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NUMERICAL STUDIES OF THE DUAL HEMT/ ALGORITHM DEVELOPMENT

AND NUMERICAL STUDIES OF SCHRODINGER'S EQUATION

INTRODUCTION

This document describes work carried out, at Scientific Research Associates,

Inc. of Glastonbury, Connecticut (SRA), under Contract PAAL03-86-C-0013 for

the period 15 April 1986 to 14 April 1987.

Two studies were initiated under this Contract. It is anticipated that both

studies will be included in broader programs under development. One study was

concerned with establishing a set of design procedures for the dual HEMT. The

second was to develop algorithms and examine transport in quantum based

electronic devices. The results of the latter study are currently being

incorporated into other programs underway at SRA. Insofar as both studies are

in their early stages, they will be only briefly described. The dual HEMT is

considered first. (

DUAL HEMT STUDIES

The dual HEMT structure, as originally proposed, is shown in Fig. 1. It

consists of an ordinary HEMT structure with three terminals sitting on top of

an AlGaAs semi-insulating substrate. Secondary source and drain contacts are

added to the semi-insulating GaAs. One objective in the design of this device

was that it would be a superior switching device device with regard to

switching times. Here it was thought that the switching time would be

governed by the time it took for the depletion layer of the device to move o
from its quiescent state to the bottom of the channel. Earlier work performed U

by the Principal Investigator on switching times on GaAs and silicon FETs

indicated that only a small fraction of the total switching time was involved

in moving the depletion region from one region of the device to another. A

longer fraction of time was spent discharging the excess charge through the oics
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source and drain contact. This latter result was also obtained by workers at

the University of Illinois, who examined a symmetric dual HEMT. In the

present SRA study, switching times were not studied. Rather, the initial SRA

program concentrated on determining the distribution of charge within the

device and the subsequent control that might be exercised through biasing

constraints. It is anticipated that switching time studies will form the

basis of future programs.

One operational form for this device was that the device could operate in two

modes. One is the standard HEMT mode. The second and more interesting mode

involves reverse biasing the gate to values in which the depletion layer moves

to the semi-insulating AlGaAs region. Thus HEMT transport in eliminated and

secondary transport initiated. It must be remarked at this point, that the

configuration for studying this proposal was not necessarily optimum. For

example, contacts and subsequent transport through semi-insulating GaAs is a

topic of its own. Rather, proof of principle of operation was sought.

To examine this problem the semiconducting drift and diffusion equations were

solved. These equations included Poisson's equation, and the equation of

continuity for electrons and holes. For heterostructures, the equations of

current flow for electrons and holes is best expressed as,

(1)

Jn - ukT[V(EC/kT) + Vn]

Jp - pkT[V(Ev/kT) + Vp] (2)

A (3)
EC - E(x) - X - kTln nC

EV(x) - + E(x) - x(x) - Eg + kTln nv(x) (4)

where E(x) is the electrostatic energy of the carriers as obtained from

Poisson's equation, no(x), nv(x), are the conduction and valence band
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density of states, respectively, and X is the electron affinity.

Numerical solution to the governing equations requires specification of the

carrier density on the contacts, the electrostatic energy on the boundaries,

and, in our case, a condition of zero current flow across noncontacted exposed

surfaces. A typical procedure for solving these problems is to determine the

built-in potential for the zero current quiescent solution and then to

subtract the built-in potential from all subsequent solutions. Thus all

subsequent solutions describe departures from equilibrium. In one dimension,

the built-in potential may be obtained as a solution to equation (1) for zero

current and is obtained implicitly from

(5)
n(x) - exp-[Ec(x) - EF]/kT

Thus if the carrier density at the contacts is know, the electrostatic energy

at the contacts are known, and the zero applied bias built-in potential can be

determined. The numerical implementation of this procedure is, in principle,

direct, but it's success is often dependent upon the field variations within

the vicinity of the boundaries. In particular, long contacted boundary regions

offer the most success.

For the dual HEMT the bias levels of individual contacts was varied until the

net current flow between the contacts was below a prespecified value. These

bias levels were the empirically determined built in potentials, and all other

potentials are discussed with reference to them.

Eleven calculations were performed for the structure of figure 1, using the

grid of figure 2. The convention for these calculations is that negative

source and drain current signifies current into the device. Positive source

and drain current denotes current out of the device. Figure 3 displays the

primary and secondary source currents as a function of bias. Figure 4

displays the same for the drain contacts.

For these figures, eleven calculations were performed. The gate bias levels

are indicated in the insert. The relative source and drain currents are

-3
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indicated in the accompanying charts. Note, for the source contacts, all

current are into the device, but the relative magnitudes of the current are

bias dependent. Only for calculations "9" and "10" were the primary and

secondary source currents equal; the drain currents were not equal.

The details of the #"9" calculation are considered in more detail in the

accompanying figures. Figure 5 displays the distribution of total current into

and out of the contacts, as well as the specific dimensions of the structure.

Figure 6 displays the distribution of charge normal to the gate along line of

symmetry. Figure 7 displays the potential contours for this calculation.

Figure 8 displays the current streamlines. The important point to note here is

that there is a significant charge distribution within the AlGaAs layer, and

it is within this layer that most of the current is flowing. Thus for

calculation "9" most of the charge that reaches the region under the gate,

behaves as "HEMT" charge. The distribution of charge and current within the

contact regions is another matter. For example, figure 9 displays the current

streamlines within the regions near, the source contacts, the drain contacts,

and the region under the gate. The important points to note here is that

there are circulating currents within the contact regions, but that

"one-dimensional" transport appears to be occurring under the gate.

Our experience with these calculations indicates that while most of the

current is flowing through the AlGaAs, the distribution of current into the

structure is appears to be determined by the potential on the gate. Figure 10

illustrates the streamlines for the case of a strong reverse bias on the

gate. These results suggest that is at any given bias level the amount of

current flowing in the device from the different source and drain contacts is

controlled by the gate.

While major control of the distribution of current was obtained by varying the

gate bias, altering the primary and secondary source potentials also altered

both the paths of current flow and their magnitudes. However, for the

parameters of this calculation the most significant path alteration occurred

with respect to the drain. Here, not only was the magnitude of the current

altered, but the sign was changed. Thus current could be flowing in through
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the drain contacts. ili of these calculations led to the conclusion that the

dual HEMT structure considered in figure 1 was significantly cross-talk

dependent.

An unusual feature of this structure, is that the dimensions and doping of the

device resulted in an operation in which the degree to which the source and

drain contacts interacted was critically dependent upon the gate potential,

and a suggestion of operation is that for certain value of gate bias levels,

it may be possible to vary the local potentials on the primary and secondary

source and drain contacts and have them operate independently of each other.

Here cross-talk is the mode of operation.

Thus the initial calculations demonstrated that most of the current was

flowing in the heavily-doped AlGaAs region, that there was no significant

transport in the two-dimensional electron gas region, and that cross-talk was

a major issue. Depleting the AlGaAs required strong reverse bias levels on

the gate. To eliminate the latter problem problem, as well as to achieve a

design that was closer to that being fabricated at Fort Monmouth, the

structure shown in Fig. 11 was studied. Here only one calculation was

performed. This calculation demonstrated that cross-talk was still present

but that depletion of the channel would be easier.

The question that then arose was whether, on the basis of these calculations,

we could determined how this device operates. While it is too early to obtain

a complete determination of this answer, some preliminary conclusions can be

drawn. For a bias that does not move the depletion region to the bottom of

the semi-insulating gallium arsenide region, all four source and drain

contacts will interact. For a sufficiently reverse bias, and for the

dimensions and doping level implemented in the study of this device, it

appears that the depleted region is capable of isolating the source contact

regions from the drain contact regions, thus yielding separate "source" and

"drain" region devices. Full operational physics of this device remains to be

determined.

To eliminate cross-talk completely, it would be necessary to fabricate a
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symmetric dual HEMT device in which the source and drain contacts of the

primary and secondary metallizations are tied to each other, as is being done

by the University of Illinois.

QUANTUM TRANSPORT STUDIES

In the area of quantum transport, most of the effort under the first phase of

the study was to put in place, procedures for obtaining eigenvalues for a

variety of different barriers and wells. Thus algorithms were developed and a

number of model problems were investigated. These procedures are now in

place. In addition, the time dependent Schrodinger equation was solved.

The time dependent Schrodinger equation was solved for single barriers and

tunnel barriers. Insofar as some time dependent algorithms are inherently

dissipative, particular emphasis was spent on developing a procedure that was

not dissipative. Thus, the time dependent probability was computed for each

run, and shown that for the duration of the run, its normalization was always

unity. Typical structures for the calculation were 1200A in length, subject

to fixed boundary conditions and an initial wave packet distribution. The

boundary conditions permitted the variation of carrier density on the

boundary. The variation of carrier density on the boundary did not result in

any marked variation in the time dependent behavior of the wave packet.

Indeed, one of the difficulties with the approach of examining transport in

tunnel barriers with realistic boundaries, is the difficulty in implementing a

suitable set of current boundary conditions. An alternative procedure was

sought. As discussed in the proposal, the approach to be taken wac from the

moments of the density matrix. This procedure was initiated near the

termination of the ARO study, and continued under another program. Initial

calculations with this approach appears to be fruitful.
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