave electromagnetic fields necessary for accurate high frequency simulations. These device-level tools have
produced simulations of measured device behavior accurate from dc up through the mm-wave frequency
range. They have also been able to explain little understood device physics phenomena such as the GaN
HEMT kink effect as well as overshoot and drain lag during pulsed gate operation. These capabilities
are currently unavailable in other existing academic or commercial device simulation software. Finally,
the lab task has made progress with the circuit-level part of the design process. Simulations of devices
in different circuit environments has shown the importance of full wave effects for power amplifier design
and suggested possible paths towards additional computational tools that may alleviate the dependence on
laborious and costly load pull measurements. Continued research on this multiscale design problem and
these atoms-to-circuits computational tools may provide a valuable resource for further advancing the Air
Force’s technological superiority.
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[27] S. Faramehr, K. Kalna, and Petar Igić, “Drift-diffusion and hydrodynamic modeling of current collapse in
GaN HEMTs for RF power application,” Semicond. Sci. Technol., vol. 29, pp. 025007–025017, Jan. 2014.
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