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Abstract 

This thesis presents models, simulation techniques, and simulation results for 

two types of semiconductor nanodevice; the metal-semiconductor-metal (MSM) 

photodetector, and the ballistic deflection transistor (BDT).  Our simulation tools 

were developed using the commercial Comsol™ finite element analysis (FEA) field 

solver to obtain the numeric solutions.  

Finite element models have been developed for both an alloyed- and surface-

contact MSM photodetector. The simulation results agree with previously reported 

experimental data. The alloyed device, despite having a somewhat larger capacitance, 

has a non-illuminated region of lower resistance with a more-uniform and deeper-

penetrating electric field and carrier transport current. The latter explains, in terms of 

the equivalent lumped parameters, the experimentally observed faster response of 

such device. The model was further used to predict improved responsivity, based on 

electrode spacing and antireflective coating, as well as the optimal depth of the 

alloyed contact being approximately half of the optical penetration depth.  

For the BDT, novel simulation techniques, also based on the FEA method, 

have been developed.  The results demonstrate that diffusive transport is capable of 

predicting the current vs. voltage characteristics of the current-generation of BDTs, as 

well as the effects of selected changes in the BDT geometry.  Simulation results were 

used to predict the characteristics of several variations of scaled-down and geometry-

modified devices and other physical parameters.  Also, the newly introduced concept 



 viii 

of ballistic conductivity predicts behavior consistent with ballistic transport, relative 

to the effect of the deflector, for small devices. 
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Forward 
 

The author developed all the BDT device models and simulation techniques 

based on finite element analysis, and, subsequently, performed all the finite element 

simulations and data analysis for this Ph.D. thesis.  The developed carrier transport 

simulation tools are based on the Comsol™ finite element field solver software 

package. 

The MSM photodetector devices simulated in the thesis were earlier 

fabricated in Jülich Germany (M. Mikulics, M. Marso, P. Kordoš) and tested in our 

laboratory at the University of Rochester, lead by Professor Roman Sobolewski. 

The BDT devices discussed in this thesis were fabricated and tested jointly by 

the BDT Rochester (H. Irie, D. Wolpert, Q. Diduck, and P. Ampadu) and UMass 

Lowell (V. Kaushal and M. Margala) teams. 
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Chapter 1 Introduction 
 

1.1  Overview and Motivation 
 

Modeling and computer simulation have become important tools in all areas 

of engineering and scientific inquiry.  A model which is well correlated to 

experimental data can be used for design optimization, thereby avoiding the time and 

expense incurred by many iterations of fabrication and testing.  In addition to its uses 

in design and optimization, a good model also provides a platform for testing theories 

regarding the physics by which a device operates.  If the underlying physics of the 

model leads to an output that is not consistent with experiment, this indicates it is 

wrong.   Conversely, if the underlying physics of the model leads to a good result, 

this gives some indication it is correct. 

In the semiconductor industry, Technology Computer-Aided Design (TCAD) 

refers to the application of computer simulation to device and process optimization.  

The term Process TCAD refers to modeling of the fabrication process, and Device 

TCAD refers to modeling of devices.  Device TCAD is generally based on the 

fundamental physics, but may also include compact models such as SPICE [1], which 

reproduce behavior through lumped parameter models, or by directly fitting equations 

to measured response.  Commercially available TCAD software generally offers 

separate applications, or application modes, each aimed at simulating some class of 
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commercially produced device.  This software has proven very useful in the design of 

common and well studied structures.   

The topic of this Ph.D. thesis is modeling and simulation of devices for which 

the physics of operation is still a topic of current research.  Specifically, the two 

devices that will be the main focus of this work are the ultrafast Metal-

Semiconductor-Metal (MSM) photodetector, and the Ballistic Deflection Transistor 

(BDT).  In both cases, the models are physics based, and the computer simulation was 

carried out using the Comsol Multiphysics™ Finite Element Analysis (FEA) software. 

There are two main motivations for pursuing this work.  The first is to develop 

computationally efficient methods of simulation.  Particularly in the case of the BDT 

device, the behavior is very dependent on geometry, and there are many parameters 

and combinations of parameters to be optimized.  This leads to the need for running 

many simulations, and so there is great benefit to a faster method.  Well established 

Monte-Carlo methods can be used, but take much longer to run.  A simulation which 

takes hours using a Monte Carlo simulator will run in minutes using the techniques 

presented here. 

The second motivation is to further explore the physics of operation.  For 

example, the MSM photodetector simulation explains a measured improvement in 

device speed, using alloyed contacts that would be expected to slow the device down, 

due to increased capacitance.  For the BDT device, different models will be 

considered to simulate the carrier transport, being ballistic, quasi-ballistic, or 

diffusive.  The degree to which the model based on diffusive transport is capable of 
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reproducing the experimental data, will indicate that transport is at best quasi-ballistic.  

The BDT model also provides evidence for the larger effect of the negative gate 

compared to the positive gate, as has been previous claimed for devices using in-

plane side gates to modulate the conductivity of an electron waveguide [2]. 

1.2  The Ballistic Deflection Transistor Concept 
 

The BDT was originally proposed in 2006, by Diduck, Margala, and Feldman 

[3].  They predicted the device would exhibit terahertz operation at room temperature, 

with low noise and power requirements.  A sketch of their BDT is shown in Fig. 1-1.   

 
Fig. 1-1  Sketch of the Ballistic Deflection Transistor 

 

The white areas represent a conductive, two-dimensional electron gas (2DEG), 

with electron mean free path comparable to the dimensions.  The black areas indicate 

70 nm 

Source 

70 nm 
Left Drain Right Drain 

Top Drain 

Left Gate Right Gate 
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where the 2DEG has been etched away, and the conductivity is zero.  A bias voltage 

applied at the top drain accelerates electrons from the bottom source towards the 

triangular deflector, and the carriers are collected at either the right or left drain, 

depending on the potential difference applied to the gates. 

Central to the BDT concept is the ballistic transport phenomenon [4].  This 

means that the electron elastic mean free path is comparable to the device dimensions, 

so most carriers can traverse from source to drain without (or almost without) any 

scattering.  Electrons may however be deflected to the right or left by the triangular 

deflector, or be reflected from the device boundaries.  Also, the capacitance of the in-

plane gates is very low, so the device is predicted to operate up to THz frequencies at 

room temperature, with low noise and low power requirements.  In an ideal case, all 

the electrons would be deflected to the right or left, and collected at the left or right 

drains, resulting in zero current at the top drain.  The applied gate voltage steers the 

electrons right or left, increasing either the left or right drain currents, with a 

corresponding decrease in the opposite drain. 

One of the fundamental questions, which I will explore through simulation of 

BDTs, is the true nature of current transport, being diffusive, ballistic, or quasi-

ballistic.  The modeling and simulation I will present in this thesis show that a 

diffusive model is capable of reproducing the characteristics for some devices.  

Several different BDT devices, of varying size and geometry, have been fabricated 

and experimentally tested.  Although deflector size and placement does affect the 

characteristics, the results do not clearly indicate ballistic transport.  For example, the 
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experimentally measured top drain current is higher than a purely ballistic model 

would indicate.  One would expect the vast majority of electrons to be deflected to 

either the right or left drain, however, I will show that top drain current can be well 

predicted by a diffusive model.   

1.2.1  Electronic Transport in Solids:  Drift/Diffusive vs. Ballistic 
Regimes 

 
One can generally categorize the carrier transport into one of three regimes.  

First is diffusive/drift, for which the device size is large compared to the elastic mean 

free path of the carriers.  The electrons therefore traverse between the device contacts 

via a random walk (drift), with multiple scattering events.  For this case the Drude 

model of carrier transport applies. 

 Second is the case where the elastic mean free path is on the same scale as the 

device, or larger.  The electron’s path between terminals of the device is therefore 

determined by specular reflection from the boundaries, resulting in non-Ohmic 

behavior.  For this case the device geometry is very critical in determining its current-

voltage characteristics.  The non-Ohmic nature of ballistic transport is most evident at 

low temperature, where the elastic mean free path is largest; however even at room 

temperature the effect has been demonstrated [5].  The term quasi-ballistic is used to 

refer to the case where some of the ballistic behavior remains, but the overall 

response is a hybrid.  For example, if the device geometry has some second order 

effect on the characteristics, which cannot be explained by a simple drift model. 
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Third, if the device dimensions are on the order of the electron Fermi 

wavelength, then the wave-like properties of the electron must be considered.  For the 

case of the BDT devices, for a nominal 2-dimensional electron gas (2DEG) carrier 

concentration of n = 1012 cm-2, the Fermi wavelength is 2Fλ π n= , or 

approximately 25 nm.  The simulated and experimentally tested BDT devices range 

in size from a 300 nm channel, to a 500 nm channel, which is more than 10 times the 

Fermi wavelength. 

1.2.2 Room Temperature Nonlinear Carrier Transport and the Ballistic 
Deflection Effect 
 

While the non-Ohmic nature of ballistic transport is most evident at low 

temperature, where the elastic mean free path is largest, devices operating on the 

principal of deflection have been shown to exhibit nonlinear effects at room 

temperature [5].  For devices patterned by deep etching through a 2DEG, formed in 

an InGaAs/InAlAs heterostructure, the mean free path may exceed 100 nm at room 

temperature, and features on the order of 100 nm may easily be fabricated [5, 6]. 

One example of such a device, which has been studied at both room 

temperature and low temperature, is the three-branch junction (TBJ) [6].  In this case 

a linear or Ohmic model would predict zero voltage at the central terminal, but the 

voltage is experimentally observed to be non-zero.  This nonlinear ballistic effect is 

observed even at room temperature. 
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Another example of the nonlinear ballistic effect is the ballistic rectifier [7].  

This device uses a triangular deflector, and is similar to a BDT device without the 

gates.  In the ballistic rectifier, a current applied from left to right will generate a 

voltage between the top and the bottom terminals.  This is not predicted by any 

standard model, but can be qualitatively understood if one considers the electrons as 

classical Newtonian charged particles which are deflected downward by the triangular 

deflector.  The deflector then causes a charge density gradient, resulting in the voltage 

between top and bottom.   

1.3  The Metal-Semiconductor-Metal Photoconductive Device 
 

The MSM device simulated in this work consists of two interdigitated 

conductors, patterned on low-temperature-grown GaAs (LT-GaAs), characterized by 

a very short carrier lifetime [8].  A sketch of the device is shown in Fig. 1-2. A bias 

voltage, VB, is applied between the two interdigitated conductors, and the resulting 

current, IP, indicates the level of incident light.  In the absence of light, the LT-GaAs 

is essentially an insulator, and the current is practically zero.   
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Fig. 1-2  Sketch of MSM Device. 

 

The responsivity is defined as P II P , where PI is the power of incident light 

on the active region.  The speed of the device is limited by the amount of time it takes 

for the device to turn off, since the rising part of the response is limited only by the 

integral of the incident optical-pulse intensity. 

 The use of LT-GaAs as the photoconductive material results in a trade-off 

between speed and responsivity.  The devices are very fast, but their responsivity is 

poor.  The speed of response for an ohmic-type MSM photodetector is generally 

limited by the carrier lifetime, which for LT-GaAs is very short (~150 fs).  

Unfortunately, the ultrashort carrier lifetime translates into the relatively low carrier 

mobility, which accounts for the low responsivity. 

One technique that has been applied to improve the responsivity is alloyed 

contacts [9].  The interdigitated conductors are patterned on the LT-GaAs layer, 

followed by isothermal annealing at 600 C° .  The annealing process forms a 

VB 
+ 

IP 

LT-GaAs 



 10 

conductive region, consisting of a Ge/GaAs alloy, which penetrates into the LT-GaAs 

under the contacts.  The resulting increase in responsivity is accurately predicted my 

model. 

I will also use the simulation results to calculate capacitance for both the 

alloyed and non-alloyed case, and as would be expected, the alloyed device is shown 

to have significantly higher capacitance.  Based on the increased capacitance, one 

would expect the alloyed device to be slower, but in fact it was experimentally 

observed to be faster [9].  My modeling and simulation accurately predict this 

increase in speed, based on the equivalent lumped element RC time constant for both 

types of device. 
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Chapter 2 Finite Element Analysis (FEA) 
Method and its Implementation 

 

The purpose of this Chapter is to describe the FEA method, which is the 

underlying basis for the simulation techniques I present.  I start with a brief 

description, and then present some of the mathematical details of how FEA 

fundamentally works.  I also discuss the Comsol Multiphysics™ software, nonlinear 

modeling, convergence, and define the term multiphysics. 

2.1  Finite Element Analysis 
 

Finite Element Analysis is fundamentally a method for obtaining a numeric 

approximation to a governing differential equation, subject to prescribed boundary 

conditions, over some geometric domain [1, 2, 3].  The domain is divided into a finite 

number of smaller non-overlapping regions referred to as elements.  All of the 

elements taken together completely cover the domain of interest like the pieces of a 

puzzle.  Historically, the division of a domain into discrete elements to solve 

problems in elasticity began with Argyris [4] and Turner [5].  Since then, the finite 

element method has continued to evolve, driven by increasingly powerful computers, 

and the application of the technique to an ever broadening range of scientific and 

engineering problems. 

Each element contains some number of points referred to as nodes.  For 

example, a two-dimensional problem may use triangular elements, and each element 
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will have at least three nodes, corresponding to the vertex points of the triangle.  The 

elements and nodes together are referred to as the mesh.  The dependent variable is 

approximated over each element by some interpolating function, generally a 

polynomial.  The number of nodes in each element must be equal to the number of 

parameters to be determined in the interpolating function, so more may be added if 

necessary.  More details regarding the mathematical details of FEA are given in the 

next sections. 

Solving electromagnetic field distributions and conductive or dielectric 

medium problems in general are obvious applications for FEA, which readily handles 

problems involving Poisson and Laplace equations.  For example, to solve for electric 

field and potential, Gauss’s law is written as the Poisson equation in terms of the 

electric potential. 

2.2 The Method of Weighted Residuals 
 

In FEA, the dependent variable is approximated using interpolating functions 

referred to as “shape functions”, which are generally polynomials of the first or 

second order.  Higher order polynomials, or other types of functions are possible, but 

are generally not practical.  The goal is to determine the unknown coefficients of the 

polynomial, such that we achieve the best possible approximation to the true solution 

of the governing differential equation, subject to prescribed boundary or initial 

conditions.  Various methods have been employed to solve this optimization problem, 

but Galerkin’s method of weighted residuals (MWR) has become the most commonly 
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used in FEA software.  I will discuss MWR, without any formal mathematical proof, 

but want to stress that rigorous mathematical justification is based on the calculus of 

variations [3]. 

To illustrate the concept, let us take Gauss’s law in one dimension, written as 

a Poisson equation, in terms of the potential V(x)  (this example will be used 

throughout this section): 

   

 ( ) ( )
2

0 2r
dε ε V x ρ x
dx

− = . (2-1) 

 
If the approximating function is V’(x) then the residual error is calculated as follows: 

   

 ( ) ( ) ( )
2

0 2', 'r
dR V xε ε V x ρ x
dx

= − − . (2-2) 

 
It is not generally possible to force the residual error to zero everywhere, or even to 

force its average to zero.  Therefore, using MWR, we will multiply the error by a 

weighting function, and force the integral of the resulting expression to zero, 

 
 ( ) ( )', 0iR V x W x dx⋅ =∫ ,    i = 1, 2, …, n, (2-3) 

 
where the number of weighting functions is equal to the number of unknowns in V’(x). 

If Eq. (2-3) were satisfied for any arbitrary weighting function then the 

residual error R(V’,x) would be zero for all x.  If the equation were satisfied for Wi = 1 
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then the mean of the error would be zero.  In MWR, we are settling for the mean of 

R(V’,x)·Wi(x) equal to zero, for some class of weighting functions. 

2.3 Galerkin’s Method of Weighted Residuals and Shape Functions 
 

Various methods of weighted residuals are distinguished by the choice of 

weighting functions.  For example, the collocation method uses Dirac δ functions, 

( ) ( )i iW xδ x x= − .  The least squares method uses the derivative of the residual error 

with respect to the unknown parameters, or i
i

RW
a
∂

= .  Galerkin’s method of weighted 

residuals has become the most common numeric technique employed by FEA 

software, including the Comsol Multiphysics™ software, which is used extensively in 

this work.  In this method, the weighting functions are chosen to be the shape 

functions used to interpolate the dependent variable.  Weight functions are defined 

locally over individual elements, such that there is one per node.  So for example in 

two dimensions, a triangular element would have at least three nodes, corresponding 

to the vertex points, and at least three shape functions. 

Taking the example of Gauss’s law used previously, and assuming a one 

dimensional problem with linear interpolation, the dependent variable would be 

interpolated over an element as follows: 

 
  

 ( ) ( ) ( )1 1' i i i iV x N x V N x V+ += ⋅ + ⋅ , (2-4) 
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where the Ni(x) is the shape function corresponding to node i, Vi is the value of the 

dependent variable, (potential in this case), at node i, and the element corresponds 

to 1i ix x x +≤ ≤ .  The shape functions are defined as follows, such that they are one at 

their corresponding node, and zero at every other node: 

 

 1

1

i
i

i i

x xN
x x

+

+

−
=

−
   and   1

1

i
i

i i

x xN
x x+
+

−
=

−
. (2-5) 

 
Substituting Eqs. (2-4) and (2-5) into Eq. (2-3), we generate a system of linear 

equations in the unknown parameters Vi and Vi+1, which are the values of the 

dependent variables at the nodes.  This is done for every element, and the results 

combined into one large matrix formulation that can be solved for the value of the 

dependent variable at each node.  For a quadratic interpolation, we would require one 

more node to formulate enough equations to solve for all the unknowns.  There would 

be three shape functions, each containing an x2 term, and there would be one more 

term in Eq. (2-4).   

2.4 The Weak Form 
 

The first derivative of the linear interpolation function, Eq. (2-4), is not 

continuous, and, of course, the second derivative will be undefined at the nodes.  In 

order to allow application of linear interpolation, and generally ease the requirement 

that the second order derivative exists everywhere, the principle of integration by 

parts can be applied to Eq. (2-3).  The resulting formulation, referred to as the "weak" 
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form, will have only first derivatives of the weighting function and the interpolating 

functions, which may now be piecewise linear. 

2.5 Comsol Multiphysics 
 

Comsol Multiphysics™ [6] is a commercially available software package, 

which evolved from the FEMLAB FEA tools.  It provides a CAD interface to define 

the geometry, a sophisticated mesh generation capability, and a wide array of numeric 

solver and post-processing tools. 

2.5.1 General Description of the Comsol Multiphysics™ Software 
 

In addition to its general partial differential equation (PDE) solver capability, 

Comsol offers application specific modules, each tailored to solving specific types of 

physics and engineering problems including Chemical Engineering, Acoustics, Earth 

Science, and many others.  These modules in turn contain application modes, which 

specify the form of the governing PDE to be solved, and allow the user to specify all 

coefficients, boundary conditions, and initial conditions.  The coefficients may be 

functions of the spatial coordinates, functions of the dependent variable for which we 

are solving, or in the case of a multi-physics model dependent on the output of 

another coupled application mode. 

The application specific module used for my work is the AC/DC 

Module.  This module offers 17 different application modes, each of which 

formulates its governing PDE based on Maxwell’s equations and the equation of 
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continuity.  For example, the Generalized Electrostatics mode, which I used for the 

MSM photodetector simulation, combines Gauss’s law with the equation of 

continuity, and is particularly well suited to handle interfaces between conducting and 

non-conducting media. 

Comsol uses different solver algorithms for stationary or time dependent 

problems, both of which can simulate linear or nonlinear models.  There is also an 

eigenvalue solver for the study of natural harmonic oscillations. 

2.5.2 The Nonlinear Solver 
 

Many of the most interesting problems to be solved are non-linear.  For 

example, later I will solve Gauss’s law, making the charge density a function of the 

dependent variable, electric potential, according to the Fermi-Dirac statistics.  One 

can easily define such a model, and Comsol will automatically use its non-linear 

solver.  The Comsol nonlinear solver uses a modified Newton method.  The user must 

supply an initial state, U0, for the dependent variable.  A linearized model is 

formulated around the initial state, in the form: 

 
 ( ) ( )⋅0 0J U U = B U , (2-6) 

 
where U is the vector of dependent variable values at the nodes, U0 is the initial state 

of U, B is a vector that depends on boundary conditions, and J is often referred to as 

the system stiffness matrix, or the system Jacobian matrix.  If this were a linear 
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problem, we would simply solve for the vector U.  Since U0 is not an exact solution, 

the residual error is  

 
 ( ) ( ) ( )⋅0 0R U = J U U- B U . (2-7) 

 
The iterative Newton method can be applied in the usual way, expanding R(U) in a 

Taylor series, dropping all but the first order term, and setting it equals to zero.  The 

resulting equation can be solved for the Newton step δU, 

 
 ( ) ( )⋅0 0J UδU = -R U , (2-8) 

 
where R(U0) is calculated by setting U in Eq. (2-7) equal to U0, and noting that the 

Jacobian ( )∂
∂

R U
U

 is in fact the system Jacobian J(U0).  The next iteration is then 

computed as ⋅λ1 0U = U +δU .  If the damping factor λ is one, then this is the 

traditional Newton method, however, Comsol will reduce the damping factor and re-

compute U1 if the relative error is larger than the previous value.  The purpose of this 

damping factor is to make the process converge for a broader range of initial value.  

Comsol will compute the relative error, E, for the new iteration U1 as  

 
 ( ) ( )⋅0 1J U E = -R U . (2-9) 
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2.5.3 Multiphysics 
 

The term Multiphysics is not uniformly recognized; therefore I must define 

what it means in the context of the Comsol software.  Multiphysics refers to problems 

defined by a coupled system of differential equations with more than one dependent 

variable.  When using Comsol to solve such problems, this generally means creating 

your model using two or more of the application specific modules.  The coupling is 

specified by symbolically defining the PDE terms and boundary conditions.  The 

Comsol software will solve all the equations as one fully coupled system. 

2.6 Convergence 
 

Much of the presented simulation work involves solving nonlinear models, 

and the convergence of these models is one of the main challenges.  When using the 

Newton iterative method to solve these problems, considerable effort can be required 

to provide the best possible initial guess.  The Comsol software documentation 

suggests that at least an order of magnitude guess is generally required.   

When it is not possible to estimate an initial guess that is close enough, it may 

help to run the simulation several times, each time incrementally approaching the 

desired state.  For example, if it is desired to find the solution with a boundary 

condition of 10 V, you can first run with 1 V, and then use the solution at 1 V as the 

initial guess for the next step at 2 V.  You then repeat this process until you reach the 
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desired voltage.  The Comsol Parametric Solver provides a convenient way of doing 

this. 

The convergence criteria for the iterative Newton process also must be 

considered.  A typical approach would be to compute the Euclidean norm of the 

relative error vector, E, and terminate the iterations when the norm is within some 

desired error limit. 
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Chapter 3 Metal-Semiconductor-Metal 
(MSM) Photodetector Modeling 

 

3.1   MSM Photodetectors 
 

Low-temperature–grown GaAs (LT-GaAs), deposited by molecular beam 

epitaxy, has been known for its ultrashort, subpicosecond photocarrier lifetime and 

relatively high carrier mobility [1]. Therefore, in recent years, LT-GaAs has been the 

material of choice for the fabrication of photonic devices such as photoconductive 

detectors and switches [1,2], both of the MSM [3] and free-standing types [4], for the 

generation of subpicosecond electrical pulses for ultrafast device characterization [5], 

THz time-domain spectroscopy [6], antennas for the generation and detection of THz 

radiation [7], as well as for optical photomixers [8,9]. 

A lot of effort has gone into achieving high efficiency for LT-GaAs material 

and the design of optimal geometries for the device structures. Further performance 

improvement of LT-GaAs–based photonic devices is expected by optimizing the 

device contacts. Historically, LT-GaAs MSMs have been constructed with electrodes 

consisting of surface-contact metallization such as, e.g., Ni-Au, Ti-Au, or Ti-Pd-Au 

[10]. For decades the properties of metal contacts to III–V semiconductors have been 

intensively studied [11,12]. From these studies it is well known that a contact 

metallization that creates Schottky contacts on conventional n-doped GaAs shows 

ohmic behavior on LT-GaAs, even without annealing [10]. The speed of response for 
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the ohmic-type MSM photodetector is generally limited by the carrier lifetime, which 

in the case of LT-GaAs is so short (~150 fs) that the device capacitance sets the 

practical limit. Unfortunately, the ultrashort carrier lifetime translates into the 

relatively low mobility of the LT-GaAs material, resulting in low-efficiency of LT-

GaAs devices, as compared to other photodetectors, such as p-i-n diodes [13]. 

Recently, however, MSM devices with alloyed [12,14] and recessed [9,16] electrodes 

have been found to exhibit improved performance through optimization of the device 

contact materials and their geometry. Reference [14] reported a twofold improvement 

in efficiency using alloyed contacts based on Au-Ge eutectic, and [16] reported a 25% 

increase in sensitivity using recessed instead of surface contacts. 

 

3.2 MSM Photodetector Modeling 
 

I present a finite element model to analyze the photoresponse of two types of 

LT-GaAs MSMs, both of the same device geometry, but one with non-alloyed surface 

contacts, and the other with alloyed contacts. Based on experimental work [14], the 

simulated photodetectors consist of interdigitated conductors, patterned on a 1.5-μm-

thick LT-GaAs layer, grown by molecular beam epitaxy at 250°C, followed by in-situ 

isothermal annealing at 600°C [15]. I can, therefore, directly correlate the simulations 

with the experimental results, and understand the physical reasons for the improved 

photoresponse efficiency of the alloyed-contact LT-GaAs MSMs without sacrificing 

the response times. The simulation predicts that alloyed devices have better-than-
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twice the sensitivity of the surface-contact structures, and better-than-50% 

improvement in response time, in good agreement with experimental results [14]. The 

configuration of fully optimized devices is proposed based on simulations with 

varying model parameters. 

 

3.2.1   MSM Finite Element Model 
 

The finite element simulations were done in the COMSOL Multiphysics® 

software package using the generalized electrostatics mode. In this mode, the 

equation of continuity is combined with Gauss’s law, and the partial differential 

equation to be solved is 

 
 ( )0 0−∇⋅ + ∇ =rσ ε ε T V , (3-1) 

 

where σ and ε
r
ε0 are the material’s conductivity and permittivity, respectively, V is the 

electric potential, and T is a time constant chosen to be large relative to the maximum 

charge relaxation time of the system. The parameter T was chosen to be 10–2 s. 

Increasing T above 10–2 s had no effect on the results; making it too large, however, 

could result in an ill-conditioned FEA formulation. 

The model geometry is a two-dimensional cross section of one of the 

photoconductive LT-GaAs channels plus the electrodes. The results of the simulation 

are given per meter, and the result is multiplied by the overall length of the channel, 

which is 147 μm. Fig. 3-1 shows a schematic of the MSM top view and cross section 
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used for simulation. The actual fabricated device [14] had an area of 400 μm2 and a 

finger width and spacing of 1 μm and 1.5 μm, respectively. The alloyed-electrode 

MSM consisted of a Ni-Au/Ge-Ni-Au layer stack with 5-90-25-50-nm thickness, 

alloyed at 420°C for 90 s. The surface-contact device had a Ni-Au layer with a 

thickness of 10 to 160 nm. 

 

 
Fig. 3-1  Schematic top view of an MSM device and the side view of one photoconductive channel, 
with electrodes on each side 

 

Figures 3-2 and 3-3 show arrow plots of the electric field and current density, 

created with COMSOL Multiphysics®.  Fig. A-1 in the appendix shows the FEA 

mesh generated by COMSOL, and used in the simulation. The simulation results in 

Fig. 3-2 are for the alloyed-electrode device, under illumination with 850-nm-

wavelength light, with a nominal alloy depth of L = 200 nm. The simulation results in 

Fig. 3-3 are for the surface contact device, under identical illumination conditions. 

The length of the arrows is scaled according to the magnitude of the quantity they 
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represent. We note in Fig. 3-2 that for the alloyed device the electric field is 

uniformly distributed in the photoconductive region, and the current density in this 

region decays as does the intensity of the incident light. On the other hand, the 

surface contact device in Fig. 3-3 shows a very different electric field distribution, 

and the current is channeled entirely through the corner insets of the electrodes. 

 

 
 

Fig. 3-2  Arrow plots of the (a) electric field and (b) current density for the alloyed contact device with 
L = 200 nm.  These plots were created using COMSOL Multiphysics™. 
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Fig. 3-3  Arrow plots of the (a) electric field and (b) current density for the surface contact device.  
These plots were created using COMSOL Multiphysics™. 

 

For the FEA model, each device was divided into five sub-domains, 

consisting of the two electrodes, the photoconductive region, and the two LT-GaAs 

regions under the electrodes. For simplicity, the two electrodes were assigned a 

conductivity σ = 45.6 · 10 6 S/m, typical for Au. The conductivity profile of the 

photoconductive region was calculated based on illumination with 160 μW of 

continuous-wave light, consistent with the experimental setup in [14]. The 
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transmission coefficient was calculated as 43%, based on the LT-GaAs refractive 

index of 3.64 at 850 nm [18], and for simplicity the internal quantum efficiency (QE) 

was taken as 1. These factors, in addition to 40% loss of input power due to the 

reflectivity of the metal electrodes, gives G = 1.77 · 10 14 s–1, the overall (volume) 

carrier generation rate. By assuming that the carrier generation decays in the same 

manner as incident 850-nm light with a penetration depth l = 1 μm, and integrating 

over the photoconductive volume, the carrier generation at the surface was calculated 

to be G
S
 = 9.47 · 1023 (s · cm3)–1. 

To relate G
S
 to σ, it is necessary to compute the resulting steady-state carrier 

density. This was done by setting the generation equal to the Shockley–Read–Hall 

recombination rate, simplified by assuming that the recombination centers are located 

at the bandgap. The electron and hole concentrations at the surface, n
s
 and p

s
, 

respectively, can then be calculated as 

 

 s s i S2 ,n p n G τ= = + ⋅ ⋅  (3-2) 
 

where n
i
 is the intrinsic GaAs carrier concentration and τ  is the carrier lifetime. 

Taking for LT-GaAs at 300 K, n
i
 = 1.8 · 106 cm–3, τ  = 150 fs [5], and the mobility for 

photogenerated carriers to be μ ≈ 200 cm2/(V·s) [1], we may then compute the surface 

conductivity σ
s
 = 2n

s
 μ = 1.8 mS/m, and subsequently, the conductivity profile: 
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 s exp ,z
l

σ σ − = ⋅  
 

 (3-3) 

 

where z is the distance from the LT-GaAs surface. 

So far everything said about the MSM FEA model applies to both the alloyed 

and non-alloyed devices. The difference between the two is the conductivity profile 

under the contacts. In the case of the non-alloyed device, the conductivity of the 

region under the contact is simply that of LT-GaAs, which is essentially an insulator. 

In the case of the alloyed device, a Ni-AuGe-Ni-Au layer stack forms the electrode. 

Subsequent alloying at 420°C for 90 s causes Ge atoms to diffuse into the LT-GaAs, 

with an expected penetration depth of L = 200 nm [19]. Thus, the conductivity at the 

interface between the contact metallization and the alloyed LT-GaAs is that of Ge and 

decays exponentially to the conductivity of LT-GaAs under the contact.  Other 

methods, such as the effective medium approximation (EMA) can be used to estimate 

the conductivity of the material.  In general, the EMA predicts a more rapid decrease 

in conductivity than just given by a simple exponential approximation [20], however, 

for annealing around 400 degrees C, Ge in GaAs is considered to be heavily doped 

[21]  which invalidates the assumption of intermixed regions of pure constituents.  

The σ profile under the alloyed contact can be approximated as 

 

 ac Ge LTexp ,z
L
− = ⋅ + 

 
σ σ σ  (3-4) 
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where σ Ge
 = 2.2 S/m and σ LT

 = 1.15 · 10 –8 S/m are the conductivities of Ge and LT-

GaAs, respectively.  The experimental data [14] shows less than 6% change in dark 

current between alloyed and non-alloyed contacts, therefore the spread of the alloy in 

the lateral direction between the electrodes is not expected to be significant, and is not 

included in the model. 

One additional feature that requires some explanation is the semicircular inset 

at the inside corner of each electrode shown in Fig. 3-1. In the case of the alloyed-

contact MSM, this feature has no effect on results; it is, however, essential for 

modeling the surface-electrode device since without it there would be no lateral path 

for current. The drawing in Fig. 3-1 is not to scale and the corner insets are 

exaggerated for clarity. The actual radius used in the model was only 50 nm, based on 

the simple estimation that the carriers generated near the edge of the surface electrode 

may drift/diffuse into the insulating region toward the electrode on the scale of the 

carrier mean-free path, equal in our case to ~66 nm, for a Fermi velocity of 4.4 · 10 5 

m/s [12] and τ  = 150 fs. We confirmed that change of ±50% in this radius did not 

impact results of the model. 

 

3.3   Results 

3.3.1   Responsivity 
 

For the alloyed-contact device, the responsivity predicted by the model was 

8.6 · 10–4 A/W, while the actual measured value in [14] was 13.7 · 10 –4 A/W. For the 
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surface-electrode MSM, the corresponding simulation and experimental values were 

3.7 · 10 –4 A/W and 6.2 · 10 –4 A/W, respectively. Considering the approximations 

involved, the results of the FEA model can be considered reasonably close to 

measured. The responsivity is dependent on μ, QE, transmission coefficient of LT-

GaAs, alloy depth, and the contact resistance. For example, using only μ ≈ 320 

cm2/(V·s), instead of 200 cm2/(V·s), would give full agreement between the model 

and the experiment. Although the relatively low values of μ for LT-GaAs has been 

well documented [8], some sources have reported μ’s as high as 2000 cm2/(V·s) [22, 

23], depending on the sample processing. For QE the range of numbers in the 

literature spans from 1 [24] to 0.07 [5] and I just assumed the ideal case of QE = 1 

which is clearly an overestimation leading to the increased responsivity. The 

transmission coefficient was calculated to be 43%, based on the refractive index of 

GaAs at 850 nm, and, finally, the depth of alloying under the contacts was taken to be 

200 nm based on the expected (but not measured) depth stated in [14]. 

In view of the above, the responsivity ratio of MSMs with alloyed to non-

alloyed contacts is of particular interest. The FEA model yielded a ratio of 2.3, while 

the experimental value in [14] was 2.2. Therefore, we may conclude that the model 

does a very good job of predicting the improvement in responsivity obtained using 

photodetectors with alloyed contacts. 

 

3.3.2   Capacitance and Transient Response 
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Typically, photoconductive devices turn on much faster than they turn off 

since the rising part of the photoresponse is limited by how fast optical energy is 

delivered to the photocarriers, and simply corresponds to the integral of the incident 

optical-pulse intensity. The turn-off time, on the other hand, depends on the 

mechanism of carrier sweep (Schottky type) or on the carrier lifetime in the 

photoconductive region. In the case of LT-GaAs devices exhibiting ohmic contacts, 

the latter is true; however, since τ  is in the femtosecond range, the actual device 

turn-off time is limited by stored charge and the equivalent lumped-element RC time 

constant. 

 

 
Table 3-1.  MSM device capacitance in the OFF and 
ON states, and with or without an anti-reflective (AR) 
coating. 

 Surface contact Alloyed contact 
OFF, no AR 10.2 (fF) 17.0 (fF) 
OFF, with AR 10.7 (fF) 17.5 (fF) 
ON, no AR 10.4 (fF) 15.6 (fF) 
ON, with AR 10.5 (fF) 16.0 (fF) 

 
 

Table 3-1 shows the capacitance of the alloyed- and surface-electrode devices 

in both the light-ON and light-OFF states, as predicted by the FEA model. The higher 

capacitance of the alloyed-contact MSM is expected from the device configuration 

and suggests that its photoresponse signal should be slower. However, the 

photoresponse measurements performed in [14] actually indicate that alloyed devices 
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exhibit somewhat faster turn-offs, while in both cases, the turn-on time is about the 

same. The photoresponse transients in [14] show a turn-off time constant of the 

alloyed device to be 1.8 ps and 2.8 ps for the non-alloyed structure. In terms of the 

model, an improvement of the turn-off time in the alloyed-electrode MSMs can be 

understood if one considers the accumulated charge at the boundary between the LT-

GaAs photoconductive region and either the alloyed or non-alloyed region under the 

electrode surface. In the ON state, both devices have a significant charge, 

accumulated at this boundary. In the case of the surface-contact MSM, however, this 

boundary effectively goes away when the device turns off, leaving the charge to 

dissipate through the volume of the very highly resistive LT-GaAs. On the other hand, 

in the alloyed-contact MSM case, the relatively high conductance of the alloyed-

contact volume enables much more efficient discharge of the equivalent capacitor. 

Based on the ratio of sensitivities of the two devices, the effective ON-state resistance 

of the alloyed device is 2.2 times lower than that of the non-alloyed device. Thus, 

including the capacitances listed in Table 3-1, the ratio of the corresponding RC time 

constants is 1.47 and should be the same as the ratio of the fall times of the respective 

photoresponse transients. Please note that the experimentally measured ratio in [14] is 

1.56, in excellent agreement with the prediction of the model. Thus, despite 

possessing larger geometrical capacitance, the alloyed-contact MSM photodiode is 

actually faster than the surface-electrode structure, as indeed was experimentally 

observed.  
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3.3.3   Device Optimization 
 

The results of the FEA model are well correlated to experimental values; 

therefore, the model may be used to predict the effect of various parameters on MSM 

photoresponse performance. In this section, I look at how such technological 

parameters as the depth of the alloyed contacts, electrode spacing, or additional 

antireflection (AR) coating, influence the device’s performance. 

Fig. 3-4 shows the responsivity as a function of L, which is the exponential 

decay constant of σ under the alloyed contact [see Eq. (3-4)]. As the L value 

decreases to zero, approximating the surface-type contact, the point where the 

responsivity curve intersects the y axis asymptotically approaches the responsivity of 

the surface-electrode MSM. We observe in Fig. 3-4 that for L > 200 nm the curve 

flattens, so increasing L beyond 200 nm results in very little improvement. The latter 

is fully understandable looking at Fig. 3-2(a) and noting that at L = 200 nm the 

electric field is already fairly uniform down through the photoconductive region. The 

electric potential between the boundaries of the photoconductive region is also 

uniform and equal to the applied electrode potential, so current is strictly limited by 

the photoconductance. 
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Fig. 3-4  Responsivity versus the alloy depth for an alloyed-contact MSM. 

 

Fig. 3-5 shows the responsivity as a function of electrode spacing, for both an 

alloyed- and a surface-contact MSM. For the alloyed device, the relationship can be 

easily and precisely explained because the resistance of the photoconductive channel 

is proportional to its length. Thus, the responsivity is proportional to current and, 

therefore, inversely proportional to the channel length. For the surface-electrode 

MSM, the relationship is not as simple due to the concentration of current at the 

corner insets of the electrodes, as seen in Fig. 3-3. The corner insert will come into 

play only when the spacing approximately equals the radius. As the spacing decreases 

for the surface-electrode device, the electric field gets pulled toward the surface. Thus 

carriers generated far below the surface do not contribute to the sensitivity. 
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Fig. 3-5  Responsivity versus the electrode spacing for an alloyed- (solid line) and non-alloyed 
(dashed)-contact MSM. 

 

Finally, an AR coating should obviously improve the device responsivity by 

decreasing the amount of reflected light, but, at the same time, the additional 

dielectric material deposited on top of the photodetector increases its capacitance. We 

observe a typical trade-off between the responsivity and speed. However, in the case 

of the alloyed-contact structures the simulations show (see Table 3-1) that the actual 

increase in the capacitance is less than 5%. Thus, well-designed AR coating in such 

structures clearly leads to an overall improvement in the photodetector’s performance 

by increasing the responsivity without significant degradation in speed. 

 

3.4 MSM Conclusions 
 

The FEA model demonstrates that the more uniform and deeper penetrating 

electric field, resulting from the conductive Ge-GaAs alloy beneath the electrodes, 

can accurately account for the improved responsivity of the alloyed devices.  

Although the geometrical capacitance of the alloyed device was shown to be 
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somewhat larger, it’s overall faster response was very accurately predicted by the 

equivalent lumped element RC time constant.   

The FEA model was further used to predict that an AR coating would improve 

responsivity without sacrificing speed, and that increasing the alloy depth beyond 

approximately 20% of the optical penetration depth did not result in improved 

responsivity. 

Recessed electrodes have also been used to improve the responsivity of MSM 

devices [16].  The modeling techniques presented here could also be employed to 

explain and predict the performance of the recessed electrode devices.  Predicting the 

optimal configuration for the recessed electrodes based on simulation results would 

be a natural extension to this work. 
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Chapter 4 Ballistic Deflection Transistor 
(BDT): Fabrication and Operation 

 

This chapter is intended to provide necessary background information, leading 

into the theoretical modeling work which is the topic of this Ph.D. thesis.  The 

fabrication and experimental testing of the BDT devices was the work of other team 

members, as is discussed in the Forward. 

 

4.1 Material System and Fabrication 
 

The BDT conducting channels consist of a two dimensional electron gas 

(2DEG), created in a modulation-doped In0.53Ga0.47As/In0.52Al0.48As lattice-matched 

heterostructure, grown on a semi-insulating InP substrate.  Fig. 4-1 shows the layers, 

and resulting band diagram, indicating the quantum well where the 2DEG is formed. 

 

 

Fig. 4-1  BDT layers and band diagram [3].  The 2DEG is represented by the shaded region between 
the 500 Å InGaAs layer and the 200 Å InAlAs spacer layer. 
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The monolayer of Si doping, which provides electrons for the 2DEG, is separated 

from the actual 2DEG by a 200Å spacer, to reduce ion impurity scattering, resulting 

in high mobility.  A typically measured mobility is 1.1 m2/(V·s), and the room 

temperature elastic mean free path of electrons may exceed 100 nm, and has been 

reported to be as large as 136 nm for similar systems [1]. 

The conducting channels and in-plane gates which constitute the BDT, are 

formed by etching away the unwanted 2DEG, on a wafer with substrate and layers as 

shown in Fig. 4-1.  For the devices discussed in this Ph.D. thesis, electron-beam 

lithography and ion-mill etching were used, and the resulting mesa typically has a 

step height of 130 nm, such that the InGaAs layer containing the 2DEG is completely 

etched away [2]. 

Alloyed Ni/Ge/Au contacts were formed by successive metal layer deposition 

and annealing at 420 C°  for 30 seconds.  This process was optimized, giving a 

contact resistance of ~0.5 Ωmm.  To make the final wire bonded connections, Ti/Au 

probe pads were patterned and deposited by the lift-off technique [2]. 

4.2 Geometry and Principle of Operation 
 

A scanning electron micrograph (SEM) of a typical BDT is shown in Fig. 4-2, 

and a typical biasing scheme is shown in Fig. 4-3.  Notice the in-plane gates are 

patterned from the 2DEG, as are the source, left, top, and right drain channels 
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Fig. 4-2  Scanning electron micrograph (SEM) image of a BDT device.  The darker regions are etched 
away, and the lighter region is where the 2DEG remains. 

 

 
Fig. 4-3  A typical biasing scheme.  The left drain voltage (VLD), top drain voltage (VTD), and right 
drain voltage (VRD), are 1 V, and a differential gate voltage (VG), steers electrons preferentially to the 
right or left drain. 

 

Ideally, the device dimensions would be on the order of the electron mean free 

path, such that transport would be ballistic rather than diffusive.  A bias voltage, 

applied at the top drain, accelerates electrons from the bottom source towards the 
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triangular deflector, where specular reflection steers the majority of electrons to either 

the right or left drain [4, 5].  Under this theory of operation, the top drain current 

should be very low, as most electrons would be deflected to the right or left drains.  

The top drain current is often referred to as leakage, because it does not contribute to 

the gain, and should be minimized for lowest possible power consumption in the 

device.  The applied gate voltage then steers the electrons left of right, increasing 

either the left or right drain current, with a corresponding decrease in the opposite 

drain. 

All of the devices thus far built and tested in our laboratories, (University of 

Rochester and University of Massachusetts Lowell), have been relatively large 

compared to the mean free path, of the order of 1 μm.  The degree to which ballistic 

deflection influences the current vs. voltage characteristics is not well understood.   

A typical current vs. gate voltage characteristics, generated by simulation, 

using my diffusive model, is shown in Fig. 4-4.  For gate voltage near zero, there is 

the expected increase in one drain current, and corresponding decrease in the other, as 

electrons are steering towards the positive gate.   As gate voltage further increases, 

both drain currents begin to go towards zero, as the source channel becomes pinched 

off.  This general behavior is typical for the experimentally tested devices; however 

there is also much variation.  First, due to geometrical asymmetry of a real device, the 

right and left drain currents may not be equal for zero gate voltage.  Second, one or 

both drain currents may not reach zero, due either to leakage currents, or inability of 

the applied gate voltage to pinch off the source or drain channels.  Last, the peak 
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drain current may be much smaller, relative to the value at zero gate voltage.  This 

last parameter depends on how efficiently the positive gate is coupled to the channel, 

since the electric field from the positive gate causes this increase in current. 
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Fig. 4-4  BDT current vs. voltage characteristics, generated using diffusive model.  There is up to an 
order of magnitude variation in the current and voltage, depending on the specific device, but the basic 
features shown here indicate the general behavior. 
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Chapter 5 Comparison of Simulation 
Techniques used in BDT Modeling 

 

In this chapter I will briefly discuss, and compare three different methods of 

simulation for semiconductor nanodevices.  I will begin with Monte Carlo simulation, 

which is the best established and likely most exact way to predict transport 

phenomena [1,2].  Then I will discuss the simpler billiard approach, which does not 

comprehensively account for various scattering mechanisms, but does provide a low-

complexity tool, that has been shown effective in predicting low temperature 

phenomena, and some aspects of the room temperature BDT characteristics [3].  Last, 

I will discuss the methods presented in this Ph.D. thesis, using the FEA field solver, 

and the relative advantages and disadvantages of this approach.  Devices with 

dimensions on the order of the electron Fermi wavelength, such that the wave-like 

properties of electrons, such as coherent transport, and tunneling must be taken into 

account are not considered. 

5.1 Monte Carlo Simulation 
 

In Monte Carlo simulation, the path of an electron is broken into a sequence 

of free flights, interrupted by collisions [2].  During the free flight portion, externally 

applied electric or magnetic fields are allowed to act on the electron, and the carrier 

wavevector is modified appropriately.  The initial condition of motion, flight duration, 

scattering mechanism, and the electron state just after scattering, are selected 
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stochastically, based on material dependent probabilities, describing the microscopic 

processes.  When the transport process is highly dependent on initial conditions, as is 

the case for ballistic devices, it is necessary to simulate a large number of electrons.  

The Monte Carlo process is assumed to simulate a sufficient number of electrons,  

each with the effective mass and charge of an individual electron, however, to obtain 

a physically reasonable current, the simulated electrons may be assigned some 

arbitrary charge, and these super-particles are then used only for the final calculation 

of current.  If the number of simulated electrons is indeed sufficient, this will yield 

realistic results.  Additionally, the stochastic Monte-Carlo simulation may be self-

consistently coupled to a Poisson field solver, to compute the electric or magnetic 

field.  The result is a detailed analysis, comprehending many different types of 

scattering, the scattering probability, and the band structure.  The cost of this 

comprehensive treatment is high computational complexity, requiring in some cases 

many hours to run even on very efficient computer clusters. 

The Monte Carlo method has been shown to reproduce the basic 

characteristics of the room temperature BDT current vs. voltage characteristics [4], 

and has been shown to well model other types of devices such as T-branch junction, 

Y-branch junction, and ballistic rectifier [5]. 

5.2 Billiard Model 
 

In the billiard model, electrons are treated as classical charged particles, 

moving under the influence of applied electric or magnetic fields, and reflecting off 
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boundaries specularly, i.e. with perfect elasticity. Electron-electron scattering, and 

Coulomb interaction, are also included, but no other scattering is taken into account; 

therefore, it is expected that the model would be most accurate for predicting 

properties of ballistic devices at cryogenic temperature, where phonon scattering is 

virtually eliminated.  Indeed, this technique has successfully predicted low-

temperature phenomena, such as the voltage vs. current relationship of the ballistic 

rectifier, quenching of the Hall effect, and negative Hall resistance.  This technique 

has also been successful at reproducing some basic aspects of the room-temperature 

BDT geometry dependence, such as the effect of deflector placement on top drain 

current, the effect of corner sharpness on gain, and to some extent the current vs. 

voltage characteristics [3]. 

This type of simulator offers a low-complexity tool for analysis of ballistic 

transport, when compared to the Monte-Carlo approach discussed above.  For 

modeling ballistic transport at low temperature, where the absence of scattering is a 

good approximation, much less computer time will be required, and the results are 

acceptable.  However, when scattering must be considered, the Monte-Carlo method 

is, obviously, going to give the most accurate result. 

5.3 Finite Element Analysis (FEA) Field Solver 
 

The methods I present in this Ph.D. thesis make use of FEA techniques, which 

I discussed in Chap. 2.  Three basic types of model are presented, diffusive, ballistic, 

and quasi-ballistic.  All the simulation techniques I introduce use an FEA field solver, 



 50 

Comsol Multiphysics™ in this case, as the computational engine which solves the 

numerical problem.  The details of these models are explained in Chap. 6, so I will 

not discuss them here. 

For modeling of nanodevices, Monte-Carlo, billiard, or purely quantum 

mechanical approaches have generally been favored.  However, for a device which 

exhibits quasi-ballistic transport, such as the BDT, it is valid to ask the question; will 

a diffusive model be useful in predicting behavior?  Further, can this FEA type of 

modeling be modified to better comprehend ballistic transport?  The motivation for 

asking these questions is the computational simplicity of the FEA model.  Most of the 

simulations I have undertaken in this work run in minutes, where by comparison a 

Monte-Carlo simulation may take hours.  Using FEA, a large number of variations 

can be evaluated in a short time, for the purpose of optimizing geometric or other 

parameters. 
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Chapter 6 BDT Modeling and Simulation 
using FEA Techniques 

 

6.1   General Overview 
 

The models and methodologies I have employed for simulation of the BDT 

are based on using an FEA field solver.  While the efficacy Monte Carlo methods for 

simulating, this class of device has been well established [1,2], little or no work has 

been done previously to explore the usefulness of FEA techniques. 

This simulation is basically a two step process.  First, the enhancement or 

depletion of electrons in the channel 2DEG, resulting from applied gate voltage, is 

computed.  The result is a spatially varying carrier density, which is then known at 

every point within the device.  Second, the carrier density is used to compute a 

spatially varying conductivity, and this is used to compute drain currents, for a given 

applied drain bias.  This second step may be done in one of two ways.  In the first, 

diffusive case, I simply use the electron mobility and density to compute the 

conductivity.  In the second, I assume that transport is ballistic, and, therefore, the 

classical concept of mobility does not apply.  Instead, I assume the electrons 

accelerate without scattering, and use conservation of energy to compute their 

velocity as a function of potential.  I will also propose a quasi-ballistic model, which 

provides for velocity saturation due to scattering, by limiting the electron velocity.  In 
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this chapter, I will present details of the simulation, and underlying assumptions 

regarding device physics. 

6.2   Modeling Electron Transport in the 2DEG Channel Using 
Equivalent Doping, Ndb  

 

For purpose of the FEA model, the channel will be treated as a 10 nm thick 

2DEG layer, with uniform n-type doping level Ndb.  One possible way to estimate the 

value for Ndb is to use the nominal value of the measured sheet resistance, RS,  

 

 1
db

S e

N
R z qμ

=
⋅ ⋅ ⋅

, (6-1) 

 

where z is the assumed 2DEG thickness of 10 nm, q is the electron charge, and μe is 

the electron mobility.  Taking the mobility to be the that of bulk InGaAs, 12,000 

cm2/(V·s), and the nominal RS of 1.5 kΩ/sq, one would compute Ndb of  3.47 · 10 17 

cm-3.  However, the literature reports values ranging from 10,000 cm2/(V·s) to 13,800 

cm2/(V·s) for μe [3,4,5].  Also, the electron density is not homogeneous over the 

thickness of the 2DEG, but will vary in a manner consistent with the potential well at 

the InGaAs/InAlAs interface [11].  The value for z is then an estimate of the 

equivalent effective thickness, for a given Ndb. On the other hand, Ndb has also been 

estimated using Monte Carlo methods [1,2], and was found to have a value of 1017  

cm-3 which satisfactorily reproduces the behavior of InGaAs/InAlAs 2DEG channels.  

Given the uncertainty in the parameters z and μe in Eq. 6-1, and the well-studied 
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efficacy of the Monte Carlo method, I have chosen the value 17 310  cmdbN −= , to use 

in my simulations. 

6.3   Determining the Spatially Varying 2DEG Carrier 
Concentration for a Given Gate Voltage 

 

Gauss’s law can be combined with the Fermi-Dirac probability distribution 

function, to determine the potential and charge density of carriers.  The resulting 

nonlinear equation is 

 

 ( )0∇⋅ ∇ =rε ε V ρ V , (6-2) 
 

 

where V is the electric potential, and ρ is the charge density, which depends on 

potential according to the Fermi-Dirac statistics.  This equation has been previously 

employed [6], but with boundary conditions of potential imposed at the edges of the 

2DEG.  I will instead model the entire gate-air-2DEG-air-gate structure, with the 

boundary condition of potential imposed at the edge of the gate.   

Under the assumption of quasi-thermal equilibrium [7], the charge volume 

density will then be 

 

 ( ) ( )
( )

1
0

F
db

F

f q V
ρ V q N

f
 ⋅

= ⋅ ⋅ − 
  

, (6-3) 
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where fF is the Fermi-Dirac probability distribution.  While I have avoided detailed 

calculation of the density of states, Eq. 6-3 does present an intuitive  physical picture 

of the device.  First, at zero gate voltage V is zero everywhere, and we get 0ρ = .  

This makes sense, since the positive charge density of Si ions will equal the negative 

charge of the 2DEG electrons, for zero net charge density.  Second, as qV increases, 

electrons are depleted, while the positive ions remain, resulting in a positive charge 

density.  Last, as qV decreases, the electron population is enhanced, resulting in a 

negative total charge density. 

6.4   Sidewall Surface Charge and 2DEG Edge Depletion 
 

Edge states, at the boundary of the trench, cause depletion of electrons, 

resulting in an effective narrowing of the 2DEG channel.  The accumulated charge on 

the trench boundary further causes depletion by Coulomb repulsion.  In order to 

approximate this narrowing, I have included a region at the 2DEG edge, which is 

depleted of carriers.  Additionally, I also include the surface charge at the 2DEG 

boundary.  This is the approach I found the most efficacious for reproducing 

experimental data, however, this is an area where the model may still be improved.  

Both the size of the depletion region and the surface charge are fixed parameters that 

do not change with increasing gate voltage.  A more physically realistic model would 

make these parameters dependent on their surroundings. 

The value of the surface charge, ρs, was calculated based on the virtual doping 

level, Ndb, and the assumed depletion width, Wd,  
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 s d dbρ W N= ⋅ . (6-4)  

 

6.5   The Asymmetrical Influence of the Negative and Positive Gates 
 

Experimental data consistently indicate the source channel pinches off, as gate 

voltage is increased.  The result is all drain currents going towards zero as the gate 

voltage increase.  In a perfectly symmetrical diffusive model, based on enhancement 

and depletion, this pinch off is not predicted, because one side of the channel is 

always enhanced.  If this is to be reproduced using the diffusive model, some 

asymmetry must be introduced. 

Experimental work on similar devices, where the channel is patterned by deep 

etching an InGaAs 2DEG, can provide insight into possible asymmetry of the gate 

coupling.  Hieke et al. [8] reported on using in plane gates to modulate the 

conductivity of an electron waveguide; where the in-plane gates were formed by the 

same 2DEG as the conducting channel, much like the BDT.  They reported that pinch 

off voltage of the waveguide depended primarily on the more negative of the two 

gates.  Further, they went on to propose Schottky-type contacts between the 2DEG 

and the trench surface.  Their device, with Schottky contacts, is shown schematically 

in Fig. 6-1, where we see a conductive channel with two in-plane gates, one on each 

side.  The channel and gates consist of the 2DEG which remains after etching, and the 

trench resistance, R, arises from conductivity of the trench surface.   
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Fig. 6-1  Schematic representation of devices reported on by Hieke et al. [8], showing Schottky-type 
contacts between the 2DEG and the trench surface. 

 

6.6   Solving for the Enhancement / Depletion of the Channel Due to 
Applied Gate Voltage 

 

In this section I will discuss step one of the simulation process.  In this step, 

the charge density in the channel 2DEG resulting from the applied gate voltage is 

computed everywhere in the domain.  This will subsequently be used in computed the 

spatially varying conductivity for step two, in which the resulting drain currents for a 

given drain bias are computed. 

For gate voltage below 0.5 V, I have assumed the diodes indicated in Fig. 6-1 

play no role, and coupling of gates is strictly across the trench dielectric.  Above 0.5 

V, the diodes may become forward biased, and this will lead to different conditions 

for the negative gate compared to the positive gate.  On the positive gate side, the 

gate-trench diode is reverse biased, and coupling of the positive gate remains through 
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the trench dielectric.  On the negative gate side, the gate-trench diode is forward 

biased, and the channel-trench diode will limit the current to the reverse leakage, Io.  

The surface potential of the channel, close to the trench, is therefore the gate voltage 

minus the voltage drop oI R⋅  within the trench surface.  In order to approximate the 

drop across the trench, the resistance of a 1 μm long, 80 nm wide trench was 

calculated using the InGaAs conductivity, and allowing conduction only in a 20 nm 

thick surface layer.  The Schottky reverse bias current was calculated based on an 

assumed barrier height of 0.5 volts, and a junction area of 20 nm multiplied by the 

trench length of 1 μm.  This very rough approximation gives a resulting voltage drop 

of about 38 μV.  For the purpose of my simulations, I make the approximation that 

oI R⋅  is zero.  Based on these assumptions, the boundary conditions for gate voltage 

of less than 0.5 V are shown in Fig. 6-2, and the boundary conditions for gate voltage 

greater than 0.5 V are shown in Fig. 6-3. 
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Fig. 6-2  Boundary Conditions used at gate voltage less than 0.5 V, for solving the 
enhancement/depletion of carriers caused by applied gate voltage. 
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Fig. 6-3  Boundary conditions for gate voltage greater that 0.5 V, for solving the 
enhancement/depletion of carriers caused by applied gate voltage. 

 

The Poisson equation is solved by the FEA software 

 

 ( )0 rε ε V ρ∇⋅ ∇ = . (6-5) 

 

In the conductive 2DEG region the charge density ρ is a function of the potential V 

according to Eq. 6-3, and is zero elsewhere.  The relative permittivity of the areas 

where the 2DEG has been etched is set to 1, and everywhere else is 13.85, typical for 

InGaAs. 
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6.7   Calculation of the Conductivity Profile 
 

In this section I discuss calculation of the spatially varying conductivity 

within the BDT channels.  The charge density, which was computed in step one of the 

process, is the input to this calculation, and there are three basic ways of computing 

this conductivity.  First is for the diffusive model, then the model assuming ballistic 

transport, and last is the quasi-ballistic model. 

Once the conductivity is know, it is a straight forward FEA application to 

compute the drain currents for a given drain bias.  The field equation solved to 

compute the currents given the conductivity σ, is the equation of continuity 

 

 ( ) 0σ V∇⋅ ∇ = . (6-6) 

 

6.7.1 Conductivity Calculation for the Diffusive Case 
 

For the diffusive case, the calculation of conductivity is based the carrier 

density, n, and the mobility μe.  The charge density computed in step one, ρ, includes 

the 2DEG electrons and the fixed Si ions.  I assume that the ion concentration and the 

2DEG electron concentration under zero gate bias, Ndb, are equal.  Further, I am 

making the approximation that the ion concentration remains fixed, and equal to Ndb, 

even under applied gate voltage.  The carrier concentration and conductivity may then 

be computed as  
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 dbn Nρ= − , (6-7) 

 eσ n μ= ⋅ . (6-8) 

 

For μe I have used the nominal value for bulk InGaAs, 12,000 cm2/(V·s). 

6.7.2 Calculation of Conductivity for the Ballistic Case 
 

In this case, the electrons are considered as classical charged particles moving 

in an electric field.  If we further assume only elastic collisions with the boundaries of 

the device, then energy is conserved.  The electrons enter at EF, and the following 

conservation of energy relation holds, 

 

 21
2

= ⋅ + ⋅F eE m q Vv . (6-9) 

 

The electron current density and conductivity σ can generally be computed as 

 

 eq nμ= ⋅ ⋅ ⋅J E , (6-10) 

 eσ q n μ= ⋅ ⋅ . (6-11) 

 

Since μe·E is the velocity v, an equivalent “ballistic conductivity”, σb can be found as 

follows: 
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∇
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The concept of a quasi-ballistic mobility, based on a spatially varying dynamic mean 

free path, was recently employed by Martinie et al. [9].  Martinie et al. includes the 

Coulomb interaction, acoustic/optical phonon interactions, and surface roughness for 

modeling of their double-gate MOSFETs.  In contrast, Eq. (6-13) assumes a purely 

ballistic device, with no collisions, other than with the interfaces of the deflector, and 

device boundaries. 

6.7.3 Calculation of Conductivity for the Quasi-Ballistic Case 
 

When the channel length of a device is larger or even comparable to the mean 

free path, and yet small enough that reflection from device boundaries influences the 

current vs. voltage characteristics, a modified ballistic model may be required.  In a 

manner analogous to the transient drift velocity overshoot effect [10], electrons that 

enter the device at the Fermi energy may accelerate to some terminal velocity and 

transport essentially becomes diffusive.  The same applies in the intrinsic case of 

many compound semiconductors (ex. GaAs), where electrons are transferred from the 



 64 

main Γ valley into a satellite L valley.  To simulate this effect, the velocity calculated 

in the ballistic model can be limited to the diffusive high field limit of 5.8 · 107 cm/s. 

In the relatively large BDT devices, for which there is experimental data, the 

electrons will accelerate to this limit long before they reach the vicinity of the 

deflector.  For a drain bias of 1 V, 5.8 · 10 7 cm/s will be reached in less than the mean 

free path.  In this case the diffusive model is more appropriate, and will be used for 

the simulations presented in Chap. 7. 
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Chapter 7 Modeling Results and Comparison 
to Experimental Data for the BDT FEA 

Model 
 

In this chapter, experimental results are compared to results obtained from my 

simulation.  Specifically, the current vs. voltage characteristics, the effect of deflector 

size on transconductance, and the effect of deflector placement on drain current are 

examined both experimentally and theoretically.  The ballistic model will also be 

evaluated for small devices, and I will show the effect of the deflector is consistent 

with ballistic transport. 

7.1   Current vs. Voltage Characteristics 
 

In this section, the drain current vs. gate voltage characteristics predicted by 

the model will be compared to experimental results [1].  First the general nature of the 

BDT characteristics will be presented, and contour plots of conductivity, calculated 

using the model, will show how this behavior is theoretically predicted.  Second, 

experimental data will be compared to the theoretical result for a specific device. 

7.1.1 General Behavior of BDT Devices 
 

The transfer characteristics of a BDT is generally determined by its geometric 

design, however, variation in the fabrication process, the condition of the sample, and 

ambient conditions during the experiment, also have an effect.  In Fig. 7-1, two 
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example transfer characteristics show the general shape.  The x-axis shows the right 

gate voltage, VR, and the left gate voltage is L RV V= − . 

 

Fig. 7-1  Typical experimentally measured current vs. voltage characteristics for BDT devices; (a) is a 
device with good symmetry but high leakage, (b) is a device with relatively poor geometric symmetry. 
[Wolpert 2008]. 

 

The data in Fig. 7-1(a) is indicative of a device with very good geometric 

symmetry, but high leakage current, particularly on the negative gate side.  The data 

in Fig. 7-1(b) is indicative of a device with poor geometric symmetry.  The lack of 
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symmetry about zero gate voltage [Fig. 7-1(b)] indicates the device was not 

symmetrical.  These types of behavior are very sample dependent, and are not 

addressed in the models I present. 

While there is wide variation, certain features have been common to all 

devices;  specifically, the initial increase in drain current on the positive gate side, 

followed by the decrease of both drain currents towards zero, at higher gate voltages.  

Both of these features may be explained, by considering enhancement or depletion of 

the 2DEG carriers by the applied gate voltage.  In my BDT model, this enhancement 

or depletion is translated into a spatially varying conductivity.  In Fig. 7-2, surface 

plots of conductivity for a specific device, generated using my model, are shown.  Fig. 

7-2(a) is at the peak of right drain current, and it can clearly be seen where the 

conductivity on the right, which is the positive gate side, is enhanced, leading to the 

initial increase in right drain current.  Conversely, the conductivity on the negative 

gate side is diminished, leading to the decrease in drain current on the left side.  In 

Fig 7-2(b), the conductivity is shown for higher gate voltage, where both drain 

currents approach zero, and it can clearly be seen where the source channel is pinched 

off, such that no current may enter the device. 
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Fig. 7-2  Surface plots of conductivity calculated using the BDT model. In (a) the initial increase of 
current on the positive gate side is explained by enhancement of the channel.  In (b) channel pinch off 
causes all drain currents to go towards zero at higher gate voltages. 
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7.1.2 Current Voltage Characteristics for a Specific Device 
 

In this section, I compare the experimentally measured drain current vs. gate 

voltage to the theoretical result, for a BDT device with 300 nm wide source channel, 

and gate spacing of 80 nm.  Figure 7-3 shows the scanning electron micrograph 

(SEM) of this BDT, and the geometry of the model can be seen in Fig. 7-2.  The mesh 

generated by COMSOL™, and used in the simulation is shown in the appendix, Fig. 

A-2.   

 
Fig. 7-3  A scanning electron micrograph (SEM) of BDT device with 300 nm wide channel and 80 nm 
gate spacing. 

 

Figure 7-4(a) shows the experimental and theoretical right drain current vs. 

right gate voltage.  Figure 7-4(b) shows the experimental and theoretical left drain 

current vs. right gate voltage  The drain current magnitude was normalized to 

facilitate graphical comparison of the experimental and theoretical data.  The peak 

300  nm 

80 nm 
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current in the theoretical data is actually 6.4 μA, and for the experimental data it is 

17.1 μA. 

 

 

Fig. 7-4  Simulation results and experimentally measured drain current vs. right gate voltage, for (a) 
the right drain, and (b) the left drain.  The data was normalized to the peak of the simulation result, to 
facilitate graphical comparison. 
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In the experimental data, the peak of drain current for this particular device, 

on the positive gate side, is only about 1.3% higher than the value at zero gate voltage.  

This initial increase in drain current can be much higher in experimental data, on the 

order of 5% to 10%.  This depends on channel enhancement, on the positive gate side, 

and will be influence by the gate-channel spacing, and the value for εr in the gap.  For 

example, if in the model I used 13.85rε =  instead of 1rε = , the peak drain current 

would be 17%.  It has been reported [2] that the capacitance of in plane-gated devices 

weakly depends on the separation, and is dominated by dielectric constant of the 

substrate, and therefore the larger value for εr may in fact be more reasonable. 

7.2   The Dependence of Transconductance on Device Geometry 
 

To optimize the BDT for building digital circuits, and other possible 

applications, the gain should be maximized.  In this section I will look specifically at 

the transconductance, which I define as the change in left drain current, divided by 

the change in left gate voltage, m LD LGgΔI ΔV= , where the left gate is the negative 

gate.  As is customary for transistors, I will also scale it by dividing the 

transconductance by the source width, 5 · 10-4 mm, giving units of mS/mm.  The 

change in current will be measured between gate voltages of 0.5 V and 1.0 V, because 

this is where the transconductance is largest. 

For this purpose, devices with varying geometric ratios have been built and 

tested.  The size, shape, and location of the deflector are of particular interest, in order 

to maximize any beneficial nonlinear effects.  In order to study this, gm was evaluated 
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as a function of the ratio s/c, where s and c are shown in Fig. 7-5.  The mesh 

generated by COMSOL™, and used in the simulation is shown in the appendix, Fig. 

A-3.  The value of “c” was held constant at 500 nm, and only “s” was changed.  Both 

the experimental and theoretical data are shown in Fig. 7-6. 

 

 

Fig. 7-5  Schematic of BDT device showing relevant geometrical parameters. 

c 

s 
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Fig. 7-6  Experimental and theoretical transconductance vs. s/c ratio. 

 

The experimental and theoretical data show similar gm values and their 

functional dependence, but the transconductance begins to increase at a much lower 

ratio in the theoretical data.  Considering the Schottky contact between 2DEG and 

trench surface, one possible explanation for this discrepancy is an increase in the 

depletion length, as negative gate voltage increases, which is seen in the experiment, 

but not modeled theoretically.  Considering that transconductance is defined as 

m LD LGgΔI ΔV= , the reason for increased transconductance is a larger change in 

current for a smaller change in gate voltage, when the channel is narrow.  This makes 

intuitive sense, since the change in current is caused by depletion of the channel 

between the negative gate and deflector, and less applied voltage is required to 

deplete a narrow channel.  Therefore, an increase in the depletion length will cause 

the required channel narrowing to take effect at a larger “s” value. 
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It is possible to quantify how much the depletion would need to increase in 

order to match the experimental data.  At the s/c ratio 1.1, where the experimental 

data trends up, the distance “s” is 550 nm, however theoretically we observe this 

trend at “s” of 350 nm.  Therefore, an increase in depletion length of 200 nm, at 1 V 

negative gate bias, would bring the experimental and theoretical data in line. 

7.3   The Ballistic Model 
 

 In my ballistic model, electrons are allowed to traverse from one contact to 

another with no scattering events.  In Fig. 7-7 the electron velocity, using the ballistic 

model, is shown along the path drawn in Fig. 7-8.  Certain points of interest along the 

path are marked with letters in both figures.  Velocity at the source begins at the 

Fermi velocity, 71.92  10  cm/s⋅ , and reaches 82.76  10  cm/s⋅  at the drain contact.  

This is however, not realistic, because with a nominal mean free path of 140 nm [3], 

and device dimension on the order of 1 μm, scattering must be taken into account.  

Therefore, to compare the predictions of the ballistic model to the non-ballistic, it is 

necessary to look at much smaller devices, where the electrons may go from contact 

to contact in a distance comparable to the mean free path.  One such hypothetical 

device is shown in Fig. 7-9. 
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Fig. 7-7  Electron velocity, assuming no scattering, over a path from source to drain.  Critical points 
are marked with letters corresponding to the letters in Fig. 7-8 showing the path. 

 

Fig. 7-8  Geometry of the device model, showing path over which electron velocity was computed 
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Fig. 7-9  Schematic sketch of small BDT device. 

 

 In both the diffusive and the ballistic model, the effect of applied gate voltage 

is dominated by enhancement or depletion of the BDT channels.  The more 

interesting aspect is the deflector’s effect on the distribution of current, between the 

left, top, and right drains.  Table 7-1 gives the drain currents, both with and without 

the deflector, for a diffusive model of the device in Fig. 7-9.  As would be expected, 

all drain currents increase when the deflector is removed, as there is a wider, more 

open path for current.  Table 7-2 gives the same data, but for the ballistic model.  In 

this ballistic case, it is significant that the left and right drain currents actually 
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decrease, while the top drain still increases as expected.  This is consistent with 

ballistic transport, in which the deflector does still narrow the path to left and right, 

but the more significant affect is ballistic redirection of carriers to the left and right 

drains. 

 

Table 7-1  Drain currents using diffusive model at zero gate voltage, with and without the deflector 
present. 

Diffusive Model 
With Deflector No Deflector Percent Change ILD (μA) ITD (μA) IRD (μA) ILD (μA) ITD (μA) IRD (μA) 

8.40 1.09 8.40 8.61 2.44 8.61 2.4 55.1 2.4 
 

 

Table 7-2  Drain currents using ballistic model at zero gate voltage, with and without the deflector 
present 

Ballistic Model 
With Deflector No Deflector Percent Change ILD (μA) ITD (μA) IRD (μA) ILD (μA) ITD (μA) IRD (μA) 

2.93 0.94 2.93 2.77 1.61 2.77 -5.6 41.5 -5.6 
 

 

7.4   The Effect of Deflector Position on Top Drain Leakage 
Current 

 

It is desirable to minimize the top drain leakage current, for the purpose of 

minimizing the BDT power requirement.  Therefore, the effect of deflector placement 

on this parameter has been examined both theoretically and experimentally.  In this 

section, I will employ with the simplest possible model, assuming the 2DEG is a 

uniform 2D conductive medium, in order to theoretically investigate the effect of 
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deflector position on top drain leakage.  The model presented in Chap. 6 predicts total 

cutoff of the top drain when the deflector is within 100 nm, due to the 50 nm 

depletion region around the 2DEG boundaries.  The more simple approach taken here 

gives results more consistent with experiments, which show that top drain leakage 

does not decrease as might be expected when the deflector is very close to the top 

drain.  Physically, this may be due to a diminished depletion region near the corners, 

electron tunneling, or leakage mechanisms that are not taken into account.  First I will 

discuss the BDT Conductive Medium model, and then a comparison of theoretical to 

experimental results will be presented. 

 

7.4.1  The BDT Conductive Medium Model 
 

The BDT was simulated using the Comsol™ Finite Element Analysis 

software, based on a conductive medium model, solving the equation 

 ( ) 0σ V−∇⋅ ∇ = . (7-1) 

The conductivity of the 2DEG was approximated based on a nominal sheet resistance 

of 1.5 kΩ sqSR = , which is a typical measurement value.  It should be noted that the 

units kΩ/sq are dimensionally equivalent to Ω, and are used to avoid confusion with 

the bulk resistance.  The conductivity used in the model is therefore 

1 0.667 mSSσ R= = . 

Figure 7-10 shows the placement of deflector for the 4 locations at which the 

simulation was run.  The deflector’s position is denoted by k, which is the distance 
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from the source port to the top of the deflector. The different values chosen for k were 

210 nm, 245 nm, 280 nm, and 315 nm.  At k = 315 nm, the deflector is at a distance 

of 10 nm from the top port, which is close to blocking the top drain opening.  

 

 
Fig. 7-10  Schematic sketch of BDT indicating different deflector positions, k.  (a) k = 210 nm, (b) k = 
245 nm, (c) k = 280 nm, (d) k = 315 nm. 

 
 

Figure 7-11 shows the theoretical top drain leakage current ITD, and the left drain 

current, ILD, versus deflector position k.  Due to symmetry, the behavior of the right 

output, IRD, with k is the same as ILD, and is not shown.  It is noticed that as the 

deflector shifts towards the top drain, leakage first increases slightly, and then 

decreases.  

(a) (b) 

(c) (d) 
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Fig. 7-11  Left drain current ILD, and top drain leakage current, ITD, versus k, as computed by FEA 
simulation.  A solid straight line and second order polynomial dashed line are fit to the data, for ILD and 
ITD respectively. 

 

7.4.2  Comparison to Experimental Results 
 

The BDT has been experimentally tested as reported in [4] and [5].  In order 

to validate the model, our results must be compared to the experimental 
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and experiments were performed with different deflector positions. Figure 7-12 gives 

the experimentally obtained ILD and ITD, versus deflector position. Here also, the 

deflector position is changed, but the k values are different from that of the modeling 
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to the top.  It appears that the output and top drain leakage follow a similar trend, 

compared with the theoretical result [6].  

 

 
Fig. 7-12   Experimentally measured left drain current ILD, and top drain leakage current, ITD, versus k.  
A solid straight line and second order polynomial dashed line are fit to the data, for ILD and ITD 
respectively [6]. 
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significant, and will be relatively independent of its vertical placement. 

It is also interesting to notice that when the deflector is very close to choking 

off the top drain, the conductive medium model predicts a much larger drop in 

leakage than is actually found experimentally.  This may be accounted for by 
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tunneling of electrons across the barrier, where the deflector touches the top drain, 

which the conductive medium model does not, of course, comprehend. 

Last, it is noticed that the experimental top drain current is about 20% of the 

left drain; where as the theoretical top drain current is about 75%.  This may be 

accounted for by the depletion region, which is not part of the simple conductive 

medium model used here.  As previously discussed, including the depletion region, as 

is done in the more complex model around corners of the device, will predict cutoff 

of the top drain channel for much smaller value of “k” than is observed in 

experimentally.  This suggests that the depletion region at the corners must be 

diminished, in order to accurately model both the effect of deflector placement, and 

the ratio of top to right/left drain current.  For the simulation in Section 7.1, at zero 

gate voltage, the model which accounts for depletion predicts left/right drain current 

of 7.6 μA, and top drain current of 1.4 μA, or 18%, which is consistent with 

experiment. 
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Chapter 8 Predicted BDT Behavior and 
Optimization Based on the FEA Model 

 

 

In this chapter I investigate the effect of various physical parameters on the 

BDT device characteristics.  I will begin with a model of a reference BDT device, 

which was physically built and tested.  The reference BDT will be the same one 

discussed in Chap. 7, Sec. 7.1.2, and shown in Fig. 7.3.  Fig. 7-4 shows both the 

experimental and theoretical current vs. voltage characteristics for this BDT.  Various 

aspects of the reference model will be modified, and the simulation results compared 

to the reference.  There is no data to experimentally verify the result of the modified 

structures, so it represents a prediction for future experimental work. 

In order to quantify the performance for each case, I have selected four 

performance metrics, by which they will be measured.  Additionally, I will include 

the current vs. voltage characteristics, to facilitate comparison of the overall behavior.  

The first row of Table 8-1 shows the experimentally measured metrics for the 

reference BDT, and the second row contains the theoretical values obtained by 

simulation, using the reference model. 
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8.1 Performance Metrics 
 

The first metric for comparison will be gm, which is defined as it was in Chap. 

7.  In Chap. 7, the transconductance was measured between gate voltages of 0.5 V 

and 1.0 V, however, in this case I will use the maximum value, and report the gate 

voltage at which it occurs. 

The second metric will be peak current, which is simply defined as the largest 

value of current reached at either the left or right drain.  In general, this will be the 

peak current on the positive gate side, due to the initial enhancement of the channel at 

low gate voltage. 

The third metric is cut-off voltage.  This will be defined as the lowest voltage 

for which both left and right drain currents are down by at least 63%, compared to the 

peak current. 

The fourth and last metric is the non-monotonic behavior of the BDT.  Non-

monotonic in this context meaning that the current vs. voltage curve has both a region 

with positive slope, and a region with negative slope.  We can say that the BDT 

exhibits both positive and negative gm, remembering that the slope of the current vs. 

voltage curve is gΔI ΔV= .  This will be measured on the positive gate side, since 

this is where non-monotonic behavior occurs.  The slope of the drain current will be 

positive for low gate voltage, because the channel on the positive gate side is initially 

enhanced.  The slope then generally becomes negative, as the source channel begins 

to pinch-off.  I will report the maximum absolute value of the negative 
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transconductance 
max

g− , and the maximum positive transconductance maxg+ , as 

shown in Fig. 8-1.  Additionally, the relative difference M, defined as  

 

 
( )
( )

max max

max max

Min ,

Max ,

g g
M

g g
+ −

+ −

= , (8-1) 

 

will be given.  M has a value between zero and one.  If the maximum negative and 

maximum positive transconductance are equal, then M will be one.  On the other hand, 

M approaches zero if either transconductance is much smaller than the other. 
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Fig. 8-1  The region of maximum positive transconductance g+max, and the region of maximum 
negative transconductance, |g-|max, for an arbitrary current vs. voltage curve. 

 

8.2 Gate Coupling: Effective Permittivity of the Gate-Channel 
Trench 

 

In the reference model, εr = 1 is used for the space between gate and 

conducting channel.  However, the coupling is not purely through air, some of the 

electric field will also be coupled through the InGaAs substrate.  A study of gate 

capacitance for trench-etched in-plane-gated transistors, using the method of 

conformal mapping, was reported by DeVries et al [1].  They found that capacitance 

is predominantly dependent on the cross-sectional path around the trench, not the 

trench width, indicating strong capacitive coupling through the semiconductor.  To 

better include the true nature of the capacitive coupling in a 2D model, an effective 
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permittivity could be defined.  It is also possible to fill the trench between gate and 

channel with a dielectric material, in order to achieve stronger coupling between the 

gate and channel.  It is therefore of interest to investigate the effect of changing the 

permittivity, in order to understand its effect on the device characteristics. 

The simulated current vs. voltage characteristics of the reference device is 

shown in Fig. 8-2(a), and the characteristics of the modified device obtained by 

simulation, with 13.8rε =  is shown in Fig. 8-2(b).  The metrics discussed at the 

beginning of the chapter are shown in Table 8-1.  Two notable differences are the 

higher peak current on the positive gate side, and the higher cut-off voltage, when 

13.8rε = .   

In order to understand this, one again needs to consider the Schottky contacts 

at the 2DEG-trench interface [2].  The effect of the negative gate no longer depends 

on εr, when the voltage on the negative gate becomes more negative than -0.5 V, 

because the gate-trench Schottky contact is assumed to be forward biased.  The 

channel-trench Schottky contact limits current to the reverse leakage I0, and by 

approximating the I0R drop across the trench as zero, we see the gate potential at the 

channel 2DEG edge.  The coupling of the positive gate however, remains dependent 

on εr, and is stronger throughout the entire sweep of gate voltage.  This stronger 

coupling of the positive gate leads to increased enhancement of the channel on the 

positive gate side, and therefore higher peak current.  The stronger coupling of the 

positive gate also holds off the channel depletion caused by the negative gate. 
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Fig. 8-2  Theoretical current vs. voltage characteristics for (a) the reference device with εr = 1 in the 
gate-channel trench, and for (b) the modified device with εr = 13.8 in the gate-channel trench. 
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8.3 Gate-Channel Trench Width 
 

One would expect moving the gates closer to the channel to have an effect 

similar to that of increasing the dielectric constant of the material in the trench.  In 

order to evaluate this, I have performed simulations with a 40 nm trench width 

between the gate and channel.  The reference device has an 80 nm trench width.  The 

resulting current vs. voltage characteristics is shown in Fig. 8-3, and the 

corresponding metrics are shown in Table 8-1.  The more efficient coupling of the 

positive gate does cause a slight increase in the maximum positive transconductance, 

on the right drain side, as would be expected. 
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Fig. 8-3  Theoretical current vs. voltage characteristics for trench width of 40 nm between gate and 
channel.  The reference device has 80 nm trench width. 
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Overall, according to our simulation results, the effect of decreasing the trench 

width between the gate and channel is significantly less than increasing εr in the 

trench.  Looking at Table 8-1, it is apparent that the metrics for a gate spacing of 40 

nm are fairly close to the metrics for the reference device simulation, which has a gate 

spacing of 80 nm.  The results for 13.8rε =  are however quite a bit different.  It 

should also be noted that 40 nm is near the limit of what can be fabricated. 

 

8.4 Smaller BDT Device 
 

In this case, I uniformly scaled the reference BDT by 0.5, such that all 

dimensions are exactly half of their original value.  The resulting BDT does not have 

any features which are too small to fabricate, so the predicted performance should be 

experimentally verified in the future work.  Figure 8-4 shows the current vs. voltage 

curve obtained by simulation of the small BDT, and Table 8-1 shows the 

corresponding metrics. 

One striking feature of the smaller device is the much more abrupt change in 

slope at gate voltage of 0.5 V, where the gate-trench Schottky junction, on the 

negative gate side, becomes forward biased.  Below gate voltage of 0.5 V, there is an 

approximately linear increase in current on the positive gate side, and an equal 

decrease on the negative gate side, which is fairly typical.  However, when the 

Schottky junction becomes forward biased, and the effect of the negative gate 

becomes dominant, the source channel begins to rapidly pinch off.  The pinch off 



 93 

voltage, reported in Table 8-1, is only 0.69 V, roughly an order of magnitude lower 

than the other devices.  This is also reflected in 
max

g−  of 19.9 mS/mm, which is the 

highest reported transconductance.  This is intuitively reasonable, since one would 

expect a narrow conducting channel to pinch off at lower applied gate voltage.  

Another significant difference is the lower maximum drain current, about an 

order of magnitude less than the other theoretical values.  The reason for this is the 

negative sidewall surface charge, due to edge states at the trench surface.  For smaller 

BDT channels, the Coulomb repulsion causes a partial depletion of the entire channel, 

even at zero gate voltage. 
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Fig. 8-4  Theoretical current vs. voltage characteristics for small BDT, which is the reference BDT 
uniformly scaled by 50%, such that all dimensions are exactly half of  their original value. 
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8.5 Effect of the Top Drain 
 

In the original conception of the BDT, the applied bias voltage at the top drain 

was intended to accelerate electrons from the source towards the deflector, at the 

central junction, where they would be ballistically deflected to either the right or left 

drain. [3].  However, with applied bias voltage of 1 V on all three drains, which is the 

viable mode of operation for all BDT devices thus far built and tested, the top drain is 

not required for operation.  Especially in light of the associated leakage current and 

extra power required for the top drain bias, it is interesting to explore how well the 

BDT will function without the top drain. 

I have run simulations with top drain bias lead removed; the geometry of this 

model is shown in Fig. 8-5.  The resulting theoretical current vs. voltage 

characteristics is shown in Fig. 8-6.  The maximum transconductance on the negative 

gate side (left drain) is about 24% higher when compared to the reference device.  

The transconductance on the positive gate side is about 28% higher.  At zero gate 

voltage, There is about a 1 μA increase in left plus right drain currents, but since the 

top drain current, which is about 1.2 μA in the reference device, has been eliminated, 

the overall saving is 0.2 μA. 
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Fig. 8-5  BDT device with top drain removed. 
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Fig. 8-6  Theoretical current vs. voltage characteristics for BDT device with top drain removed. 

 

8.6 Conclusions 
 

Of the four configurations evaluated, only the smaller device and the device 

with no top drain exhibited improved performance, as shown by the increased gm for 

both the right and left drains.  The clear winner is the smaller device, which has 

approximately an order of magnitude less drain current, and therefore power 

consumption.  The small device also exhibits a 25% increase in transconductance on 

the negative gate side (left drain), and a 69% increase in the maximum 

transconductance on the positive gate side. 
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In future work, a small device with the top drain lead removed should be 

simulated, to determine if the benefits are additive.  An even smaller device should 

also be simulated to see if extra benefit is obtained. 

Decreasing the gate spacing from a trench width of 80 nm to 40 nm had little 

effect, but increasing the permittivity of the material in the trench to εr = 13.8 from its 

initial 1 had a dramatic effect.  The improved gate coupling did not however yield 

improved performance; its primary impact was to increase in pinch off voltage from 3 

V to 7 V, and to increase the peak drain current. 

 

Table 8-1  Performance metrics for the BDT configurations that were evaluated using FEA simulation.  
The first row contains the experimentally measured values for the reference device.  The second row 
contains the theoretical values for the reference device. 
 

    Monotonicity - Right Gate 

 
Left Gate 
Max. gm 
(mS/mm) 

Peak Id 
(μA) 

Cut-Off 
(V) 

g+max 
(mS/mm) 

|g-|max 
(mS/mm) M 

Reference 
Exp. 18.8 @ 1.75 V 17.11 4 5.96 13.1 0.45 

Reference 
Theor. 10.4 @ 0.88 V 6.39 3 0.49 11.4 0.04 

Gate 
Coupling 
εr = 13.8 

9.1 @ 0.88 V 9.16 7 4.47 8.85 0.5 

Gate 
Spacing 
40 nm 
Trench 

10.3 @ 0.88 V 6.53 3.5 0.94 13.5 0.07 

Small 
Device 13.0 @ 0.52 V 0.69 0.7 0.6 19.9 0.03 

No Top 
Drain 12.0 @ 0.88 V 6.9 3.5 0.63 14.8 0.04 
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Chapter 9 Conclusions and Future Research 
Outlook 

 

Computer simulation is an important tool in the design and optimization of 

semiconductor devices.  In this thesis, I have focused on modeling and simulation of 

two types of devices; the Ballistic Deflection Transistor (BDT), and the Metal-

Semiconductor-Metal (MSM) photodetector.  I have formulated models based on our 

best understanding of the underlying physics, and developed novel simulation 

techniques, based on the Finite Element Analysis (FEA) method.  The mathematical 

framework of FEA was discussed in Chap. 2, in order to give some background on 

the relevant numerical techniques and approximations involved. 

 

9.1 BDT Conclusions 
 

For devices of the size thus far built and tested, analysis of the electron 

velocity under a purely ballistic assumption shows that the high field drift velocity 

limit of about 6 · 10 7 cm/s is reached within the first 240 nm.  Also, before the 

electrons reach the deflector, they have acquired sufficient energy to make the Γ-L 

valley transition, so scattering will be present even in an ideal device, or at cryogenic 

temperature.  In light of this, it is not surprising that the diffusive model does well in 

predicting current vs. voltage characteristics, and the effect of geometry on 

transconductance.  Both the diffusive and the ballistic model show the effect of the 
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deflector is less than 10%; electrons are pulled to the left and right drains primarily by 

the applied gate potential. 

The FEA model was further used to predict device behavior.  Improved 

performance is predicted for small devices with no top drain, and also with high 

dielectric material filling the trench between gate and channel. 

Results of our newly introduced “ballistic conductivity” were evaluated for a 

hypothetical device, with the distance from electrode to electrode smaller than the 

mean free path, and the dimensions of the deflector approximately one half the mean 

free path.  The results of the ballistic approach show the deflector increases the left 

and right drain current, while the diffusive model of course predicts just the opposite.  

The results of the ballistic approach are therefore at least qualitatively consistent with 

ballistic transport. 

One major motivation for this work was to develop a computationally 

efficient BDT simulation technique.  The FEA simulations are capable of running 

more than an order of magnitude faster than a comparable Monte-Carlo simulation, 

and produce at least qualitatively similar results [1]. 
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9.2 Thesis Summary 
 

In Chap. 3, the detailed MSM photodetector model was presented, and 

simulation results for the surface contact and alloyed contact MSM were compared.  

The improvement in responsivity and in speed, due to alloyed contacts, was 

accurately predicted.  The improvement in responsivity was shown to be due to the 

deeper-penetrating electric field and carrier transport current.  It was also shown that, 

despite the somewhat larger capacitance of the alloyed device, its improved speed 

could be accurately predicted by the equivalent lumped-element RC time constant [2].    

Simulation was also used to predict the optimized device configuration.  An AR 

coating could be used to improve responsivity without significant degradation in 

speed; as the increase in device capacitance was only 5%.  The improvement in 

responsivity based on electrode spacing was also predicted.  Finally, it was projected 

that increasing the depth of the alloyed contact, beyond approximately half of the 

optical penetration depth, would not yield significant improvement in responsivity.  

The main results presented there were published in Ref. 1. 

In Chap. 4 the BDT device was introduced and its fabrication, geometry, and 

basic operation were described.  In Chap. 5, three methods of modeling and 

simulation, which have been applied to the BDT, including the FEA methods 

introduced in this Ph.D. Thesis, were discussed and compared.  The Monte-Carlo [3, 

4] method is generally considered the most comprehensive and accurate method for 

simulating ballistic deflection devices, such as the BDT, but it is also very 
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computationally demanding, and simulations may take many hours to run.  The 

billiard method [5] is of relatively low complexity compared to Monte-Carlo, but is 

only accurate for predicting a low-temperature device behavior, where carrier 

scattering can be realistically ignored.  The FEA technique has the advantage of being 

very computationally efficient, running more than an order of magnitude faster than a 

comparable Monte-Carlo simulation.  The speed advantage of FEA is one of the 

major motivations for pursuing this work. 

Details of the FEA BDT simulation technique are presented in Chap. 6.  The 

fundamental assumptions were explained, such as the Schottky contact at the 

interface between the 2DEG and the trench surface, the sidewall surface charge, and 

the equivalent doping level Ndb, assigned to the 2DEG.  Three variations of the basic 

technique were presented.  First was the diffusive model, for which the conductivity 

was calculated based on n and μe.  Second, was our ballistic model, which introduced 

the concept of ballistic conductivity, defined by Eq. (6-13).  In this model, it was 

assumed that electrons enter the region of interest at the Fermi energy, and accelerate 

under the applied electric field, with no scattering.  Last was the quasi-ballistic model, 

in which electrons enter the ballistic channel at the Fermi energy, but can accelerate 

only to some terminal velocity, and subsequently transport essentially becomes 

diffusive, in a manner analogous to the transient drift velocity overshoot effect [6].  

The reasons for existence of the terminal velocity are either imperfections of the 

ballistic transport, or intrinsic carrier transfer to a satellite L valley.  Some of the 
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results presented in this chapter were published in Ref. 6, the others, such as the 

“ballistic mobility” concept, are under preparation for publication. 

In Chap. 7 simulation results are compared to experimental results.  The 

parameters evaluated were the current vs. voltage characteristics, the top drain 

leakage as a function of deflector position, and the transconductance as a function of 

geometric parameters.  In general, our simulation tool did a good job of predicting the 

device performance.  The discrepancies between theoretical and experimental results 

were explained in terms of un-modeled physical effects.  Finally, Chap. 8 uses FEA 

simulation to predict the performance of various BDT configurations that have not yet 

been built or experimentally tested. 

9.3 Future Work 
 

9.3.1 Experimental Verification of Predictions 
 

The most obvious extension to this work is to experimentally validate the 

predictions made in Chap. 8.  Improved performance is predicted by making the BDT 

smaller, and by eliminating the top drain, both of which are viable options for 

fabrication and experimental test.   

For the small device, decreasing the size by 50% resulted in an order of 

magnitude less power consumption, 25% higher transconductance on the negative 

gate side (left drain), and 68% higher transconductance on the positive gate side.  For 
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the device with no top drain, there was a small improvement in power consumption, 

of about 3.4%, and roughly 25% increase in transconductance. 

It is also projected that decreasing the gate spacing to 40 nm will have little 

impact on performance.  However, filling the trench with a dielectric material had 

much more dramatic effect, increasing the peak drain current from 6.39 μA to 9.16 

μA, and increasing the cutoff voltage from 3 V to 7 V.  However, there was no 

improvement in transconductance, indicating that improved device performance will 

not be achieved in this manner.  It is also important to note that there may already be 

significant coupling through the InGaAs substrate, in which case filling the trench 

with a high permittivity dielectric will not have as much impact. 

For testing small devices, or at cryogenic temperature, the ballistic model 

predicts that the deflector acts to increase left and right drain current, while 

decreasing the top drain current.  Therefore if two devices, one with a deflector and 

one without are tested, the ballistic model predicts the one with the deflector will 

have higher left and right drain currents compared to the one with no deflector.  This 

is intuitively reasonable for ballistic transport, and the diffusive model predicts just 

the opposite effect. 

 

9.3.2 Theoretical Investigation of Gate Coupling 
 

Since gate capacitance will be one of the key parameters affecting the device 

speed, modeling and simulation of a trench cross-section would also be an interesting 
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extension to this work.  Conformal mapping has been applied to calculate the gate 

capacitance for trench-etched in-plane-gated transistors, and it was found that the 

dominating factor is the path around the trench, not the trench width [7].  Simulation 

may confirm the validity of these results, and provide a more accurate way to predict 

gate capacitance. 

 

9.3.3 Complex Geometries 
 

Simulation of multiple transistor devices such as logic gates, involving 

multiple BDT’s directly connected on the same wafer, would also be a natural 

extension of this work.  This would take advantage of the FEA model’s 

computational efficiency, since the run time for such a geometry using Monte-Carlo 

methods would be almost prohibitive.  

A 3-dimensional model could also be considered for simulation of a single 

BDT.  This would allow the layered heterostructure to be included, and would 

provide a more realistic electric field distribution.  Such a model would be much 

more difficult to construct and to modify, and the computational requirement would 

also increase significantly.   
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9.3.4 Surface Charge and Depletion Width 
 

Finally, a more physically realistic representation of surface charge, at the 

boundary between 2DEG and trench, would be a valuable refinement to the FEA 

model.  The amount of surface charge and the depletion width are affected by gate 

bias and the geometry of the edge, but in the FEA models presented here, they are 

approximated to be fixed, and not varying with gate bias. 
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Appendix 
 

This appendix contains a list of figures showing the grids generated by the 

COMSOL™ simulation package to simulate the various devices described in this 

thesis. 

 

Fig. A-1  Mesh generated by COMSOL™, and used for simulation of the MSM device. 
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Fig. A-2  Mesh generated by COMSOL™, for simulation of the BDT used in comparison of current 
voltage characteristics to experimental results. 
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Fig. A-3  Mesh generated by COMSOL™, for simulation of the BDT used in comparison of 
transconductance to experimental results. 
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