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EXECUTIVE SUMMARY

This document presents an annual report to the Office of Naval Research for a research program
entitled "A Theoretical Search For Supervelocity Semiconductors”. This program has been funded by
ONR since 1974 in the Department of Electrical and Computer Engineering at N.C. State University.
The research has resulted in more than 80 refereed publications and numerous conference presentations
from its inception. Major contributions to the field of hot electron transport and semiconductor device
modeling have been achieved, new computational methods have been developed (e.g. path integral
Monte Carlo techniques), and the work has helped stimulate commercial ventures in the applications of
quaternary semiconductor materials to electronic and optical devices. In addition, there have been
twenty eight Ph.D. and M.S. students who have received degrees at N.C. State University with
research support from this contract. Three visiting faculty members from Japan came to the University
to work with the faculty investigators supported under this ONR contract during the 1979-1983 time
period. A visiting professor from the French CNRS Microstructures and Microelectronics Laboratory
in Bagneux (near Paris) spent a sabbatical year at N.C. State during 1988-89, and he devoted full-time
working on this program at no cost to ONR. During the current funding period, a visiting scholar
from China is a member of our research group working on projects which directly impact this ONR
program. This researcher will be appointed as a Visiting Assistant Professor in August, 1992, and will
spend approximately 50% of his time working on this project. His work will be devoted to advanced
device simulation and physics. In particular, he will develop new concepts for the real space transfer
logic transistor and other charge injection transistor structures. Finally, we have hired a new post-
doctoral research associate from the University of Michigan (Prof. J. Singh’s group) and he will join

us to work on transport theory in various quantum-based devices.

This initial phases of this work centered around the development of Monte Carlo simulation tech-

niques which allow the study of detailed physics of hot electron transport in a variety of compound




semiconductor materials. The original emphases were concemed with electronic materials phenomena.
Later work considered the utilization of these materials in realistic device structures where physical
boundary conditions must be imposed on the carrier transport. More recently, the work has focused on
the domain of ultra-small materials and device phenomena where microscopic non-local transient
effects such as velocity overshoot, ballistic and nearly-ballistic transport, and quantum transport
become important or dominant. During the past five years we have researched the applications of the
Feynman "integral over paths" approach to quantum transport and identified numerical limitations to its
practical application. Also we have emphasized the study of hot electron effects in new device struc-
tures, such as the hot electron spectrometer, heterojunction bipolar transistor, small dimension metal-
semiconductor-metal photodetectors, delta-doped high electron mobility transistors, and real space
transfer logic transistors. During this time, we have been exploring some new approaches to device
modeling which combine the Monte Carlo method with the method of moments of the Boltzmann tran-
sport equation (hydrodynamic transport model) for studying specific device structures, such as small-
dimension n*—n—n* majority carrier devices and the high electron mobility transistor. In addition, we
have incorporated quantum correction terms into the hydrodynamic model and applied this model to
resonant tunneling structures. Recently, we have applied a new ansatz distribution function as a consti-
tutive relation to close the moment equations in the hydrodynamic transport model. Initial results of
this approach have been physically satisfying and computationally promising. A comprehensive formu-

lation of this new model has been published and has attracted a lot of attention.

During the next year, new research in four general areas will advance our basic research direc-
tions encompassing the study of hot electron transport in materials and devices. These four areas
included 1) the study of quantum transport in mesoscopic structures, nanostructures, and related ultra-
small heterobarrier device structures using several physical models and computational approaches, 2)
new approaches to the merging of Monte Carlo methods with moment equation methods with resulting

improvements to the hydrodynamic transport model, 3) Monte Carlo simulations in order to study




pseudomorphic devices, real space transfer structures, and submicron MOSFETsS, and 4) search for new

quantum-based device concepts for ultra-fast, ultra-dense applications. The possibility of expanding

our experience to optical and optoelectronic device modeling will be seriously explored as well, as we

define the role of our new personnel which will be added to our group in Fall 1992,
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1.0 INTRODUCTION

In October, 1974, the Office of Naval Research initiated sponsorship of a basic research program
in the Department of Electrical and Computer Engineering at North Carolina State University. The
generai goal of this research program has been and continues to be the investigation of high-speed car-
rier transport in III-V compound semiconductors, III-V alloy materials, other advanced electronic and
optical materials, and novel device structures which utilize these materials. Four faculty members at
N. C. State have been primarily involved and supported by this project. Currently, Profs. M. A.
Littlejohn and K. W. Kim serve as the co-principal investigators on this project. This research pro-
gram has made significant contributions to the understanding and knowledge base of hot electron tran-
sport in materials and devices. It has provided scientific guidance to the U. >. Navy in the 1ormulation
of a part of its basic and applied research program. Numerical concepts developed under this project
have been transferred to other Universities, including the University of Illinois, and we continue these
inter-institutional collaborations. During the past year, we have maintained close contact with the
research program of Prof. Hess at the University of Illinois. Also, collaborations with Dr. H. L. Gru-
bin of Scientific Research Associates, Inc. and Dr. G. J. lafrate and Dr. M. A. Stroscio of the U. S.
Army Research Office in the area of quantum transport in semiconductor devices have been
strengthened. Dr. Iafrate, Dr. Swroscio, and Dr. Grubin are Adjunct Professors in the ECE Department
at North Carolina State University and we share graduate students and post-doctoral research associates
on joint projects. In addition to those directions, our research results have helped stimulate commercial
ventures, particularly in the development of GalnAsP-based materials and devices. To-date, this pro-
gram has resulted in 79 refereed publications in the literature, 1 additional manuscript is currently in
press, and 6 manuscripts have been submitted or are in preparation for submission to the technical
literature. A listing of these publications is given in Appendix A. In addition, numerous invited talks

and presentations have been given at conferences and workshops throughout the United States and in




other countries. The program has contributed significantly to the educational program at N. C. State
University with more than thirty Ph.D., M.S. and undergraduate students having received support under
this ONR contract. Currently, three Ph.D. students are working toward their degrees on this project.
Two of these Ph.D. students are U.S. Citizens. A visiting scholar from China, who will be appointed
as a Visiting Assistant Professor in August, 1992, is also working on research related to this program.
We have hired another post-doctoral research associate who will extend our capabilities into the area of

band structure effects, quantum transport, and many-body physics.

This ONR program has been efficient and productive. The high quality of this research will con-
tinue to be maintained in the future. This report summarizes the progress and accomplishments made

during the past contract period.




2.0 RESEARCH RESULTS

2.1 Background

Since its inception, semiconductor technology has been stimulated by requirements for electronic
systems with ever-increasing capabilities to process information faster, more functionally and more
efficiently. These requirements have motivated the scaling down of integrated circuit (IC) device
dimensions into the submicron (less than ten thousand angstroms) and ultrasubmicron (less than one
thousand angstroms) regions. Today, we have entered an era where nanostructure physics and fabrica-
tion motivate our research efforts in semiconductor electronics [1]. As fabrication technology has
allowed such devices to be realized, many new and fundamental questions have emerged conceming
the underlying physics of small (atomic level) dimensions in semiconductor devices. Important issues
now under consideration for ultrasubmicron devices include nonequilibrium transport dealing with such
topics as quasi-ballistic transport, overshoot phenomena and quantum transport. A great deal of pro-
gress has been achieved in our understanding of these important device effects, although major work
remains to be done as our ability to fabricate very small electronic device structures continues to

expand and mature (2,3).

The ability to fabricate small devices has been continually refined over the last ten years through
impressive improvements in materials growth technologies. Molecular beam epitaxy (MBE), metalor-
ganic chemical vapor deposition (OMCVD), and atomic layer epitaxy (ALE) have provided the ability
to fabricate a wide variety of materials and heterostructure combinations with near perfect interfaces,
doping control and compositional uniformity with atomic level dimensions. The development of ALE
may very well prove to be the ultimate growth technology since it allows the deposition of one mono-
layer of device quality materials through a controllable, self-limiting mechanism, and is especially use-
ful for the deposition of heterojunctions [4). The ability to grow layers with dimensions of a few

angstroms opens the domain of quantum transport to experimental study and verification. Thus, topics




resulting from size quantization in condensed matter must be investigated from theoretical viewpoints
with tools which are either partially developed or through the development of new tools which are not
now available. Quantization effects arising from geometrical size constraints, proximity effects result-
ing from closely packed arrays of devices, and general solid-state considerations not heretofore con-
sidered questionable (effective mass approximation, the role of contacts and the like) must be
addressed from a fundamental point of view. Moreover, from a device physics point-of-view, it is
desirable to have a microscopic description of the physics of small dimensions which is amenable to
phenomenological treatment, so that its properties can be meaningfully incorporated into futuristic dev-

ice concepts and simulations.

Theoretical methods to address carrier transport have also progressed rapidly over the last ten-
fifteen years, in a manner similar to research in semiconductor thin film epitaxial growth technology.
In fact, this is a natural progression in many ways and is to be expected. The progress achieved in
materials growth of structures with quantum dimensions dictates that new approaches be developed and
refined to study quantum transport phenomena and the physics of small dimensions. However, a
significant change in direction is now warranted. Past transport theory and device modeling
approaches have relied on particle or quasi-particle approaches where the electrons are treated as rigid
mobile entities which undergo interactions with the transport medium. The treatment of the interaction
often involves wave concepts. However, the model is basically a particle model. In the current regime
of quantum transport, we may no longer be able to consider the carriers as particles. It is quite likely

that their physical behavior will be govemned either partiaily or completely by wave phenomena.

Quasi-particle methods are an attempt to model structures with quantum dimensions which retain
as much of the classical formalism as possible in order to be able to express results in terms of param-
eters which are of the greatest experimental interest, such as carrier velocity and diffusion constant.

This is a flexible approach. However, much care is required to ensure that all important effects are




properly included because of the approximations involved in the formulations. On the other hand,
more fundamental quantum approaches, such as operator-eigenfunction methods, adhere closely to the
actual quantum states present in the device structure when scattering is not included. Scattering
processes (dissipation) can be added by using perturbation theory from quantum mechanics. These
techniques can obtain the greatest sensitivity to the resulting carrier confinement and the lattice poten-
tials. However, they are relatively inflexible in studying non-linear dynamical properties in the pres-

ence of strong dissipation, such as is present in the electron-phonon interaction at high electric fields.

Another approach to quantum transport relies on the "integral over paths" method, originally pro-
posed by Dirac and formulated by Feynman (S]. Practical path integral methods for the study of small
devices rely on an influence functional technique in which the source of the dissipation has been
integrated over all phonon modes. This results in a model influence functional where the phonon-
scattering dissipation can be represented as an interaction with a collection of harmonic oscillator
modes in which the translational invariance of the carriers is preserved. The resulting model includes
constant or oscillatory electric and magnetic fields, carrier screening, scattering and dissipation, carrier
confinement, background temperature and initial conditions can be dealt with as readily as for a free
particle [6]. The path integral method can be compared and contrasted to other methods now being
studied and supported by ONR, such as the application of the density matrix formalism and Wigner
distribution function approaches including the use of moment equations {7]). Based on our progress in
developing the path integral approach during the past five years, we believe that path integral methods
will play an important role in developing an understanding of quantum transport in reduced geometries
(such as mesoscopic devices [8]). However, because of its intensive computation requirements, the
path integral method is very limited in its application to practical devices. Currently, we are aware of
only one other U.S. university program directed toward applying the path integral method to semicon-
ductor devices. This is the program at the University of Illinois under the direction of Prof. Karl Hess.

Our efforts in the development of this method are complimentary to the one at Illinois, and we have




collaborated with the Illinois personnel through the use of the NSF Supercomputing Center and the
National Center for Computational Electronics located there. One of our former students, whose Ph.D.
dissertation on path integral methods was supported by this ONR contract, joined Prof Hess’ group in
January, 1990 as a Visiting Research Assistant Professor. We plan to maintain contact with Prof.
Hess’ group as we evaluate our path integral research directions. We will continue this work if we can

hire an appropriate Ph.D. candidate.

The work at N. C. State University supported by the ONR under the current contract has pro-
gressed over the past fifteen years from the realm of particle models to quasi-particle models to quan-
tum transport models. We have relied primarily on the Monte Carlo method to study and solve tran-
sport problems in III-V compound semiconductors. Our techniques for modeling materials physics and
device phenomena extend to device dimensions around one thousand angstroms [10,11], and we are
confident in these models for predicting steady state and transient device effects down to these dimen-
sions. However, in order to remain in the forefront of transport physics and device research, we must
continue and increase our progress into the realm of dimensions where physical effects can be studied
in device regions with dimensions less than one thousand angstroms. We will continue to explore the
Monte Carlo transpcrt method for study of novel device structures where theoretical underpinning is
required. One novel class of structures which will be studied in detail by the Monte Carlo method is
based on the rapidly-emerging pseudomorphic or strained-layer devices. These structures permit
extended compositional ranges and, thus, have a number of potential advantages such as higher tran-
sconductance and channel carrier density. Recent studies on the strain-induced piezoelectric fields have
opened yet another possibilily in realizing ultra-fast switching devices, resulting in an increased impor-
tance on the study of carrier transport in these devices. Other novel devices which will be analyzed
include delta-doped field-effect transistors and real-space transfer devices, based on studies which have

begun during the past two years. In addition, we will incorporate Monte Carlo methods into the

quasi-particle approach based on moments of the Boltzmann transport equation with quantum




mechanical corrections. Preliminary results show the utility of this approach for modeling microwave

and millimeter wave devices which are important to the DoD’s MMIC program.

Finally, we want to re-iterate the important interactions which have developed between our
research group and other researchers during the last year. These inter.ctions increase the impact of
this program on the field of semiconductor device physics and allow our research efforts to be far more
productive through increased intellectual efforts and enhanced facilities and resources. During the
1991-1992 funding period, we have maintained collaborations with Prof. K. Hess at the University of
Illinois, Dr. H. Grubin of Scientific Research Associates, and Drs. M. Stroscio and G. Iafrate of the
U. S. Amy Research Office. These research collaborations have resulted in several joint publications
based on mutual research interests, expertise and capabilities. There have been several visits between

these laboratories and the logistics for increased collaborations are excellent.

Thus, we believe that we have a well-rounded approach for this ONR program which will lead to
new innovations, and practical developments in semiconductor device physics, simulation and model-
ing.

2.2 Summary of Research Results

This section provides the current status of our research efforts in specific topical areas we have

worked during the past year.

2.2.1 Hydrodynamic hot-electron transport model

The primary goal of this research is to develop and implement an advanced hot-electron transport
model suitable for accurate and efficient study of electron dynamics in both submicron and ultrasmall
semiconductor device structures. The model is required to accurately reflect hot-electron effects such
as velocity overshoot and nonstationary effects due 10 spatial nonuniformities in average electron con-

centration, average electron velocity and average electron energy. Also, the model is required to accu-




rately describe the streaming motion and dissipation of electrons in multiple nonparabolic conduction
bands (as are present in especially all III-V compound semiconductors). In addition, an electron tran-
sport model is desired which can be extended to the study of quantum systems (i.c., feature sizes less

than 1000 A) where wave-like characteristics (e.g., tunneling ani interference effects) are important.

Over the past decade, much effort has been focused on the development of semi-classical electron
transport models which accurately refiect hot-electron effects in submicron semiconducting device
structures [11]. The incentive is that nonequilibrium and/or nonstationary effects may be employed to
achieve superior electron device performance. One important example of a potentially useful hot-
electron effect is velocity overshoot [12]. In velocity overshoot, the difference in momentum and
energy relaxation times can result in an initial temporal drift velocity, under constant electric field con-
ditions, which overshoots the corresponding time steady-state (stationary) value. This dynamical
response in electron motion is due to the difference between the displacement of the electron distribu-
tion in momentum space and the displacement in energy space (i.e., the form of the nonequilibrium
distribution function). For this type of electron motion, one cannot use simple models based upon sta-
tionary relationships (which ignore important features of the distribution) to describe the transport phy-
sics. Furthermore, deficiencies in these near-equilibrium models may also fail to accurately describe
electron transport in submicron device structures even in time steady-state. This can occur when the
electron gas is far from equilibrium and large spatial gradients in the electron gas parameters (electron

density, average electror. selocity, average electron energy, etc.) exist.

Since classical (drift-diffusion) models assume local stationary relationships (average velocity
depends on the local electric field) and are based upon near equilibrium derivations [12], physically
superior models must be used to fully and effectively study important hot-electron effects. At present,
the problem of treating transport in submicron structures is typically attacked using one of two distinct

methods. The first and most accurate approach has been to apply Monte Carlo simulation methods




{13]. The Monte Carlo method is a powerful statistics-based numerical technique for investigating
electron transport physics in semiconductors and semiconductor devices [13]. While the Monte Carlo
method provides a relatively simple and accurate indirect approach to determine particle distribution
iunctions and transport parameters resulting from the Boltzmann transport equation subject to complex
scattering mechanisms, the approach does have important disadvantages. Specifically, the technique
often requires extensive computation time to arrive at adequate statistics and does not naturally possess

macroscopic terms for physical interpretation.

The alternative (second) approach to study electron device physics more accurately and efficiently
is to develop macroscopic models which predict average transport quantities as opposed to the fuil
electron distribution function. In this approach, the description of electron dynamics is reduced to
hydrodynamic-like conservation equations for electron density, average electron momentum, average
electron energy, etc [14]). The hydrodynamic models are derived from moments of the Boltzmann tran-
sport equation which usually include many simplifying assumptions (i.e., usually neglect conduction
band nonparabolicity, treat multiple conduction band valley effects indirectly and directly or indirectly
make incorrect assumptions about the form of the electron distribution function) about the electron
transport physics. However, if advanced hydrodynamic models, which include hot electron effects
such as multiple nonparabolic conduction bands, are developed and combined with Monte Carlo tech-
niques this is an excellent overall approach. A limited number of Monte Carlo simulations can then be
utilized to verify the accuracy of the simplified models and to supply approximate parametric dissipa-
tion data for the particular materials and/or devices under consideration. These types of advanced
hydrodynamic models, together with the Monte Carlo method, represent a simplified mathematical

approach for accurate and efficient study of realistic transport physics.

Finally, very few hydrodynamic (macroscopic or average ensemble-electron) models have been

implemented to accurately represent quantum effects (i.e., tunneling and interference) present in
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ultrasmall electron structures. One method to accurately model structures with spatial dimensions on
the scale of the de Broglie wavelength (i.e., in the quantum regime) is to utilize quantum hydrodynam-
ics [15,16]. In this method, a set of quantum moment equations are derived by taking moments [17)
of the Wigner-Boltzmann equation and closure is obtained using an approximate nonequilibrium form
of the zero-current (equilibrium) Wigner distribution function. This procedure results in a set of
quantum-corrected hydrodynamic transport equations which have been demonstrated to predict quantum

phenomena [15,16).

During the past year, advanced forms of the hydrodynamic transport model (HTM) were
developed and utilized to study both submicron and ultrasmall semiconducting device structures. First
an advanced semi-classical hydrodynamic transport model was developed and implemented to accu-
ratcly predict electron dynamics in multiple nonparabolic energy bands. In addition, a new quantum
mechanical formulation of the first three moment equations (i.e., quantum hydrodynamic equations for
electron density, average velocity and average energy) was investigated and implemented to predict
non-classical tunneling in a double-barrier heterostructure. The development of the advanced model(s)

was achieved through several separate theoretical investigations.

First, to determine a method to include the effects of conduction band nonparabolicity into the
macroscopic streaming (collision independent) of the semi-classical HTM, the fundamental physics of
electron transport were investigated. An altenate formalism was developed for deriving a new nonpar-
abolic hydrodynamic transport model adequate for modeling hot electron transport in submicron sem-
iconductor devices. Specifically, the model equations were developed by applying a unique set of
moment operators (@y(k)=1; a constant, @,(k)=u(k); the nonparabolic velocity, ®,(k)=
[m(k)/2Ju(k)-u(k)=E(k); an approximation to the particle energy) to the collisionless Boltzmann tran-
sport equation. The operators, used in this analysis, represent a significant improvement in the

development of the hydrodynamic transport model since they lead to a more compact mathematical
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form. This resulting form can be manipulated more easily and reveals clearly the allowable simplify-
ing approximations. An intuition-based distribution function was proposed as a constitutive (essential)
relation to close the moment equations. This ansatz nonparabolic distribution function, which is
derived in velocity space for mathematical convenience and approximates some of the characteristics of
the true nonparabolic distribution function, was then analyzed and used to develop a set of transport
parameters. After development, the results from two independent Monte Carlo transport models were
used to evaluste the nonparabolic transport parameters. These models were used to investigate electron
tfransport in both statfonary (uniform electric field) and nonstationary (ballistic diode) environments.
The results of these studies show that there is excellent agreement between this new nonparabolic tran-
sport model and the Monte Carlo calculations. Hence, this new nonparabolic transport model presents
a viable alternative to studying realistic electronic device structures operating under high bias condi-

tions.

In the previous analysis, specific macroscopic collision terms are omitted. This is done to permit
a concise focus on the streaming (collision independent) terms that evolve from the application of non-
parabolic conduction bands. The collision terms, which are almost always treated phenomenologically,
has been developed separately for a nonparabolic multi-valley system (GaAs). Specifically, multi-
valley dissipation is included in the model using an ensemble relaxation time approximation. The

numerous intravalley and intervalley relaxation times were calculated using the Monte Carlo Method.

In order to extend the modeling approach to the quantum device regime, a technique was investi-
gated to develop quantum corrections for the hydrodynamic equations. The set of quantum-corrected
transport equations which we have developed and investigated were based upon quantum moment
equations of Grubin and Kreskovsky [15]. Grubin and Kreskovsky previously constructed a set of
quantum balance (hydrodynamic) equations applicable for electron transport in mesoscopic structures.

Their model was derived from the general moment equations of Stroscio [17] using the displaced none-
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quilibrium Wigner distribution function of Ancona and lafrate [18]. These resulting quantum hydro-
dynamic equations incorporate quantum effects through the introduction of terms (corrections) with

density gradient dependence.

Both the advanced semi-classical and the quantum-corrected hydrodynamic transport models
(HTMs) were used to study electron transport in novel semiconductor device structures. A general
numerical algorithm was implemented to solve the resulting system of nonlinear differential equations
[from both physical model(s)] for arbitrary one-space-dimensional n-type structures. The numerical
algorithm utilizes a local simultaneous-coupled (Newton) iteration approach in tandem with a global
physics-based continuation. Simulation results were generated for a single-valley (I') HTM, with quan-
tum corrections, applied to a double-barrier heterostructure with Al,Ga,_,As barriers. This study was
the first to use the three quantum hydrodynamic (QHD) equations to study transport in heterostructure
devices. The key additional feature of the QHD equations is the incorporation of the effects of density
gradients through the quantum potential. Insofar as a classical solution does not exist in the presence
of barriers, Q (i.e., one of the major quantum correction terms) must at least partially cancel the effects
of the barriers and permit carrier transport. Indeed, as is shown in Fig. 1, /3 does approximately bal-
ance the barrier potential which is a result consistent with Ref. 15. In this work, the quantum
corrected HTM was used to demonstrate that the hydrodynamic approach can be used to study

ultrasmall electron devices.

In another simulation study, a simplified form of the multi-valley hydrodynamic transport model
was used to investigate the feasibility of utilizing the velocity overshoot effect in reducing electron
transit time through submicron GaAs electronic device structures. In this initial investigation with the
new multi-valley model, which incorporates a separate set of hydrodynamic equations for each conduc-
tion band (T', L, and X) and allows for electron exchange through energy dependent relaxation parame-

ters, the nonparabolic correction terms were be suppressed. This was done to simplify the analysis and
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to provide a base for future nonparabolic studies. This new multi-valley model was applied to a novel
submicron GaAs ballistic diode structure with bandgap engineered electric field spikes (and/or doping
spikes) in order to reduce upper valley occupancy and enhance device transit time using the velocity
overshoot effect. The general results of the study (summarized in Fig. 2) indicate that, while velocity
speed-up is minimal in the neighborhood of the active (low-doped or high-electric field) region, velo-
city overshoot can be extended into the collector (low-electric field) region with significant transit time
enhancement. Since these results are consistent with other independent investigations using more accu-
rate (Monte Carlo) techniques, this work has proven that HTMs are a viable altenative to these more

computationally intensive methods.

We have also determined the impact of k-space transfer (i.c., intervalley transfer) and band non-
parabolicity on electron were determined. In this work, variations of the multi-valley (T', L, and X)
nonparabolic hydrodynamic transport model was used to study a submicron GaAs Lallistic diode.
Numerical simulations indicate that accurately including the effects of nonparabolicity in the streaming
terms and k-space transfer in the velocity and energy equations is very important in correctly determin-
ing the conductance of the device. The existence and amount of negative differential conductance was
determined to be strongly influenced by both of these physical factors. Furthermore, the sensitivity of
device conductance to changes in the thermal conductivity is diminished significantly when nonparabol-
icity is accurately incorporated. Results for the total current density versus applied bias, for different
variations in the model are given in Fig. 3. These simulations have demonstrated the pronounced
effects of conduction band nonparabolicity and k-space transfer on electron transport in a GaAs ballis-
tic diode. Therefore, the study of nonequilibrium and nonstationary electron physics should be per-

formed with this type of advanced macroscopic transport model.

More recently, work has been performed to develop an extended Scharfetter-Gummel current-

density discretization formula sufficient for solving an advanced hydrodynamic electron transport model
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(HTM). While this extended formulation properly incorporates many advanced effects associated with
hot-electron transport, its primary feature is the accurate treatment of the convection term (or displace-
ment energy term) which is present in both conventional (i.e., drifted Maxwellian model) and the
advanced nonparabolic model previously discussed in this report. In general, since the success of any
numerical simulation (for a wide variety of device structures and operating conditions) is critically
dependent on convergence rate and numerical stability, the choice of an efficient discretization scheme
is very important. Currently, most robust discretization formulations for HTMs utilize extensions of
the Scharfetter-Gummel (SG) scheme which was found to be stable in drift-diffusion (DD) model
simulations. However, most extensions of the SG formula for HTMs either ignore convention terms or
else assume a priori that they are defined in a previous step of an iteration procedure. A simple
analytical approach for directly including convection effects into an extended SG formulation has been
established and several versions of this discretization are under investigation. Presently, the stability

and efficiency of this new discretization formulation is still under investigation.

Finally, work has been performed to interrogate the influence of different device structures and
boundary conditions on the resultant heat flow vector (a transport parameter in the HTM) using the
Monte Carlo Approach. Thus far, we have observed that the sign of the heat flow vector is a function
of position in ballistic diode structures and that boundary conditions do influence the effective conver-
gence rate (i.e., simulation time to achieve correct symmetry of the electron distribution) of the Monte

Carlo method.

2.2.2 Modeling and characterization of novel high speed devices

During the past contract period, we have studied electron transport properties and electrical
characteristics for a number of high speed device structures, including delta-doped GaAs MESFETs,
AllnAs/GalnAs/InP HEMTs with different additional channel doping characteristics, novel real-space

transfer logic transistor structures, and devices with variable doping profiles. The motivations of our
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research on these structures are to provide in-depth understanding of electron transport in devices, to
investigate the possibility of realizing novel high speed functional device structures, and to provide

general design guidelines for optimal device operation.

As a promising high speed device, the delta-doped GaAs MESFET features high current drive
capability, high transconductance, improved threshold voltage control, and improved breakdown
characteristics. The study of properties of delta-doping in GaAs predicts that device performance of
delta-doped GaAs MESFETS is comparable or even better than those of AlGaAs/GaAs HEMTs [19].
However, experimental results show a wide diversity and fall short of theoretical predictions. The
design and optimization of device structure (especially delta-doping profile) play an important role in
guiding the improvement of device performance. Another high speed device, the AllnAs/GalnAs/InP-
based HEMT, has been the focus of extensive experimental study due to superior electron transport
properties in this lattice-matched material system. While promising dc and microwave performances
have also been achieved, high output conductance has been repeatedly observed for devices with
channel-length in the deep-submicron (less than 0.3 um) regime [20,21}. Physics insight leading to the
high output conductance and potential solutions merit careful investigation if potential advantages of
AlInAs/GalnAs HEMTs are to be fully exploited. The third device structure which we have investi-
gated this year belongs to a new class of devices which employs the concept of electron real-space
transfer [22] in heterojunction structures. The charge injection transistor (CHINT) [23] and the
recently-developed CHINT logic element [24) are representative devices. Theoretical predictions and
experimental evidence from CHINT operation indicate the possibility for developing novel and
improved multi-terminal real-space transfer devices which can realize multiple logic functions. Our
last work in the area of device modeling deals with the effects of electron transport in devices with
variable doping distributions. Such device structures can be realized by utilizing advanced fabrication
techniques, such as focused ion beams or epitaxy (MBE, MOCVD, ALE) methods. The potential

advantages of variable doping in device channel or active transport region can best be realized when
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detailed electron transport properties in practical device structures are understood and doping scheme
optimization is achieved. In the following, we outline the main results of our theoretical study. More

detailed descriptions for each subject can be found in the related papers and presentations.

A. Delta-doped GaAs MESFET

Figure 4 gives a schematic illustration of the device structure which we have simulated, along
with the delta-doping profile. In this work, we use a two-dimensional, d+ft-diffusion model to exam-
ine the influence of key design parameters on device operation. These parameters are (Fig. 4) peak
doping density, half width at half maximum of the doping profile, and distance from the location of
peak-doping to the device surface, top layer background doping, and lateral feature sizes. The general
design considerations and trade-offs are studied. In particular, our simulation results reveal that: 1) A
steeper doping profile and a short gate-to-channel distance are preferred for improvement in device per-
formance. 2) The peak delta-doping concentration and half-width at half maximum of delta-doping
pr e are found to have a more profound effect than does delta-doping depth (d,) in enhanced overall
device performance. And 3) careful trade-off should be made in the design of top-layer background
doping in terms of current drive, transconductance, and threshold voltage sensitivity control. Our
results show that a relatively high top layer background doping is preferred to increase drive current
and reduce relative threshold voltage shift (due to processing parameter fluctuations) at a cost of a
modest reduction in transconductance. Simulation results are in close agreement with measurements
from experimental devices fo> icated at Texas Instruments using atomic layer epitaxy material prepared

in NCSU.

B. AllnAs/GalnAs HEMT

Figure 5 shows the simulated quarter-micron-gate AllnAs/GalnAs HEMT structure which

employs different additional channel doping (n*, i, and p) configurations. The motivation is to study
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Figure 4: (a) Schematic illustration of a delta-doped GaAs MESFET. The mesh distribution is illus-
trated in the inset. b) Delta-doping profile. The solid line shows the measurement data and the dashed
line shows the Gaussian distribution used in the simulations.
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Figure 5. Schematic drawing of the layer structures for AlinAs/GalnAs HEMTs used in this study.
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the effect of additional channel doping on device transconductance, output conductance, and high fre-
quency performance. The AllnAs/GalnAs/InP material system appears to be the most promising candi-
date for high frequency applications. However, for this material system, high output conductance has
been an major problem that degrades high frequency performance when the HEMT device feature size
is reduced to the ultrasubmicron (less than 0.3 um) regime. This has been reported by several research
groups. Attempts have been made experimentally to reduce output conductance, however, physical
insight remains an unknown. In this work, we investigated the possible mech:nisms which lead to
enhanced or degraded device performance in different char el-doped structures using two-dimensional,
self-consistent ensemble Monte Carlo simulations. Our results indicate that conduction in the AllnAs
buffer layer and reduced electric field shielding in n-channel doped HEMT are the possible reasons for
increased output conductance. B use of a properly designed p-doped channel layer, we observe
significantly reduced output conductance and increased trar<: . juctance compared with those of n-
channel “oped HEM » :. Detailed analysis indicates that improved electron confinement in the device
channel anu increase. 1eld shieding fcr HEMT with p-channel doping improve overall device perfor-
m nce. Our simula -3s are in reasonable agreement with measurement results from experimentally

fabr’ _ated devices [with different additional channel doping (UCSB and Hughes Research Lab)].

C. Real-space transfer logic transistor

The basic real-space transfer logic transistor (RSTLT) is a four-terminal device, which has two
separate collectors (C1 and C2) as output terminals when connected through load resistors (R¢; and
R¢p) 1o the collector supply voltage (Vc); a drain input terminal (D); and a common source terminal
(S) which is at ground potential (Fig. 6). The operational principle of the proposed RSTLT is based
on the localized nature of real-space transfer of hot electrons in such structures. Channel electrons
gain energy from the lateral electric field and real-space transfer occurs when the energy of electrons is

comparable to or higher than the heterointerface barrier height. The transferred electrons will be col-




o te -
% dc1 ' Barrier (i) dcfz' //¢
) Ch I (i) %/m‘/
annel (i
Barrier (i) '
.Jr- Substrate

Intrinsic
Device

Figure 6: Proposed real-space transfer logic transistor (RSTLT) structure.
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lected by either C1 or C2 through vertical electric field. For a given heterointerface barrier height, the
spatial location of electron RST is determined primarily by the bias conditions. By properly designing
the device configuration and selecting the operating voltages, ultra-fast current exchange between two
collectors can be controlled by the applied drain voltage. Compared with CHINT structure, the pro-
posed RSTLT employs: 1) a recessed C1 collector to enhance the vertical electric field intensity under
C1 for matched output collector currents, 2) unintentionally doped channel and barrier layers for
reduced collector-source and collector-drain leakage currents, and 3) a collector-up device configuration

to reduce parasitic capacitance and to facilitate proper arrangement of the device terminals.

In this project, we employ a self-consistent ensemble Monte Carlo model to perform the device
feasibility study. Figures 7 and 8 show the current-voltage characteristics and transient current
response as a function of time, respectively. A characteristic delay time of about 3.0 psec can be
achieved, which would make the RSTLT one of the fastest switching devices reported to date. This
characteristic current switching (between two collector terminals) can be utilized to realize a multi-logic
element in a single device structure. We have performed case studies to demonstrate that by pmperly
selecting device dimensions and the resistor load elements, collector terminals C1 and C2 can function
as logic NOT and EQUIVALENT of input terminal D. Based on these results, we propose a RSTLT
logic element (Fig. 9), which features NOR/AND functions (C1 functions as NOR of D1 and D2; C2
functions as AND of D1 and D2, respectively) and a comparable characteristic delay time as that of the

basic RSTLT.

D. Effects of doping variation on electron transport

High performance electronic systems require devices with high current drive capability, high tran-
sconductance, high breakdown voltage, and low parasitic resistance. Currently, most semiconductor
devices employ doping techniques that control doping profiles in the vertical dimension (e.g., uniform

doping, modulation doping, and delta-doping), that is, perpendicular to the direction of carrier
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transport. The rapid development of new technologies makes possible changes in doping profile in
both lateral and vertical (parallel and nomal to carrier transport, respectively). This added degree of
freedom for "doping engineering” can possibly result in novel and improved device structures. The
motivations of this project are to study the effects of unique variable doping profiles on electron tran-

sport properties and to assess potential device applications.

We apply self-consistent ensemble Monte Carlo model to study a GaAs n*—n-n* test device.
Doping schemes are ramp-doping (ramp-up and ramp-down) and spike-doping (single-spike and multi-
spike) in the n region. In order to have meaningful comparisons among these structures, we apply
conditions of identical minimum doping density and the same total integrated dopant in the active n
region. Figure 10 shows the current-voltage characteristics of ramp-up (from the left n*—n junction),
ramp-down, and two constant doped structures. Figure 11 compares the current-voltage characteristics
for one-spike and three-spike doped structures. It is found for conditions of identical minimum doping
density and total integrated dopant in the n region that: 1) the most significant improvement can be
achieved by employing a structure with a ramp-down doping scheme. 2) Introducing n* spike(s) in the
active electron transport (n) region brings improved device performance compared to devices without
n* spikes. For the one-spike doped structure, electron transport is independent on the location of the
n* spike. However, less significant improvement is observed for this structure due to the presence of
retarding fields over a large portion of the n region. 3) Further improvement can be achieved by split-
ting one n* spike into several spikes in the n region. The redistribution of electron density and the
reduced effect of retarding electric fields bring an increased average electron velocity and a resulting
higher current drive capability. These results indicate the possibility of enhanced device performances
for FET devices which employ proper variable doping schemes. Potential advantages of variable dop-
ing in normally-on FET device applications include enhanced current drive, reduced source resistance,

and improved breakdown characteristics.
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2.2.3 _Modeling of hot electrons in silicon devices

For the past fifteen years, the silicon MOSFET industry has been dealing increasingly with prob-
lems related to hot electron injection into the oxide with production mode devices. For even longer,
laboratories have been measuring and modeling hot electron injection into the oxides with various lev-
els of success [25]. Frequently, the model of choice has been the "lucky electron” model coupled with
a drift-diffusion simulator. While the "lucky electron” model has enjoyed a reasonable amount of suc-
cess, we have recently entered the regime [26] where drift-diffusion simulation is no longer accurate.
With this reality, researchers have increasingly been forced to switch to hydrodynamic and Monte
Carlo simulators to better predict the behavior of devices. Using these models (especially Monte
Carlo), significantly more information about the electron energy distribution is available, giving us the
opportunity to improve upon the "lucky electron” model. Full theoretical treatment of the entire hot
electron injection condition poses many serious technical difficulties [27] but some first pass efforts
[28) indicate we may have a reasonable hope for success. We can then couple these injection charac-
teristics with the oxide trapping characteristics [29,30] to give us a second generation model to sup-

plant the "lucky electron” model.

Within the past year, we have developed a state-of-the-art Monte Carlo simulator of electrons for
silicon devices. This simulator uses a realistic band structure (derived from pseudopotential calcula-
tions) for the best accuracy in simulating band effects on electron simulation. It also uses an ensemble
method of modeling which allows the simulation to account for both spatial and electron-electron inter-
collisional effects in a self-consistent manner. In addition, our Monte Carlo model includes all of
major scattering mechanisms important for silicon simulation. These mechanism. are acoustic phonon,
intervalley phonon, impact ionization, ionized impurity and electron-electron scatterings. This rather
accurate implementation of physical details results in a reasonable field vs. velocity and scattering rates

which compare favorably with the full numerical calculations of Fischetti [31].




21

In order to accurately model complex device structures, we have also developed a non-uniform
mesh Poisson solver which is re-evaluated at frequent time intervals to reflect changes in the potential
distribution due to the movement of the electrons in the simulation. This movement is mirrored in the
calculation of background hole concentrations. The carrier concentrations remain self-consistent by
updating the hole concentrations using the quasi-Fermi level derived from the Poisson solution. At the
same time, an efficient method has been implemented which allows to transfer PISCES-modeled and
developed structures into one of our Monte Carlo runs. This approach will improve overall computing
time and efficiency significantly by providing a smart initial guess and, thus, will permit us to concen-

trate to the regimes of sensitivity in a greater detail.

Calculations of actual MOSFET structures is now finishing the debugging stage and the prelim-
inary data begin to sk .. ..e importance and value of our model in the study of hot electron effects
and the related aging issues in these devices. Figure 12 demonstrates that electrons experience a
significant velocity overshoot region even at reasonably long channels (1 pm) when stressed at high
voltages (Vg=6 V, V=3 V, V;=V;=0 V). The electron energy distribution tail in the drain pinch-off
region is also seen to have a significant population beyond the 3.1 eV necessary to inject electrons into
the oxide as shown in Fig. 13. Such details are the essential information to understand nonlinear elec-
tron transport in submicron devices. We expect to obtain more data in our effort to develop a realistic
model for oxide trapping and the generation of interface states at the Si/SiO, interface within the next

few weeks.

2.3 Publications and Presentations

During the last year we have made six oral presentations at national and intemational confer-
ences. Also, twelve written manuscripts have been published in the refereed literature. In addition,
another manuscript has been accepted for publication and six manuscripts have been submitted or are

currently in preparation. The following paragraphs summarize the presentations and publications made
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under this program during the last year, and include material not previously reported to ONR in the
last annual report as well as material which was accepted for publication in 1991 and has since been

published in 1992,

A. Conference Presentations and Seminars

D. L. Woolard, H. Tian, M. A. Littlejohn, R. J. Trew, and K. W. Kim, "Impact of Electron K-Space
Transfer and Band Nonparabolicity on Velocity Overshoot in GaAs Devices,” presented at the 7th Intl.
Conf. on Hot Carriers in Semiconductors, (July, 1991, Nara, Japan).

D. L. Woolard, R. J. Trew, M. A, Littlejohn, and C. T. Kelly, "A Study of Electron Transit Time in
Ballistic Diodes Using a Multi-Valley Hydrodynamic Transport Model,” presented at the 13th Biennial
IEEE/Comell University Conf, on Advanced Concepts in High Speed Semiconductor Devices and Cir-
cuits (August, 1991, Ithaca, New York).

U. K. Mishra, L. M. Jelloian, M. Lui, M. Thompson, S. E. Rosenbaum, and K. W. Kim, "Effect of n
and p Channel Doping on the I-V Characteristics of AllnAs-GalnAs HEMTS," presented at the 18th
Intl. Symp. on Gallium Arsenide and Related Compounds (September, 1991, Seattle, Washington).

H. Tian, K. W. Kim, and M. A. Littlejohn, "Ensemble Monte Carlo Study of A Novel Heterojunction
Real-Space Transfer Logic Transistor (RSTLT)," presented at the IEEE Intl. Electron Devices Meeting
(December, 1991, Washington, DC).

D. L. Woolard, T. A. Winslow, M. A. Litlejohn, and R. J. Trew, "An Extended Scharfetter-Gummel
Algorithm Suitable for Solving a Nonparabolic Hydrodynamic Transport Model,” presented at the 8th
Intl. Conf. on the Numerical Analysis of Semiconductor Devices and Integrated Circuits (NASECODE
VIII) (May, 1992, Vienna, Austria).

H. Tian, K. W. Kim, M. A. Littlejohn, U. K. Mishra, and M. Hashemi, "Ensemble Monte Carlo Simu-
lation of Electron Transport in GaAs N*-N-N* Structures with Laterally Varying Doping,” presented
at the 8th Intl. Conf. on the Numerical Analysis of Semiconductor Devices and Integrated Circuits
(NASECODE VIII) (May, 1992, Vienna, Austria).

B. Refereed Publications, Papers Accepted for Publication, and Papers in Preparation

H. Tian, K. W. Kim, and M. A. Littejohn, "An Investigation of Doping Profile Variations on
AlGaAs/GaAs High Electron Mobility Transistor Performance,” J. Appl. Phys. 70, 4593 (1991).

L. F. Register, M. A. Littlejohn, and M. A. Stroscio, "Path-Integral Monte Carlo Calculation of Free
and Confined Carrier Real Self-Energies at Non-Zero Temperatures,” Superlatt. Microstruct. 10, 47
(1991).

D. L. Woolard, H. Tian, R. J. Trew, M. A. Littlejohn, and K. W. Kim, "A New Hydrodynamic Elec-
tron Transport Model: Nonparabolic Corrections to the Streaming Terms," Phys. Rev. B 44, 11119
(1991).

T
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D. L. Woolard, R. J. Trew, M. A. Littlejohn, and C. T. Kelly, "A Study of Electron Transit Time in
Ballistic Diodes Using a Multi-Valley Hydrodynamic Transport Model,” Proceedings of the 13th Bien-
nial IEEE/Comell University Conf. on Advanced Concepts in High Speed Semiconductor Devices and
Circuits, pp. 131-140, 1991.

D. L. Woolard, H. Tian, M. A, Littlejohn, R. J. Trew, and K. W. Kim, "Impact of K-Space Transfer
and Band Nonparabolicity on Electron Transport in a GaAs Ballistic Diode,” Semicond. Sci. Technol.
7, B354 (1992).

H. Tian, K. W. Kim, and M. A. Littlejohn, "Ensemble Monte Carlo Study of A Novel Heterojunction
Real-Space Transfer Logic Transistor (RSTLT)," IEDM Tech. Digest, pp. 515-518, 1991.

D. L. Woolard, T. A. Winslow, M. A. Littlejohn, and R. J. Trew, "An Extended Scharfetter-Gummel
Algorithm Suitable for Solving a Nonparabolic Hydrodynamic Transport Model,” Proceedings of
NASECODE VIII, pp. 54-55, 1992.

H. Tian, K. W. Kim, M. A, Littlejohn, U. K. Mishra, and M. Hashemi, "Ensemble Monte Carlo Simu-
lation of Electron Transport in GaAs N*-N-N* Structures with Laterally Varying Doping,” Proceed-
ings of NASECODE VIII, pp. 125-126, 1992.

U. K. Mishra, L. M. Jelloian, M. Lui, M. Thompson, S. E. Rosenbaum, and K. W. Kim, "Effect of n
and p Channel Doping on the I-V Characteristics of AlInAs-GalnAs HEMTs," Proceedings of the 18th
Intl. Symp. on Gallium Arsenide and Related Compounds, edited by G. B. Stringfellow (Institute of
Physics, Bristol, England, 1992), Inst. Phys. Conf. Ser. No. 120, Chap. 6, pp. 287-292.

H. Tian, K. W. Kim, M. A Littlejohn, S. M. Bedair, and L. Witkowski, "Two-Dimensional Analysis
of Short-Channel Delta-Doped GaAs MESFETS," IEEE Trans. Electron Devices ED-39, 1998 (1992).

H. Tian, K. W. Kim, and M. A. Littlejohn, "Novel Heterojunction Real-Space Transfer Logic Transis-
tor Structures: A Model-Based Investigation,” IEEE Trans. Electron Devices ED-39, 2189 (1992).

H. S. Kim, H. Tian, K. W. Kim, and M. A. Littlejohn, "Electron Velocity-Field Characteristics of
Ing 55Alg 4gAs," Appl. Phys. Lett. 61, 1202 (1992).

H. Tian, K. W. Kim, M. A. Littlcjohn, U. K. Mishra, and M. Hashemi, "Effects of Doping Variations
on Electron Transport in GaAs n*-n—-n* Structures," accepted for publication in J. Appl. Phys.

T. Kaneto, K. W. Kim, and M. A. Littlejohn, "A Comparison of Minority Electron Transport in
Ing 53Gag 47As and GaAs," submitted to Appl. Phys. Lett.

H. Tian, K. W. Kim, and M. A. Littdejohn, "Ensemble Monte Carlo Study of Novel Charge Injection
Transistors (CHINTs) with Engineered Heterojunction Source (Launcher) and Drain (Blocker)
Configurations,” submitted to Appl. Phys. Lett.

J. J. Ellis-Monaghan, K. W. Kim, and M. A. Littlejohn, "Monte Carlo Modeling of Hot Electron Injec-
tion into SiO, as Cormrelated to Charge Pumping Measurements,” in preparation, to be submitted to
IEEE Trans. Electron Devices.

H. Tian, K. W. Kim, M. A. Littlejohn, and U. K. Mishra, "Influence of Channel Doping on 0.25 pm




24

Channel-Length AllnAs/GalnAs High Electron Mobility Transistor Performance,” in preparation, to be
submitted to IEEE Electron Device Lett.

D. L. Woolard, T. A. Winslow, M. A. Littlejohn, and R. J. Trew, "Application of an Extended
Scharfetter-Gummel Algorithm to Solving a Nonparabolic Hydrodynamic Transport Model," in
preparation, to be submitted to IEEE Trans. Electron Devices.

D. L. Woolard, H. Tian, M. A. Littlejohn, and K. W. Kim, "A Monte Carlo Investigation of Electron
Distributions and Thermal Energy Flow in GaAs Ballistic Diode Structures,” in preparation, to be sub-
mitted to J. Appl. Phys.
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We present results from a theoretical study of the influence of doping profic variaiuons on
the performance of delta-doped AlGaAs/GaAs high electron mobility transistors

(HEMTs). An ensemble Monte Carlo simulation coupled with a self-consistent solution of
the two-dimensional Poisson equation is used to investigate HEMTs which employ

both single and double delta-doped profiles with varying doping configurations. The calculated
results reveal that single delta-doped HEMTS designed with identical threshold voltages
exhibit improved device behavior when thinner delia-doped layers with more heavily doped
concentrations are utilized. For double deita-doped HEMTs with an identical total

doping in the AlGaAs layer, improved threshold voltage control is obtained as the spacing
between two delta-doped layers increases. However, this increase in spacing also

causes a degradation in transconductance, cut-off frequency, and switching time. As gate bias
increases, the dependence of device performance (or degradation) on the spacing

between doping planes becomes less pronounced due to the upward shift in threshold or

“onset” of parallel conduction in the AlGaAs layer.

1. INTRODUCTION

The high electron mobility transistor (HEMT) was
first developed in 1980' and, today, the AlGaAs/GaAs
HEMT remains as one of the most important heterojunc-
tion structures due to its excellent device performance, the
maturity of the materials growth technology, and the ex-
cellent lattice match for the AlGaAs/GaAs material sys-
tem. Further device improvements are needed in order to
fully exploit the potential of A1GaAs/GaAs HEMT struc-
tures. Unfortunately, improvements in “conventional” uni-
formly doped HEMT35 are limited by the occurrence of
persistent photoconductivity,? threshold voltage shift,’ and
collapse of current-voltage (J-V) characteristics® due
largely to effects caused by DX centers and surface states.
The use of low Al mole fraction can reduce these effects;
however, this ziso reduces the conduction-band edge dis-
continuity, resulting in decreased channel electron density
and degraded device performance. This inherent limitation
can be circumvented by device structure modifications,
such as those employed in delta-doped (also referred to as
pulse-doped or planar-doped) AlGaAs/GaAs HEMT
structures. Recently, delta-doped HEMTs have attracted
much attention. Experiments show that these devices
achieve improved threshold control, high channel electron
density, reduced trapping effects, and high breakdown
characteristics.*'°

Detailed investigations of delta-doped HEMTs are
necessary to reveal and understand the underlying device
physics. While extensive study of conventional uniformly
doped HEMTs has been reported,''~'* the theoretical in-
vestigation of delta-doped HEMTs is rare.**'? The opera-
tion of submicron delta-doped HEMTs involves nonsta-
tionary eclectron transport and real-space transfer
effects.'’?! Also, the degeneracy effect, DX centers and

surface states have significant influence on practical device
operation.'®?* Therefore, the development of more accu-
rate and complete device models must include these effects.
Furthermore, it is important to explore new approaches
which can lead to improvements in AlGaAs/GaAs
HEMTs. Specifically, reducing series resistance and in-
creasing current drive capability of the single delta-doped
HEMT structure is of importance for microwave and
power applications. As an alternative, a structure with a
second delta-doped layer introduced in the AlGaAs layer
(i.e., a double delta-doped HEMT) could be used. This
structure, while unavailable experimentally, merits study
since the introduction of a second delta-doped layer could
possibly provide more drive current and reduce source-gate
and gate-drain series resistance without reducing the ad-
vantages provided by single delta doping. A double delta-
doped structure can be realized by molecular-beam epitaxy
or metalorganic chemical vapor deposition technologies.
However, a theoretical study can provide guidance for the
experimentalists to assess the performance of such a device
and its dependence on doping parameters and bias condi-
tions. e

With these motivations, we employ physical device
models to examine the effects of doping profile variations
on the performance of two szts of HEMT devices. The first
set includes single delta-doped HEMTs with varying dop-
ing configurations and constant threshold voltage. Also,
for the first time, an attempt is made to analyze the per-
formance of proposed double delta-doped HEMTs. This
second set of devices is studied by varying the spacing
between two delta-doped layers with identical widths and
total doping concentrations. Device performance is exam-
ined in terms of threshold voltage control, transconduc-
tance, cut-off frequency, and characteristic switching
times. [Since the main purpose of this work is to study the
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FREE AND CONFINED CARRIER
REAL SELF-ENERGIES AT NON-ZERO TEMPERATURES
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A poth-iniegral Monte Corlo method for calculation of teal self-cnergies of free
and confined carriers at non-zero temperatures is presented. An efficieat numer-
ical method for calculating the polar-optical phonon influence functional has been
developed and incorporated into a previously developed PIMC for calculating equi-
librium properties of uncoupled carriers. As illustrative examples, calculations of
carrier real self-energies are performed for bulk GaAs as a function of temperature,
and for AlGaAs.GaAs-like squate quantum wires at 77K and 300K as a function of
wire width. The self-energies obtained here, in part, represent new results for these
systems. Where previous results are available, the agreement is good.

1. Introduction

The Feynman path-integral (FPI) formulation of quan-
tum mechanics allows formal inclusion of carrier phonon
coupling to all orders in the coupling potential [1,2]. For
this resson the FPI formalism long has been used to ans-
lytically calculate carrier real self-energies and effective
masses in bulk semiconductors [3-8]. However, exten.
sion of the FPI formalism to analytic study of ultzasmall
devices has been hindered by approximations required to
model confined geometries {7]. Previously, though im-
proved results were not obtained, it was demonstrated
that carrier self-encrgies in bulk semiconductors st 0K
could be calculated using numerical Path-Integral Monte
Carlo (PIMC} methods as well (8-10]. However, to the
best of the authors’ knowledge, these calculations were
not extended to nonzero temperatures or confined de-

*Curreat address
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vice geometries. Here, a PIMC method for calculating
free and confined carrier self-energies at non-zero tem-
peratures is presented.

2. Feynman Path-Integral Formalism

In the FPI formalism, for a coupled carrier-phonon sys-
tem, the equilibrium density matrix for the carrier av-
eraged over the phonon coordinates and subject to a
Maxwell-Boltzmann distribution in energies at temper-
ature T is given by

ety = [emn{-3 [ im0 + viFNIa)
x F[(t)) Di¢).

(1

Here, the "IS...‘D:(C)‘ signifies an integral over all

paths from ' to ¥ that are continuous functions of time,
and F|7{t)) is the influence functionsl that accounis for

© 1991 Academic Press Limited




PHYSICAL REVIEW B

VOLUME 44, NUMBER 20

IS NOVEMBER 1991-11

Hydrodynamic electron-transport model: Nonparabolic corrections to the streaming terms
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This paper presents a hydrodynamic model suitable for studying hot-electron transport in semicon-
ducting materials with nonparabolic conduction bands. The model presented is based upon a unique
derivation of the moments of the Boltzmann-transport equation for the streaming (collision-independent)
terms. This derivation implements an efficient and compact mathematical formalism appropriate for
electrons under the influence of high electric fields and nonstationary conditions. The theoretical inves-
tigation also introduces a distributional form with nonparabolic properties to precisely define the result-
ing nonparabolic streaming parameters. The final set of model equations is exhibited in a fashion to
clearly show the correction factors to the more familiar hydrodynamic model applicable for the
constant-effective-mass case. In general, the hydrodynamic (or conservation) model contains pure trans-
port terms that are treated as being independent of the specific dissipation mechanisms and collision
terms to directly account for the influence of scattering. Since the collision terms are almost always
treated phenomenologically using a relaxation-time approximation, our formulation of the streaming
terms should significantly improve the overall accuracy of the approach. In addition, this paper presents
the results of an extensive investigation of the assumed ansatz distribution and resulting nonparabolic-
model parameters using an elaborate Monte Cario model. The Monte Carlo technique was used to gen-
erate comparison electron distributions and exact values for the nonparabolic transport parameters for
stationary and nonstationary electronic structures. In all cases, excellent agreement was found between
the Monte Carlo-calculated parameters and the derived nonparabolic-model terms. The Monte Carlo
calculations also revealed that the ansatz distribution used in the derivation represented a significant im-
provement over the more familar displaced Maxwellian. Therefore, this model should prove very valu-

able for studying electronic-device structures operating under high-bias conditions.

I. INTRODUCTION

During the past two decades there has been an in-
creased use of hydrodynamic conservation models to in-
vestigate nonstationary and nonequilibrium electron dy-
namics in submicrometer semiconductor devices.!™'
These models, referred to by some'>'® as the hydro-
dynamic equations due to their similarity to the Euler
equations of fluid dynamics'*'® used in classical hydro-
dynamics studies, are based upon higher moments of the
Boltzmann-transport equation (BTE). The popularity of
the hydrodynamic electron transport theory is due to the
physical and practical attributes of the anproach. The
hydrodynamic models have the carability to include non-
stationary and hot-electron effects'® and hence are superi-
or to simple drift-diffusion (extreme thermal equilibriom
approximation?® and local-electric-field-dependent case)
models. While Monte Carlo methods that solve the full
BTE can easily incorporate complicated band structures
and detailed scattering rates, hydrodynamic models re-
quire much less computation time to generate solutions
and possess macroscopic terms which offer important
physical insigkt. Thus the hydrodynamic approach offers
much flexibility for future theoretical electron device
studies.

Stratton™ introduced the general conservation or
momentum-energy balance approach to investigate hot-
clectron transport in semiconductors. The analysis per-

“

formed by Stratton utilized a spherical harmonic expan-
sion with the relaxation-time approximation to define a
nonequilibrium distribution which was only slightly an-
isotropic. This analysis replaced the nonequilibrium dis-
tribution by a Maxwellian distribution function in some
terms of the BTE. Thus some of the streaming terms in
the final transport equations were suppressed. Blo-
tekjaer?! extended the theory, using a more general
analysis which retained all terms of the moment equa-
tions, and derived relations applicable to a two-valley
semiconductor. These previous investigations were appl-
icable to semiclassical transport and assumed homogene-
ous materials with parabolic conduction bands.

Since the early work of Stratton and of Blotekjaer, the
hydrodynamic approach has been utilized extensively to
stud’y various transport phenomena in many different
$i, %2 GaAs,"2% and heterostructure'!:%% electron
devices. The particular material, device configuration,
and bias conditions under consideration have led to a
variety of acceptable simplifications and to a hierarchy of
approximate eicctron-transport models (for example, see
Sandborn, Rao, and Blakely?’ and references therein).
Also, much effort has been directed toward developing
numerical techniques to solve the hydrodynamic trans-
port model self-consistently with Poisson’s equation for
many semiconductor structures. This has included
methods for solving the problem with and without time
dependency and in multiple space dimensions?* ™% as well

11119 ©1991 The American Physical Society
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A Study of Electron Transit-Time in Ballistic Diodes
Using a Multi-Valley Hydrodynamic Transport Model
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Abstract

A new multi-valley hydrodynamic transport model has been used to investigate electron transit time
through submicron GaAs electron device structures. The study was performed to determine the feasibility
of utilizsing the velocity overshoot effect in reducing the overall transit time. This new model, which
incorporates a separate set of hydrodynamic equations for each conduction band valley (T, L and X)
and allows for electron exchange through encrgy dependent relaxation parameters, is applied to a novel
structure which reduces upper valley occupancy and enhances device transit time. The results of this
study indicate that while velocity speed-up is minimal in the neighborhood of the active (low-doped)
region that the velocity overshoot can be extended into the collector region (high-doped) region with
significant transit time enhancement.

Introduction

In recent years, a great interest has developed in utilising velocity overshoot in both GaAs homojunction
and heterojunction BJT's to achieve lower electron transit times and hence higher operating frequencies|l,
2, 3]. Investigations of these devices have shown the emitter-collector transit time (7.c) and the collector
transit time (7,) to be dominant factors in determining the total transit time[4). This fact has directed
much energy in the simulation and modeling communities toward designing and studying electronic
structures which would reduce these figures of merit (7., and 7). In fact, there have been many theoretical
results [5, 6, 7] which indicate that velocity overshoot can be exploited, by select designs and proper biases,
to achieve very efficient high frequency devices. However, questions have been raised as to whether
conventional device structures can exhibit such enhanced effects. Also, simulation evidence has been
reported to indicate that velocity overshoot may be over estimated in such structures{8}.

In this paper, a new multi-valley hydrodynamic transport model is used to investigate the feasibility of
utilizing the velocily overshoot effect in reducing electron transit time through submicron GaAs electronic
device structures. In previous work [9, 10}, a novel approach has been.presented to incorporate conduction
band nonparabolicity into the hydrodynamic model. However, for this initial investigation with the new
multi-valley model, which incorporates a separate set of hydrodynamic equations for each conduction
band (T, L and X) and allows for electron exchange through energy dependent relaxation parameters,
the nonparabolic cotrection terms will be suppressed. This was done to simplify the analysis and to
provide a base for future nonparabolic studies. Additional features of the model include self-consistent
potentials and reslistic boundary conditions.

-7
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Impact of k-space transfer and
band non-parabolicity on electron
transport in a GaAs ballistic diode
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Abstract. in this paper, the results of studying a submicron GaAs ballistic diode,
using a new muiti-valley (I, L and X) non-parabolic hydrodynamic transport
model, are presented. Numerical simulations indicate that accurately including the
effects of non-parabolicity in the streaming terms and k-space transfer in the
velocity and energy equations is very important in correctly determining the
conductance of the device. The existence and amount of negative differential
conductance was determined to be strongly influenced by both of these physical
factors. Furthermore, the sensitivity of device conductance to changes in the
thermal conductivity is diminished significantly when non-parabolicity is

accurately incorporated.

1. Introduction

Advanced macroscopic transport models, based upon
moments of the Boltzmann transport equation (BTE) as
opposed to a full microscopic description (e.g., the Monte
Carlo (MC) approach), are valuable tools to efficiently
investigate electron dynamics in submicron semicon-
ductor structures [1]. However, these models must ac-
curately reflect non-equilibrium and non-stationary
electron physics before they can be applied successfully to
a wide variety of device operating conditions. Presently,
the majority of macroscopic electron device models treat
the multi-valley problem indirectly (effective single-
electron gas approximation) and ignore the full effects of
band non-parabolicity [2]. When more complete macro-
scopic models are implemented, they sometimes predict
questionable results. For example, a two-valley (parabo-
lic) hydrodynamic model has been used to derive
negative differential conductance in a GaAs Fer while
corresponding MC simulations indicate no such effect [3].

In this paper, a new hydrodynamic transport model
(HTM) suitable for studying hot electron transport in
multiple non-parabolic conduction bands is investigated.
The impact of k-space (intervalley) transfer and band
non-parabolicity is examined by studying variations of
this HTM. To determine the influence of these effects
individually, these various forms of the model were
applied to a submicron GaAs ballistic diode. Numerical
simulation results indicate that including the effects of
non-parabolicity in the streaming terms and intervalley
scattering in the velocity and energy equations strongly
influences the characteristics of the device in the non-
linear (saturation) region. These results demonstrate that

0268-1242/92/038354 + 03 $04.50 © 1392 I0OP Publishing Ltd

correctly including non-parabolicity effects in the hydro-
dynamic model reduces the amount of negative dif-
ferential resistance (NDR). Also, the amount of NDR was
found to be less sensitive to changes in the thermal
conductivity when non-parabolicity is accurately in-
corporated. Therefore, these results verify the importance
of both non-parabolicity and intervalley effects in the
HTM.

2. The hydrodynamic transport model

For these studies, a submicron GaAs ballistic diode (see
inset in figure 1) will be considered with transport in each
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Figure 1. Total electron cumrent density against applied
electric potential for a submicron GaAs ballistic diode (see
inset). Results are for variations in the HTM (broken
curves) and a8 mc study (full curve). Here 2 = 1 in the
HTM.
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ABSTRACT

A novel real-space transfer logic transistor (RSTLT) is
proposed based on the real-space transfer of hot electrons in
a four-terminal heterojunction microstructure. Self-consist-
ent steady-state and transient Monte Catlo simulations dem-
onstrate that the RSTLT features both logic fiexibility and
ultra-fast switching speed. Calculated results show that the
proposed RSTLT realizes NOT and EQUIVALENT logic
functions in a single heterojunction device and a conser-
vative estimate of the characteristic switching time is ~ 3
psec.

INTRODUCTION

Real-space transfer (RST) (1] is the thermionic emis-
sion of hot electrons (from one semiconductor layer) over
heterointerface barriers to different semiconductor layers.
Successful implementations of the RST concept have been
demonstrated by experimental realizations of the negative
resistance field-effect transistor (NERFET) [2], charge in-
jection transistor (CHINT) [3] in both AlGaAs/GaAs and
InGaAs/InAlAs material systems, and real-space transfer
transistor (RSTT) [4] using strained InGaAs/AlGaAs/GaAs
layers. Promising performances have been achieved in these
devices, with reported values of transconductance exceed-
ing 2300 mS/mm {3} and unity-current gain frequency of
60 GHz [4] at room temperature. Also, s NORAND func-
tional element based on a multi-terminal CHINT structure
has been proposed recently (5], demonstrating the poten-
tial logic applications of real-space transfer devices. In this
work, we propose & novel logic circuit element - the real-
space transfer logic transistor (RSTLT). The operation of
this proposed microstructure is based on the concept of hot
electron real-space transfer and the fact that the spatial
location of electron RST is determined by applied bias and
heterointerface energy barrier height. Self-consistent ensem-
ble Monte Carlo simulations are used to theoretically *build’
a RSTLT with flexible logic functions and ultra-fast speed.

RSTLT STRUCTURE AND SIMULATION
METHOD

Figure 1 shows the proposed RSTLT structure. The de-
vice has two separate collectors (C1 and C2) as output ter-
minals which are connected through load elements (R) to
the positive power supply (Ve), o drain (D) input termi-
nal and a common source (S) terminal which is at ground
potential. When D is biased at logic low (positive logic),
channel electrons confined in the potential well between the
channel-barrier heterointerfaces will not have enough energy
to overcome the energy barrier until reaching C2 where they
are collected. In this case Cl is logic Aigh and C2 is logic
low (terminal voltages of C1 and C2 are high and low, re-
spectively). On the other band, if D is high, most electrons
gain sufficient energy to overcome the barrier while passing
under Cl. Therefore, C1 becomes low and C2 high. Thus,
the RSTLT realizes the logic NOT (C1) and EQUIVALENT
(C2) functions of the input control signal (D),i.c.,C1 =D,
C2 = D, as shown in the inset of Fig. 1. In order to ensure

Figure 1. Proposed RSTLT structure. The inset on the top
right shows the logic symbol of the structure.
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AN EXTENDED SCHARFETTER-GUMMEL ALGORITHM SUITABLE
FOR SOLVING A NONPARABOLIC HYDRODYNAMIC TRANSPORT MODEL
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Electrical and Computer Engineering Department
North Carolina State University
Raicigh, North Carolina 27695.7911 U.S.A.

Abgtract - This paper presents an extended Schasrletter-Gummel
current-density discretization formula sufficient for solving an ad-
vanced hydrodynamic electron transport model. This improved dis-
cretization expression Is specifically developed for a new hydrody-
namic transport model suitable for studying hot-electron transport
In semiconducting materials with nonparabolic conduction bands.
While this extended formulation properly incorporates many ad-
vanced effects associated with hot-electron transport, its primary
Jeature is the accurate treatment of the convection term (or dispiace.
ment energy term) which is present in both conventional (l.c. drilted
Mazxwellian model) and the advanced nonparabolic model discussed
in this paper. Our derivation overcomes nonfinear problems intro-
duced by this convection term and results in an improved expression
to approximate current density.

1. INTRODUCTION

At present, Monte Carlo (MC) methods and hydrodynamie transport
models (HTM's) are the two most popular approaches utilized to in-
vestigate hot-electron phenomenon in submicron structures. While
MC methods(1}, which solve the full Boltzmann transport equation
(BTE), can easily incorporate detaiied transport physics, this ap-
proach can become impractical in some instances due to the extensive
computational requirements. HTM"'s, which are based upon macro-
scopic conservation equations derived fram moments of the BTE, in-
clude nonstationary and hot-electron effects{2] while requiring much
less computation time to generate solutions. The physical and prac-
tical sttributes of HTM's have lead to their extensive application. In
turn, advanced IITM’s have been developed which are accurate for
various device structures and operating conditions|3}. While HTM"
represent a considerable reduction in complexity (as compared to
solving the full BTE), their solution for arbitrary device structures
i otill & very formidable mathematics problem. When HTM's are
applied sell-consistently with Possion's equation, one must solve s
set of nonlinesr coupled partial differential equations. This task re-
quires the spplication of accurate and stable numerical techniques.
Since the success of any numerles!| simulation Is critically dependent
on convergence rate and numerical stability, the choice of an efficient
discretisation scheme is very important|4].

It s well known that a central difference approach is not adequate for
discretising the current continuity equation due to the development
of oscllistions or "wiggles” in the solution[6]. To Insure numerical
stability, Scharfetter and Gummel(8] introduced a physics-based cur-
rent density formulation for the driRt-diffusion (DD) model (I.¢. they
assumed current density varies weakly with position). The success
the Scharfetter-Gummel (8G) scheme, ln DD model simulations, hss
motivated varlous generalisations of thls discretisation technique for
the hydrodynamic equations{7]. Iowever, most extensions of the
SG formule for HTM's either ignore convention terms|4) or else us-
sume @ priori that they are defined In a previous step of an iteration
procedure|{7]. In this paper, an analytical method Is presented to de-
velop an extended SG current density formula which directly includes
the effects of the nonlinesr convention term. This 3G algorithm is
tpecifically developed for use in solving a new nonparabolic ITM.
Also, the extended formula is compared to one which ignores energy
displacement to lllustrate the influence of this nonlinear effect on the
predicted current density.

1. THE NONPARABOLIC MODEL

Previously, a hydrodynamic model suitable for studying hot.electron
transport in semiconducting materials with nonparabolic conduction
bands was presented|3]. This new model contains advanced non-
parabolic streaming (collision independent) terms which were de-
tived by applying » unique set of moment operators (l.e. orders
of nonlinear k-space velocity as opposed to momentum) to the col-
lisionless Boltzsmann transport equation. The resulting system of
moment (balance) equations were closed (terminated) by introduc-
ing an empirical distribution function which accurately approximates
the properties of electrons drifting in nonparabolic conduction bands.
To treat intervally transfer effects that are present in multi-valley sys-
tems (e.g. GaAs), & three-valley (I, L and X) ensemble relaxation
time model has been developed and implemented(8). The full multi-
valley nonparaholic HTM, with s phenomenological heat flow vector
term, consists of the transport equations

%“- = -V,(nivi) + (%‘f)m_- M

AR mi; - ;:-";V. APwil+ (%)_u_- (@
% = _,‘,v,.,d,p..,-.:_‘v,.(v,-ll’..-|+q;+q.?)+(0—0?).”. @
and = -Q;?m-;v-m 0]

for ench conduction band valley (i = T, L and X). In the previows
model equations, n; is the electron concentration, v; Is the average
electron velocity, w; is the average electron energy and P = ¢V,9
is the force on the electron. In this HTM, the resulting counstits-
tive relations are: an average effective mass (v, Toi) = mi(1 4
JaikpTei + 1.5(aikpTui)? + aimlivi|?), sn effective velocity presswse
[Pei] = (m}/t])nikaToi(l], an effective energy pressure [Py,] =
nkpT (1 + 20;ky Toui + agm]|vi|?){1), a nonparabolic hest flow vee.
tor q; = Bay(m}/m°) (ke Toi) (1 + 20ai(1n]/th} kg Tui)nivi, and the
nonparabolic energy peartition relation w; = (3/2)hpTess(v;, Tos) +
(v, Toi)/2)| i) with an effective temperature of T,;,(vi, Tos) =
Toi(l 4 2aikpTu; + aimiivi|?). These previous relstions, which ez
press the corrected streaming terms as functions of v, w and non
parsbolic condnction-band factor o were verified for both stationary
and nonststionsry transport in GaAs by two independent Monte
Carlo simulation studies{3]. Festures of this model which differ from
the conventional HTM Include: (1) a nonconstant average effective
mass thi(v;, Tui), (2) o distinctly different velocity snd energy pres-
sute (le. [Pyl # [Pw]), ond (3) & first-principles nonsero hest
flow vector q;. In this model, q; represents the hest flow resulting
from the symmetric component of the velocity-space electron distsl
bution in nonparabolic bands. Therefors, the Wiedemann-Frans phe
nomenological hest flow term, qf In Eq. (4), is introduced to sceount
for possible asymmetry of the electron distribution. In this heat flow
term, gy o the near equilibrium mobility and Q s s muitiplicative
constant associated with the particular material under considerstion
Dissipation and intervalley transfer effects (l.¢. last terms in Equ. (1)
- (3)) are included using an encemble relazation time model ldentical
in form to the one proposed by Blotekjer(9]. To complete the medd,
the various energy-dependent relaxation times for & multi-valley sye
tem (GaAs) have been obtained from stationary MC calculstionflf
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ENSEMBLE MONTE CARLO SIMULATION OF ELECTRON TRANSPORT IN
GaAs N* - N — N* STRUCTURES WITH LATERALLY VARYING DOPING
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* North Carolina State University, Italeigh, North Carolina 27635, U. S.
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Abstract - The eflects of laterally varying doping profile on
device electron transport properlies src  studied using
sell-consistent ensemble Monte Carlo simulations. Significant
petformance improvement is observed for N+ — N — N* struc-
tures with ramp-down doping and multi-spike doping profiles
in the active N region. The prospects for application of later-
ally varying doping schemes in field-effcct transistor structures
are discussed.

The utilization of ‘bandgap engineering’ has led to a va-
riety of novel improved device structures in Lhe past decade.
Successful integration of ‘bandgap engineering’ with ‘doping
enginceting’ provides addilional flexibility and new methods
for the future development of advanced semiconductor devices.
Cutrently, most semiconductor devices employ techniques that
control doping profiles in the vertical dimension (perpendic-
ular to the direction of carrier transport using e.g., uniform
doping, modulation doping, and delta-doping). The rapid de-
velopment of new technologies such as focused ion beams (FIB)
makes possible mask-less direct ‘writing’ of controlled dopants
into semiconductors [1}. Thus, the doping distribution can be
tailored in the lateral dimension (parallel to the direction of
carrier transport). This added degree of freedom for ‘doping
engineering' can possibly resull in novel device structures with
improved performance. The purpose of this paper is to present
results of a theorelical study of the effects of laterally varying
doping profiles on device electron transport properties, which
supports this proposilion.

In this work, scll-consisienl ensemble Monic Carlo simula-
tions are performed to invesligate the effects of laterally vary-
ing doping on electron transport. The Monte Carlo model em-
ploys a three-valley (I'-L-X), nonparabolic band structure cou-
pled with a solver for Poisson's cquation. Trajectories of a large
number of sample electrons are traced in real space and in mo-
mentum space. Relevant scattering mechanisms (polar oplical,
equivalent and nonequivalent intervalley, ionized impurity, and
electron-electron) are included. In addilion, the effect of degen.
eracy for -valley electrons is taken into account hy employing
an approximate Fermi-Dirac distribution with calculated local
quasi-Fermi level and electron tempersture [2|. Charge neu-
trality in & portion adjacent to the electrodes is maintained
throughout the simulation, which serves as the criletion for
electron injection. Material and encrgy band psrameters for
GaAs are the same as those in Refl. [3]. Lattice lemperalure
is assumed to be 300 K. More detailed model descriplion can
be found elsewhere [4]. This trensport study assesses advan-
tages, differences, and polential applications of different later-
ally varying doping profiles on device performance. The test
device is s GaAs N*(0.5zm) — N(0.54m) — N*+(0.5um) struc-
ture wilh varied doping profile slong the direction of electron
transport in the N region. In particular, two groups of laterally

A.

varying doping schemes are studied. They ate: 1) ramp-doping
li-e., lincarly increasing (ramp-up) or decreasing (ramp-down)
doping density within the N region}, and 2) spike-doping (i.c.,
introducing one or more N* spikes in the N region). In order
to have meaninglul comparisons among structures which em-
ploy different doping profiles, we apply conditions of identical
minimum doping density and tolal integrated dopant in the N
region.

Any successful implementation of a lateral doping scheme
should resull in improved current drive capability. Among all
the devices studied, our simulation resulls reveal that the most
significant improvement can be achieved by employing a struc-
ture with a ramp-down doping scheme. For the same applied
bias, the ramp-down doped structure exhibits more than 50 %
overall improvement in current drive capability compared to
that for the structure with the ramp-up doping scheme. This
is shown in Fig. 1, where current-voliage characteristics of
the structures with ramp-up, ramp-down, and constant mini-
mum N doping prolfiles are given. The conduction band profile
(increasing exponentially along the direction of electron trans-
port) generated by the ramp-down doping scheme and the re-
sultant accelerating eleciric field profile provide [avorable elec-
tron transport condilions in which electrons accelerale more
efliciently. High average electron velocity, low average eleciron
energy, and high I-valley electron occupancy are obtained for
the ramp-down doped structure. These resulls indicate that,
on average, more clectrons in the ramp-down doped structure
accelerate while they stay in the I’ valley. Results from spike-
doped structures show that introducing an Nt spike in the
active electron transport (N) region brings improved device

12 ]
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Figure 1. Current-voltage characteristics {or the ramp-doped
N+t — N — N* structures. Doping density varies lincasly be-
tween 5 x 10%cm=~3 and § x 10'7em 2. Result for N* - N —
N* struclure wilh constant (minimum) N doping density of
§ x 10'%em~? is included for comparison.
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Effect of n and p channel doping on the -V characteristics of
AllnAs—GalnAs HEMTS
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and KW. Kim#

*University of California, Santa Barbara, CA. 93106
+Hughes Research Laboratories, Malibu, CA. 90265
#N.C. State University, Raleigh, N.C. 27695

1. Introduction;

Enhancement in the high frequency performance of transistors is dependent
both on improved materials properties and smaller transit distances. This has
resulted in improved performance as devices have progressed from MESFETs
(Wang etal) to GaAs based pseudomorphic HEMTs(Tan etal) to InP based
lattice-matched(Mishra etal, Chao etal) and pseudomorphic(Thompson etal)
HEMTs. The GalnAs based devices have demonstrated the highest speeds
because of a combination of high electron mobility, peak velocity and sheet
charge density in the GalnAs channel of an AllnAs-GalnAs HEMT. The
reduction in gate length to 50 nm has increased the extrinsic fT of the HEMT
to 292 GHz at room temperature(Thompson etal) but the fmax of the HEMT
has been restricted by the rapid increase in the output conductance at the
small gate length. The output conductance is caused by a combination of
substrate injection and channel length modulation. Attempts to reduce the
substrate injection by using a combination of p-doped and wide band gap
buffer layers have had limited success. In this study, we investigate the effects
of doping the channel of an AllnAs-GalnAs modulation doped transistor n
and p type and evaluate the effect on the DC and RF characteristics of devices
with 0.25 um gate length. Devices with 1 um gate length were also studied to
determine the gate length dependence. The motivation is to evaluate the
effect of the two doping types on the distribution of electric field in the
channel and study its effect on output conductance and electron transport.

GainAs Contact Layer 7 am

Undoped AlinAs Layer 20 nm

—¢_0°"°' Layer
(6E18/cm3:12 nm)

n{1E17/cm3)
GalnAs Channel Undoped or doped @ 1417 or 3E17/ cm3)

AlinAs Buffer 250 nm

inP Substrate

Figure 1: Schematic of the Layer Structures Used in the Study.
© 1992 10P Publishing Lid and individual contributors
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Two-Dimensional Analysis of Short-Channel
Delta-Doped GaAs MESFET’s

Hong Tian, Member, IEEE, Ki Wook Kim, Member, IEEE, Michael A. Littlejohn, Senior Member, IEEE,
Salah M. Bedair, and Larry C. Witkowski

Abstract—Key design parameters for delta-doped GaAs
MESFET'’s, such as delta-doping profile, top layer background
doping density, and scaling of lateral feature size, are investi-
gated using a two-dimensional numerical simulation. A three-
region (delta-doped conducting channel, top layer, and sub-
strate) velocity-field relation is implemented in the model as
appropriate for the particular device structure which is simu-
lated. Simulation results show excellent agreement with our
fabricated 0.5-um gate-length delta-doped GaAs MESFET’s
based on atomiclayer epitaxy material. Anextrinsictransconduc-
tance of 370 mS/mm and a drain-source current of 270
mA /mm are obtained for typical devices, and the maximum
transconductance is as high as 400 mS /mm, which are the best
dc results yet reported for 0.5-um gate-length delta-doped GaAs
MESFET’s. Considerations of design and optimization are dis-
cussed in terms of threshold voltage sensitivity, transconduc-
tance, current drive capability, and cutoff frequency, based on
both simulation and experimental results.

1. INTRODUCTION

HE DRIVE to achieve high-speed and high-fre-

quency electronic systems has led to continued efforts
to develop new device structures. One very promising
structure is a field-effect transistor (FET) which incorpo-
rates the delta-doping technique. Advanced delta-doped
FET structures such as GaAs MESFET's [1]-[4],
HEMT’s on GaAs [5]-[7] and InP substrates [8], as well
as pseudomorphic HEMT's [9] have been demonstrated.
The advantages of delta doping in these device structures
include high current drive capability, high transconduc-
tance, improved threshold voltage control, and improved
breakdown characteristics.

Delta-doped GaAs MESFET’s based on materials
grown by MBE and MOCVD materials have been inves-
tigated experimentally by several research groups [1]-[4].
While the results are promising, they also show a wide
diversity and fall short of theoretical predictions [1]. The
reported maximum transconductance of 0.5-um gate-

Manuscript received September 4, 1991; revised March 20, 1992. This
work has been supported by the Office of Naval Research, the National
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length delta-doped MESFET's, for example, ranges from
75 mS/mm [1] to 140 mS/mm [2], to the 400 mS /mm
transconductance reported in this paper. Schubert er al.
[1] studied properties of delta doping in GaAs and pre-
dicted that the maximum intrinsic transconductance of a
delta-doped MESFET could be higher than that of a com-
parable AlGaAs /GaAs HEMT in the gate length range of
0.1 10 2.0 um. Differences between experimental results
and theoretical predictions may stem from unknown ma-
terial properties and differences or uncertainty in process-
ing conditions. On the other hand, design and optimiza-
tion of such devices play an important role in guiding the
improvement of device performance. It is of practical im-
portance to identify the key parameters and the tradeoffs
needed for optimized device performance in specific ap-
plications.

The intent of this paper is to present a generalized anal-
ysis of delta-doped submicrometer MESFET’s. We use a
two-dimensional drift-diffusion model to simulate the in-
fluence of key design parameters on delta-doped MES-
FET performance. Experimental 0.5-um gate-length
delta-doped MESFET’s grown by atomic layer epitaxy
(ALE) have also been fabricated. Excellent agreement be-
tween simulation and experimental measurement has been
obtained. An extrinsic transconductance of 370 mS /mm
and a drain-source current of 270 mA /mm are measured
for typical devices, while the maximum transconductance
is as high as 400 mS /mm. These are the best experimen-
tal results yet reported for 0.5-um gate-length delta-doped
GaAs MESFET’s. Based on the agreement between sim-
ulation results and experimental results for 0.5-um de-
vices, we then analyze performance dependence on key
device parameters and outline some design considerations
and tradeoffs for achieving improved delta-doped MES-
FET operation.

II. DEvVICE FABRICATION

A schematic illustration of a delta-doped GaAs MES-
FET is shown in Fig. 1(a). A very narrow doping profile
(Fig. 1(b)) is sandwiched between two undoped (or rela-
tively low-doped) layers. The device structure and the
doping profile in the figures are representative of those
employed in the experimental device, although the actual
device fabricated for measurement in this paper contains
a recessed gate. The doping profile used in the simulation

0018-9383/92803.00 © 1992 IEEE
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Novel Heterojunction Real-Space Transfer Logic
Transistor Structures: A Model-Based
Investigation

Hong Tian, Member, IEEE, Ki Wook Kim, Member, IEEE, and Michael A. Littlejohn, Senior Member, IEEE

Abstract—Ensemble Monte Carlo simulations are employed
in order to explore the feasibility of a novel real-space transfer
logic transistor (RSTLT) structure. The operational principies
of the proposed RSTLT are based on the concept of hot electron
real-space transfer (RST), including the fact that the spatial
location of electron RST is determined by applied bias and het-
erointerface energy barrier height in a multiterminal hetero-
junction microstructure. The results of two-dimensional, seif-
consistent steady-state and transient simulations demonstrate

that the proposed RSTLT features ultrafast current switching

which can be used to realize NOT/EQUIVALENT logic func-
tions in a single heterojunction device. The logic operation is
easily extended to NOR/AND functions. A conservative esti-
mate of the characteristic delay time for current switching is
~3 ps in the proposed RSTLT structure.

I. INTRODUCTION

HERMIONIC emission of hot electrons (from one

semiconductor layer) over heterointerface barrier(s)
to different semiconductor layers in the presence of high
electric fields is termed real-space transfer (RST) [1].
Successful implementations of the RST concept have been
demonstrated by experimental realizations of the nega-
tive resistance field-effect transistor (NERFET) [2]-[4],
the charge injection transistor (CHINT) in both Al-
GaAs/GaAs [5], [6] and InGaAs /InAlAs [7], [8] mate-
rial systems, and the real-space transfer transistor (RSTT)
using strained InGaAs/AlGaAs/GaAs [9] heterostruc-
tures. Promising performances in both dc and microwave
applications have been achieved in these devices, with re-
ported transconductance values exceeding 2300 mS /mm
[6] and unity-current gain frequency of 60 GHz [9] at
room temperature. Recently, a CHINT logic element to
realize NOR/AND functions [10] has been proposed, dem-
onstrating the potential logic applications of real-space
transfer devices. Theoretical investigations of electron
transport properties and related device physics in real-
space transfer structures have also been performed [11]-
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[18]. These studies provide a foundation for device struc-
tures with novel operating principles.

It is worth noting that in a real-space transfer device
(such as the CHINT), hot electron RST is a localized pro-
cess in which the spatial occurrence of RST is determined
by factors such as the device configuration, heterojunc-
tion material parameters, and operating bias conditions.
This phenomenon has been discussed by interpreting ex-
perimental /-V characteristics of CHINT structures using
positive feedback initiated by a local ‘hot spot’ in the de-
vice channel [8]. Also, Monte Carlo analysis of three-
terminal RST devices has indicated the localized nature
of electron RST [13]. Recently, we have proposed a novel
real-space transfer logic transistor (RSTLT) [19] based on
ensemble Monte Carlo studies of hot electron transport in
a four-terminal heterojunction microstructure. The oper-
ation of the proposed RSTLT is based on the fact that the
spatial location of electron RST is determined primarily
by applied bias and heterointerface energy barrier height.
The dc and transient current switching characteristics of
the proposed RSTLT have been discussed briefly [19]
(here we define current switching as the current exchange
among device terminals while transient switching times
for the intrinsic device are denoted as characteristic delay
times). We have demonstrated the the potential logic ap-
plications based on multiple terminal current switching
characteristics of the RSTLT.

In this work, detailed theoretical investigations using
self-cor ‘stent, two-dimensional ensemble Monte Carlo
simulatic s are presented which focus on exploring the
feasibility of the RSTLT structure in digital applications.
The proposed structure differs from the CHINT logic ele-
ment {10], i.e., the RSTLT employs a different device
configuration and terminal arrangement to achieve shorter
transient delay time while maintaining logic flexibility.
This provides another attractive approach to realize ultra-
fast multilogic functions in a single heterojunction de-
vice. This computer experimental study is used to theo-
retically ‘‘build’’ a device which allows the logic
flexibility and fast speed of available real-space transfer
devices to be explored. Electrical characteristics and re-
lated device physics of the proposed RSTLT structures
are examined in terms of material parameters, device fea-
ture size, and bias conditions. In the next section, we de-

0018-9383/92503.00 ® 1992 IEEE




Electron velocity-field characteristics of Ings,Al, 4sAS
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Theoretical results of clectron transport in n-type Ings;Aly 4sAs are presented. The transport
properties of this important semiconductor were obtained using the Monte Carlo method. In
particular, velocity-electric field characteristics for different temperatures and doping
concentrations in bulk Ings,Alj sAs are calculated for the first time. Physical parameters for
Ing 5;Aly sAs (which is lattice-matched to InP and IngsyGag;As) were obtained based on
interpolation of available experimental and theoretical results for InAs, AlAs, and
Ing 75Alg 2sAs. Our study suggests that Ing 5;Alg 4sAs has electron transport properties which are
comparable to and complimentary with those of other materials lattice-matched to InP.

Heterojunction devices based on the lattice-matched
Ing 5;Alg 43A8/Ing 53Gag (;As/InP  material system have
been the focus of extensive experimental studies due to
their promising potential for digital, microwave, and opti-
cal applications. Impressive device performance has been
achieved for the high electron mobility transistor
(HEMT),' charge injection transistor (CHINT),? and
semiconductor laser® fabricated from this material system.
However, certain material-related issues remain which
merit careful study if potential applications of these devices
are to be fully exploited. As an example, high output con-
ductance has been repeatedly observed in deep-submicron
(503 um) channel-length HEMTs using the
Ing 5;Aly 4gAS/Ing 53Gag 47As/InP material system."** This
performance degradation has been suggested to be the re-
sult of: (1) electron conduction in the Ings,Al; 4sAs buffer
layer; (2) deep level traps in the top Ings,Aly sAs donor
supply layer; and (3) weak impact ionization in the
Ing ¢;Gag 47As channel layer. Studies on the CHINT have
also shown that electron transit time in the Ings,Alj gAs
collector barrier is the main factsr that determines the
total device intrinsic delay time.? Thzse observations indi-
cate the importance of achieving a better understanding of
electron transport in Ing s;Alg sAs. Unfortunately, there is
very little available information on material parameters or
electron transport properties for Ings;Aly gAs. This is a
noticeable void since there have been extensive experimen-
tal and theoretical studies of InP and Ings;Gag s7As, and
data on Ings,Aly43As are required in order to perform
thorough and more rigorous device simulations in the
Ing 5;Alg 45AS/Ing 53Gag 47As/InP material system.

In this letter, we employ a Monte Carlo model to study
electron velocity-clectric field characteristics in n-type
Ing 5,Alg 4gAs for different temperatures and doping con-
centrations. The set of physical parameters for
Ing 5;Aly 4sAs required for this study has been obtained
based on linear interpolation of available data for the InAs
and AlAs binary components, while using the few available
(theoretical) material properties of Ing;sAl;,sAs as a
guide. The material parameters which we provide for
Ing s;Alg 4sAs and the results of the fundamental electron
transport study will serve to promote further experimenta-
tion and characterization of Ing s;Alg 4gAs-related devices.
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The Monte Carlo method used in this work comprises
a model for the motion of sample electrons in a three valley
(I'-L-X) semiconductor with nonparabolic analytical band
structure under the influence of a uniform applied electric
field.%” Relevant scattering mechanisms are polar optical
phonon scattering, equivalent and nonequivalent interval-
ley scattering, ionized impurity scattering, alloy scattering,
and impact ionization. In the present work, a single
longitudinal-optical (LO) phonon mode is used. There is a
possibility that two LO phonon modes due to the InAs-like
and AlAs-like vibrations could be active in Ings;Aly sAs,
since it is known that this condition does exist in some
ternary materials. However, this is a subtle point, and de-
tailed properties of the phonon spectra in this material are
not sufficiently known at present to justify the use of two
LO phonons in the model. The use of a single LO phonon
with an energy of 39.5 meV, which was interpolated from
local mode energies of 29.6 meV for InAs and 50.1 meV for
AlAs, should not detract from the main conclusions of this
work.

The ionized impurity scattering rate used in our sim-
ulations is based on Ridley's statistical scattering model.®
In this model, the scattering rate in terms of electron wave
vector k is given as

(1)

L _ukp d
Timp(k)_ d [ _exp(_vx(k)fau(k)) '

where v (k) is the electron group velocity and
d[= (21rNd°p)"’ 3] is the average distance between impu-
rities. The electron density is assumed to be equal to the
doping concentration (Ngy,,). The scattering rate I/TBH,
which is derived from the Brooks—Hemng model,” was
calculated by following Ruch and Fawcett.'

The alloy scattering rate is obtained using®

1 3”( ‘)3/2

8 [x(1—x)]y(e

)2 dr(e )QIAUIIS(a),

(2)

where AU is the alloy scattering potential, x is the alloy
composition, (1 is the primitive cell volume, and y(e€)
=€(1+ae) for the nonparabolic conduction band. We use
the electron affinities of AlAs and InAs to predict a value
for AU.* Here, S(a) is an energy-dependent parameter

Talloy
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