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[57] ABSTRACT 

Semiconductor, quantum well, electron and hole slab 
waveguides include a substrate semiconductor layer, a 
film semiconductor layer, and a cover semiconductor 
layer, wherein the semiconductor layers provide sub­
stantially ballistic transport for electrons and wherein 
the thicknesses and compositions of the semiconductor 
layers are determined in accordance with the inventive 
method to provide a waveguide. 

17 Claims, 3 Drawing Sheets 
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1 
SEMICONDUCTOR QUANTUM WELL 
ELECTRON AND HOLE WAVEGUIDES 

4,970,563 
2 

This invention was made with Government support 
under Contract No. DDAL03-87-K-0059 awarded by s 
U.S. Army Research Office. The Government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

The present invention pertains to semiconductor 
quantum well electron and hole waveguides and a 
method for fabricating them and, in particular, to semi­
conductor quantum well electron and hole waveguides 

10 

for ballistic electrons and holes. 15 
Recent progress in semiconductor growth technolo­

gies, particularly in molecular beam epitaxy (MBE) and 
metal organic chemical vapor deposition (MOCVD), 
enable those of ordinary skill in the art to grow multi­
layered superlattice structures with precise moilolayer 20 
compositional control. Further, refinements of these 
methods have produced improvements in the crystal­
line quality of materials such as GaAs so that devices 
have been observed in which ballistic electron transport 
exists, that is, devices where conduction electrons move 25 
through the material without being scattered. Still fur­
ther, reported experiments have shown that ballistic 
hole motion also occurs in GaAs, albeit at a lower frac­
tion than that which occurs for electron motion due to 
the peculiar structure of the valence band of GaAs. 30 

In accordance with a paper entitled "Electron Wave 
Optics In Semiconductors" by T. K. Gaylord and K. F. 
Brennan, in.T. Appl Phys., Vol. 65, 1989, at p. 814 and a 
patent application entitled "Solid State Quantum Me­
chanical Electron and Hole Wave Devices," Ser. No. 35 
07/272,175, which patent application was filed on Nov. 
16, 1988, which patent application is commonly as­
signed with the present invention, and which patent 
application is incorporated by reference herein, ballistic 
electrons are quantum mechanical deBroglie waves 40 
which can be refracted, reflected, diffracted, and inter­
ferred in a manner which is analogous to the manner in 
which electromagnetic waves can be refracted, re­
flected, diffracted, and interferred. Further, phase ef­
fects for electron waves, such as path differences and 45 
wave interferences, may be described using a wavevec­
tor maguitude k given by: 

k=[2m*(E- Jl)]i/,n (!) 
50 

where m• is the electron effective mass, E is the total 
electron energy, V is the electron potential energy, and 
n is Planck's constant divided by 21T. Still further, am­
plitude effects for electron waves, such as transmissivity 
and reflectivity, may be described in terms of an elec- 55 
tron wave amplitude refractive index ne(amplitude) 
which is given by: 

ne(amplitude) a: [(E- V)lm *]! (2) 

60 
Using eqn.'s (1) and (2), the characteristics of an unbi­

ased, many boundary semiconductor lattice can be de­
termined in accordance with the material disclosed in 
the above-cited patent application. In addition to this, 
however, there is a need in the art for electron and/or 65 
hole waveguide devices for use in fabricating analogs of 
integrated optical devices and the disclosure set forth in 
the above-cited publication and patent application does 

not address such electron and/or hole waveguide de­
vices. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention solve the 
aboveidentified need in the art by providing semicon­
ductor, quantum well, electron and hole slab wave­
guides. Specifically, an electron slab waveguide is com­
prised of a substrate semiconductor layer, a film semi­
conductor layer, and a cover semiconductor layer, 
wherein the semiconductor layers provide substantially 
ballistic transport for electrons and wherein the thick­
nesses and compositions of the semiconductor layers are 
determined in accordance with the inventive method 
which is set forth in detail below to provide a potential 
well. 

In particular, in accordance with the present inven­
tion, electron waveguide modes exist for electron ener­
gies in the well and for electron energies above one or 
both of the potential energy barriers of the substrate 
layer and the conver layer, respectively. Further, in 
contrast to the behavior of electromagnetic guided 
waves which only have a lower-energy cutoff due to 
dispersion, each electron waveguide mode also has an 
upper-energy cutoff wherein an electron wave is re­
fracted into the substrate layer and/or the cover layer. 

Doping of semiconductors is not required for em­
bodiments of the present invention, however, it is pre­
ferred that doping not be done within the active region 
of the device in order to avoid scattering within the 
materials. This provides a further advantage for the 
inventive waveguide devices because the absence of 
doping makes them easier to fabricate. 

Note that semiconductor electron slab waveguides 
can perform as described hereinbelow provided that 
ballistic transport can be achieved over sufficient dis­
tances and that the density of electrons is small enough 
to make electron-electron interactions negligible. 

The inventive electron waveguides should be useful 
in high-speed electronic circuitry and as a central com­
ponent in electron guided wave integrated circuits. 

BRIEF DESCRIPTION OF THE DRAWING 

A complete understanding of the present invention 
may be gained by considering the following detailed 
description in conjunction with the accompanying 
drawing, in which: 

FIG. 1 shows, in pictorial form, the energy level 
diagram and the material composition of an asymmet­
ric, quantum well slab waveguide fabricated in accor­
dance with the present invention; 

FIG. 2 is a plot of the electron guided mode propaga­
tion constant as a function of total electron energy 
which shows the regions of evanescent modes, guided 
modes, substrate modes, and radiation modes for a 
quantum well slab waveguide comprised of a Gao.­
ssA10.1sAs substrate layer, a GaAs film layer, and a 
Gao.10Alo.3oAs cover layer, along with mode dispersion 
curves for the fundamental mode, M0 , for various film 
layer thicknesses; and 

FIG. 3 is a plot of the wavefunction Uv for the Mo 
mode of a slab waveguide comprised of the GaAlAs 
material system having a 10 monolayer thick GaAs film 
layer for various electron energies. To facilitate under­
standing, identical reference numerals are used to desig­
nate elements common to the figures. 
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DETAILED DESCRIPTION 

FIG. 1 shows, in pictorial form, the energy level 
diagram and the structure of asymmetric, quantum well 
slab waveguide 100. We will use the following notation 5 
in describing this embodiment of the present invention: 

(a) layer 200 will be referred to as substrate layer s, 
layer 201 will be referred to as film layer f, and layer 202 
will be referred to as cover layer c; 

(b) the direction perpendicular to the surfaces of 10 
waveguide layers 200-202 denoted by arrow 100 will be 
referred to as xw; 

(c) the electron potential energy at the bottom of the 
quantum well in layer 201, i.e., film layer f, will be 
referred to as V f, 

(d) the electron potential energy barrier heights asso­
ciated with layer 200, i.e., substrate layer s, and layer 
202, i.e., cover layer c, will be referred to as V5 and Ve, 
respectively; 

15 

(e) layers 200-202 are comprised of materials from a 20 
material system of the type Fi-xGxH, and, as a result, 
we will refer to the compositions of layers 200-202, i.e., 
substrate layers, film layer f, and cover layer c, as Xs, Xfi 

and Xe. respectively; 
(f) the direction of guided mode propagation denoted 25 

by arrow 110 will be referred to as zw; 
(g) the thickness of waveguide layer 201, i.e., film 

layer f, will be referred to as d; 
(h) the angle of incidence of the two plane wave 

components that constitute an electron guided wave 30 
will be referred to as the zig-zag angle 8; 

(i) the magnitude of the electron wavevector in any 
of layers 200-202 is given by k= [2m*,{E-V;)]!Ai, 
where i=s, f, c for substrate layers, i.e., layer 200, film 
layer f, i.e., layer 201, and cover layer c, i.e., layer 202, 35 
respectively, and where m*; is the electron effective 
mass, V; is the electron potential energy, and Eis the 
total electron energy. 

In the following description, because layers 200-202 
are comprised of materials from the Ga1-xAlxAs mate- 40 
rial system, the electron potential energies in layers 
200-202 of waveguide 100, i.e., Vs. V fi and V c. respec­
tively, are given by the conduction band edge as: 

V;=Ax; i=s,f, c, (J) 45 

Further, the electron effective mass in layers 200-202 
of waveguide 100 is given by: 

incident electron wave. In accordance with this, the 
onset of total internal reflection occurs when the angle 
of incidence, i.e., the zig-zag angle defined above, is. 
equal to the critical angle. The critical angle is given by: 

O'if=sin-l{[m* ;(.E-V;)]l[m*j(E-Vfi]}! (5) 

for V;<E<Eif 

where: 
(a) i=s for the critical angle for the boundary be­

tween layers 200 and 201, i.e., the boundary be­
tween substrate layer s and film layer f; 

(b) i=c for the critical angle for the boundary be­
tween layers 201 and 202, i.e., the boundary be­
tween film layer f and cover layer c; and 

(c) Ev-(m*;V;-m*1V j)/(m*;-m*j) 
This is interpreted physically as follows. An electron 

wave which is incident upon a boundary at an angle 
which is greater than 8' if Will be totally reflected if the 
layer on the other side of the boundary is infinitely 
thick. Thus, at steady state, all of the incident electron 
current from the film layer which is incident, for exam­
ple; on an infinitely thick substrate layer or on an infi­
nitely thick cover layer will be reflected back into the 
film layer. It is interesting to note that if the kinetic 
energy of an electron wave is less than or equal to 0, i.e., 
(E-V;);;§;O, then total internal reflection can occur for 
any angle of incidence, including normal incidence. 
This is different from the case of electromagnetic waves 
where total internal reflection can never occur at nor­
mal incidence due to the non-zero value of the refrac­
tive index. 

FIG. 2 shows, in pictorial form, a plot of electron 
propagation constant versus total electron energy when 
substrate layer 200 of slab waveguide 100 is comprised 
of Gao.ssA10.1sAs, film layer 201 is comprised of GaAs, 
and cover layer 202 is comprised of Gao.10Alo.JoAs. For 
an infinite medium, the electron propagation constant is 
defined as follows: b;=[2m*,{E-V;)]!Ai, where i=s, f, 
c for substrate layer s, i.e., layer 200, film layer f, i.e., 
layer 201, and cover layer c, i.e., layer 202, respectively. 
As shown in FIG. 2: (a) curve 500 is a plot of bs for 
substrate layer s, i.e., layer 200; (b) curve 501 is a plot of 
b1for film layer f, i.e., layer 201; and (c) curve 502 is a 
plot of be for cover layer c, i.e., layer 202. The interpre­
tation of the information provided by curves 500-502 

m• =(B+Cx;)m0 i=s, f, c 
shown in FIG. 2 is as follows. For a given total electron 

<4) 
50 

energy E, the propagation constant of a guided mode 
can be no larger than bf As a result of this, region 600 
to the left of curve 501 corresponds to evanescent or 
non-physical modes and the allowed guided modes for 
this electron waveguide must lie to the right of curve 
501. However, an allowed guided mode must satisfy the 
condition that its zig-zag angle must be greater than the 
critical angle 8' cf at the coverfilm boundary and the 
critical angle 8's1at the substrate-film boundary, i.e., the 
range of zig-zag angle and total energies in FIG. 2 must 
satisfy the condition that 8> max [8'cfi 8's.tl· As a result 
of this, allowed guided modes must lie in region 601 to 
the left of curve 500. 

where lilo is the free electron mass. 
Before describing the inventive method for designing 

specific embodiments of the inventive slab waveguide 
in detail, we will qualitatively describe the manner in 
which inventive slab waveguide 100 operates. This will 55 
better enable one to understand the inventive method. 
Further, one can better understand the manner in which 
inventive slab waveguide 100 operates by understand­
ing the concept of critical angle as it applies to the 
present invention. 60 

In particular, an equivalent of Snell's law for electron 
waves, as it relates to inventive slab waveguide 100, is 
developed by requiring that the component of the elec­
tron wavevector which is parallel to a boundary be­
tween two layers be the same before and after reflection 65 
and refraction, i.e., by requiring that the phase of the 
transmitted and reflected electron waves along a bound­
ary between two layers be identical to the phase of the 

Next we now will qualitatively discuss cutoff phe­
nomena as they relate to inventive slab waveguide 100. 
An electron guided wave can become cutoff by de­
creasing the electron energy and we will refer to the 
energy at which this cutoff occurs as the lower-energy 
cutoff. The zig-zag angle of the plane wave component 
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6 
of the electron wave decreases with decreasing energy 
and lower-energy cutoff occurs when zig-zag angle 
8=0. The propagation constant bv of the vth guided 
mode, where v is an integer starting at 0, is given by: 

In summary, as the electron energy increases for an 
electron guided mode, zig-zag angle e also increases. 
Further, when the zig-zag angle e reaches critical angle 
8'sfi the electron guided wave starts to refract into sub-

bv=[2m•j(E- P)/.¥]1 sin 9 (6) 
5 strate layer s, i.e., layer 200, rather than exponentially 

decaying ·therein. Then, for electron energies greater 
than the energy at which zig-zag angle 8 equals critical 
angle (}' sfi the electron wave propagates in substrate As a result, lower-energy cutoff occurs when bv =0. At 

this point, the wavefunction is sinusoidal in film layer f, 
i.e., layer 201, and exponentially decaying in substrate 10 
layer s, i.e., layer 200, and in cover layer c, i.e., layer 
202. In this sense, lower-energy cutoff is analogous to 
the cutoff of an electromagnetic guided mode in a hol­
low metallic waveguide with finite conductivity walls 
where the plane wave components of the electromag- 15 
netic guided wave are reflecting back and forth at nor­
mal incidence to the waveguide boundaries. 

As the electron energy of a guided mode is increased, 
an upper-energy cutoff will also occur. The upper­
energy cutoff can be of three types: (1) cutoff to a sub- 20 
strate mode in region 602 of FIG. 2 which is like the 
cutoff in an electromagnetic asymmetric dielectric 
waveguide where the substrate index of refraction is 
higher than the cover index of refraction; (2) cutoff to a 
radiation mode in region 603 of FIG. 2 which is like the 25 
cutoff in an electromagnetic symmetric dielectric wave­
guide having equal substrate and cover indices of re­
fraction; and (3) cutoff to a cover mode which is like 
cutoff in an electromagnetic asymmetric dielectric 
waveguide with the cover index of refraction higher 30 
than the substrate index of refraction. The type of up­
per-energy cutoff which occurs in inventive slab wave­
guide 100 depends upon the intersection of propagation 
constants bs, b_r. and be. Specifically, the intersection of 
b1and bs occurs at energy Es/Which is given by: 35 

(7) 

At this energy, the electron wave phase refractive 
indices for film layer f, i.e., layer 201, and substrate 40 
layers, i.e., layer 200, are equal and, when this energy is 
reached, inventive slab waveguide 100 can no longer 
guide an electron wave, even if it is at grazing incidence 
along the walls of waveguide 100. This energy, Esfi is 
equivalent to substrate-film critical angle 9' sf= 90°. 45 

Similarly, the intersection of b1and be occurs at en­
ergy Ee/Which is given by: 

layer s as well as in film layer f. This condition will be 
referred to as a substrate mode. Finally, as the electron 
energy is further increased so that zig-zag angle (} 
reaches critical angle 8' cfi the electron wave starts to 
refract into cover layer c, i.e., layer 202, as well as into 
substrate layer s. At this point the electron wave is 
propagating in all three layers, i.e., layers 200-202, and 
will be referred to as a radiation mode. Further note, 
that for a different set of material parameters, as the 
electron energy is increased, it is possible for the elec­
tron wave to be refracted into cover layer c and will be 
referred to as a cover mode. 

The following describes the inventive method which 
is used to determine the thicknesses and compositions 
for specific embodiments of inventive slab waveguide 
100. 

In accordance with the patent application entitled 
"Solid State Quantum Mechanical Electron and Hole 
Wave Devices," which has been incorporated by refer­
ence herein, the magnitude of the electron wavevector 
and the electron wave phase refractive index ne(ampli­
tude) of an electron wave in any of layers 200-202 is 
given by eqns. (1) and (2). Further, the wavefunction 
for a two-dimensional (xw, zw) quantum well guided 
electron wave has a sinusoidal dependence in the zw 
direction and can be expressed as: 

Uv(x,.,zw)= UvCxw) exp(jb.;tw) (10) 

where bv is the guided mode propagation constant. 
Using egn. (10), the Schroedinger time independent 

wave equation becomes: 

d2Uv(xw)ldxw2+{2m*)lf2)[Ev 
-V(xw)]-b,Z}Uv(xw)=O (11) 

Thus, for a guided mode, the wavefunction amplitude in 
substrate layer s, i.e., layer 200, is given by: 

(12) 

(8) 
50 the wavefunction amplitude in film layer f, i.e., layer 

201, is given by: 

UvJ(xw)=Afl'"Xp(jkjXw)+AJJ.eXfl(.-}kjXw) (13) 

At this energy, the electron wave phase refractive 
indices for film layer f, i.e., layer 201, and cover layer c, 
i.e., layer 202, are equal. This energy, Eefi is equivalent 
to cover-film critical angle 8'cf=90°. 

Similarly, the intersection of bs and be occurs at an 
energy Bes which is given by: 

55 and the wavefunction amplitude in cover layer c, i.e., 
layer 202 is given by: 

Ecs=(m *cVc-m •sVs)l(m • c- m *s) (9) 

At this energy, the electron wave phase refractive 60 
indices for substrate layer s, i.e., layer 200, and cover 
layer c, i.e., layer 202, are equal. 

In general, the type of upper-energy cutoff that oc­
curs depends on the material parameters. In particular, 
in the embodiment depicted in FIG. 2, upper-energy 65 
cutoff will be to a substrate mode because bs, plotted as 
curve 500, occurs at a lower energy in general that does 
be, plotted as curve 502. 

(14) 

where: 

(15) 

The dispersion equation for guided modes in film 
layer f, i.e., layer 201, is determined by using the bound-
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ary condition that U and (1/m*) (dU/dx) are continu­
ous across the cover-film and substrate-film layer 
boundaries. The dispersion equation for guided modes 
in film layer f is: 

cutoff energy for lower-energy cutoff as well as the 
lowest possible value of cutoff energy for higher-energy 
cutoff. Substituting E =Vs into dispersion eqn. ( 16) 
gives the thickness d at which mode Mv first starts prop-

kp-tan- 1[(gsfm*s)I( kJlm*j)] 
-tan- 1[(gc/m*c)l(kjlm *j)= V1T 

s agating as: 
(16) 

d={~/2m.j(V5-Vj)]i} 
{tan -l[m•j(Vc-Vs)lm• J..Vs- Vj)]l+V1T} (19) 

where v is the integer mode number. Further, we will 
denote the guided electron waves as Mv. 

Lower-Energy Cutoff 
10 Also, the range of thicknesses that will produce a wave­

guide that supports only modes including the vth mode 

As discussed above, lower-energy cutoff for guided 
modes Mv can occur as the electron energy is decreased 
and guided wave propagation constant bv goes to zero 
so that the mode is no longer propagating. FIG. 2 shows 15 

that this can occur only for an electron energy below 
the lower barrier energy of slab waveguide 100, i.e., 
when E<Vs. 

The electron energy at which lower-energy cutoff 
occurs is designated as ELcoand the condition for lower- 20 
energy cutoff is determined by substituting bv=O into 
dispersion eqn. (16). As a result, the lower-energy cutoff 
condition is determined by solving the following tran­
scendental equation for ELco corresponding to the Mv 
mode: 25 

[2m*j(ELco - Vj)]ld,tlf - (17) 

tan- 1[m*j(Vs - ELc0 )/m*,{ELco - Vj)]I -
30 

tan- 1[m*j(Vc - ELco)lm*J..ELco - Vj)]I = V1T 

Upper-Energy Cutoff 

As discussed above, upper-energy cutoff for guided 35 
electron waves Mv can occur as the electron energy is 
increased and total internal reflection no longer occurs, 
for example, at the substrate-ftlm layer boundary. Thus, 
as the electron energy is increased through an upper­
energy cutoff, the electron wave is refracted into the 40 substrate. That is, as the electron energy is increased 
through the upper-energy cutoff, the electron wave 
function amplitude in the substrate changes from being 
evanescent, i.e., exponentially decaying, to propagating, 
i.e., sinusoidal. This can only occur for an electron 

45 energy above the lower barrier energy of slab wave­
guide 100, i.e., when E> Vs. As a result, the mode 
"leaks" into the substrate. 

The electron energy at which upper-energy cutoff 
occurs is designated as Buco and the condition for up­
per-energy cutoff is determined by substituting gs=O so 
into dispersion eqn. (16). As a result, the upper-energy 
cutoff condition for cutoff to substrate modes is deter­
mined by solving the following transcendental equation 

is given by: ~ 

(20) 

where: 

Thus, one can use eqn. (20) with v=O to determine 
the range of thicknesses for layer 201 so that only the 
lowest mode, i.e., M 0 , is guided. As one can readily 
appreciate from this, as with electromagnetic asymmet­
ric dielectric slab waveguides, there is a minimum thick­
ness required for any modes to propagate. 

In FIG. 2, curves 300-302 are mode dispersion 
curves, i.e., plots of propagation constant b0 for the 
lowest electron guided mode M 0 as a function of total 
electron energy for a specific embodiment of inventive 
slab waveguide 100. Specifically: (a) layer 200, i.e., 
substrate layer s, is comprised of Gao.ssAlo.1sAs, i.e., 
xs=0.15; (b) layer 201, i.e., ftlm layer f, is comprised of 
GaAs, i.e., and Xj=O; and (c) layer 202, i.e., cover layer 
c, is comprised of Gao.1oAlo.JoAs, i.e., Xc=0.30. We 
have used eqn. (3) with A=0.7731 eV and we have 
taken the conduction band discontinuity to be approxi­
mately 60% of the energy gap change to determine 
Vs=0.115971 eV for layer 200, V j=0.0000 eV for layer 
201, and Vc=0.231942 eV for layer 202. In addition, we 
have used eqn. (4) with B=0.067, and C=0.083 to de-
termine m* s=0.07945mofor layer 200, m*J=0.067mofor 
layer 201, and m* c=0.0919mo for layer 202. In addition, 
for this embodiment, we have taken layer growth to be 
along the [100] direction and, as result, each monolayer 
of material for waveguide 100 has a thickness of0.28267 
nm. 

Using eqn. (19), we find that the fundamental mode 
Mo starts propagating when ftlm layer f has a thickness 
d of 6 monolayers. Further, again using eqn. (19), we 
find that the next mode, M1 starts propagating at a 
thickness of 31 monolayers. As a result, for this embodi­
ment, slab waveguide 100 acts as a single mode wave­
guide for GaAs layer 201 thicknesses of from 5 to 30 for Buco corresponding to the Mv mode: 

55 monolayers. 
{2[m•sv,-m•jVJ_-(m•s-m•j)EucoHld/./i 

-tan -l{A!B}l=V1T 

where: 

A=[m• cVc-m • sVs-(m• c-m• s)Euco!m •; 
[m.sVs-m•JV1-(m• s-m•j)Euco]m• c 

Energy of the First Appearance of Modes 

(18) 

For a given set of layer compositions and potential 
energies, as waveguide thickness d is increased, i.e., 
thickness d of layer for layer 201 is increased, a guided 
mode Mv first starts to propagate at an energy E= V,. 
This energy corresponds to the highest possible value of 

Curves 300-302 shown in FIG. 2 are solutions of 
dispersion eqn. ( 16) for boas a function of total electron 
energy for various thicknesses d of film layer f. Specifi­
cally: (a) curve 300 corresponds to a film layer f, i.e., 

60 layer 201, thickness of 10 monolayers of GaAs, i.e., 
d = 2. 82665 nm; (b) curve 301 corresponds to a thickness 
of 20 monolayers of GaAs, i.e., d=5.6533 nm; and (c) 
curve 302 corresponds to a thickness of 30 monolayers 
of GaAs, i.e., d=8.47995 nm. 

65 As one can readily appreciate from FIG. 2, as the 
thickness of ftlm layer f, i.e., layer 201, is increased, 
mode dispersion curves 300-302 move to the left and 
upward. Further, as the thickness d of film layer f in-
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creases, the lower-energy cutoff decreases, i.e., curve 
301 crosses the energy axis at lower energy than curve 
300 does, and the upper-energy cutoff increases, i.e., 
curve 301 intercepts curve 500 at higher energy than 
curve 300 does. Note that even at a thickness of 10 5 
monolayers, a guided mode such as M 0 can propagate at 
energies above both potential barriers, i.e., E> Vs and 
E >Ve· This is seen by the fact that curve 300 intersects 
curve 500 at a point which is at an energy above both 
Ve and Vs. 10 

The energy difference, AE, between upper-cutoff 
energy Eueo. i.e., cutoff to a substrate mode, which is 
determined from eqn. (18) and corresponds to the inter­
section of an Mo curve 300-302 with curve 500 of FIG. 
2, and lower-cutoff energy ELeo. i.e., cutoff at bv=O, 15 
which is determined from eqn. (17) and corresponds to 
the intersection of an Mo curve 300-302 with the energy 
axis, is set forth for the thicknesses of curves 300-302 in 
Table I. 

symmetric slab waveguides in that there is no minimum 
thickness required for the lowest-order mode to propa­
gate, i.e., any thickness will support the Mo mode. How-
ever, for very thin electron slab waveguides, the expo­
nentially decaying tails of the wavefunction may extend 
very far into the substrate and cover layers. 

FIG. 3 shows, in pictorial form, wavefunction Uvfor 
the M 0 mode for a 10 monolayer thick GaAs film layer 
f, i.e., layer 201, for various electron energies: (a) curve 
401 corresponds to electron energy Et =ELco with b=O 
cutoff; (b) corresponds to electron energy Vs<E2<Vc; 
(c) corresponds to electron energy Vc<E3<Euco; (d) 
corresponds to electron energy B4=Euco; and (e) corre-
sponds to electron energy Es>Euco· Curves 401-404 
illustrate guided mode behavior in those ranges of elec­
tron energy and curve 405 shows the wavefunction for 
an energy above upper-cutoff energy to illustrate sub­
strate mode behavior. 

Symmetric Waveguides 20 Clearly, those skilled in the art recognize that further 
embodiments of the present invention may be made 
without departing from its teachings. For example, it is 
within the spirit of the present invention to provide a 

In an embodiment of the inventive slab waveguide 
100 which is symmetric, i.e., Ve=Vs, substrate and 
cover dispersion curves bs and be coincide, where sub­
strate dispersion curve bs=[2ms*(E-Vs)]!Ai and cover 25 
dispersion curve be=[2mc*(E-Vc)]!,?li. In this case, 
lower-energy cutoff again occurs as the electron energy 
is decreased and propagation constant bv goes to zero, 
i.e., bv=O. This can only occur for an electron energy 
below the lower barrier energy, i.e., E<Vs= Ve. When 30 
bv=O, zig-zag angle 8 also equals 0 and the plane wave 
components of the guided wave are reflected back and 
forth at normal incidence to the waveguide boundaries. 

For a symmetric waveguide, upper-energy cutoff 
occurs as the energy is increased and the guided mode 35 
becomes a radiation mode. At the upper-energy cutoff, 
total internal reflection occurs neither at the substrate­
film boundary nor at the cover-film boundary. The 
electron wave is then refracted both into substrate layer 
s, i.e., layer 200, and cover layer c, i.e., layer 202. As the 40 
electron energy is increased through upper-energy cut­
off, the electron wave function amplitude in substrate 
layer s, i.e., layer 200, and cover layer c, i.e., layer 202, 
changes from being evanescent to propagating. This 
can only .occur for an electron energy above the barrier 45 
energy, t.e., E>Vs=Vc. When g.=gc=O, the mode 
leaks into substrate layer s, i.e., layer 200, and cover 
layer c, i.e., layer 202. This is analogous to the cutoff of 
an electromagnetic guided mode in a symmetric dielec­
tric slab waveguide. This type of cutoff occurs when 

50 the zig-zag angle becomes simultaneously equal to the 
substrate-film critical angle and the cover-film critical 
angle. 

The first appearance of electron guided wave Mv 
occurs when the electron energy E=Vs=Vc. As a 
result, electron guided wave Mv first starts propagating 55 

as the thickness d of film layer f, i.e., layer 201, is in­
creased to the value: 

hole slab waveguide as well an electron slab waveguide. 
In terms of nomenclature, it should be clear to those 

of ordinary skill in the art that references to electron 
energies being above the potential barriers, correspond 
to energies, as shown in FIG. 1, which are above the 
conduction band. Further, it should also be clear to 
those of ordinary skill in the art that similar references 
for holes correspond to energies which are below the 
valence band. 

Further, it well known to those of ordinary skill in 
the art as to how electrons and/or holes may be injected 
into the film layer of a slab waveguide. 

Still further, it should be clear to those of ordinary 
skill in the art that embodiments of the present invention 
may be fabricated wherein the film layer is comprised of 
a substantially ballistic material whereas the substrate 
layer and/or the cover layer are not so comprised. 
However, in such embodiments it would be advanta­
geous for the doping of the substrate layer and/or the 
cover layer to be small enough so that excessive loss in 
these layers is not caused thereby. 

Yet still further, it should be clear to those of ordi­
nary skill in the art that the thickness of the substrate 
layer and the thickness of the cover layer may have 
substantially any value. In practice, however, the thick­
nesses of these layers should be large enough to support 
the exponential tails of guided waves in the film layer. 
Such a thickness are typically much less than the thick­
ness of the film layer and, in general, will be a few 
monolayers of the material of which the substrate layer 
and/or the cover layer is comprised. In practice, the 
thickness of the substrate layer is of no concern because 
the substrate layer is typically much thicker than layers 
which are grown or deposited thereon. Physically, 
these requirements may be understood as defining a 

d=vli1rl{2m*jV5-Vj)JI (21) 

Also, from eqn. (20), the range of thicknesses that will 
produce a waveguide that supports only the lowest 
order, i.e., v=O, mode M 0 , is obtained from: 

60 requirement that the guided wave in the film layer not 
"sense" the presence of a boundary at, for example, the 
top of the cover layer. 

(22) 65 

As one can appreciate from eqn. (22), symmetric 
electron slab waveguides are similar to electromagnetic 

Lastly, it should be clear to those of ordinary skill in 
the art that appropriate solid state materials for use in 
fabricating embodiments of the present invention in­
clude semiconductor materials such as, without limita-
tion, binary, ternary and quaternary compositions of, 
among others, III-V elements and II-VI elements. 
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TABLE I 
Upper- and Lower-Cutoff Energies and Range of Energies for the 

Lowest-Order Waveguide Mode, Mo. for Various Film Thick­
nesses in a Gao.ssAlo.1sAs substrate, GaAs film, Gao.1oAJo.3oAs 

cover Quantum Well Waveguide 

Waveguide Film Thickness (GaAs) 

d (nm) 2.8267 5.6533 8.4800 
d (monolayers) 10 20 30 

Upper Cutoff 0.4979 0.6536 0.6926 
Energy, Euco 
(eV) 
Lower Cutoff 0.0973 0.0551 0.0341 
Energy, EL.co 
(eV) 
Propagation 0.4006 0.5985 0.6585 
Energy Range, 
E (eV) 

What is claimed is: 

10 

15 

1. An electron waveguide which comprises: 
20 a substrate layer comprised of semiconductor mate-

rial having a potential energy barrier and an elec­
tron effective mass; 

a film layer comprised of semiconductor material 
having a potential energy barrier and an electron 25 
effective mass adjacent to the substrate layer; and 

a cover layer comprised of semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent to the film layer; 

wherein at least a portion of the substrate layer which 30 
is adjacent to the film layer, the film layer, and at 
least a portion of the cover layer adjacent to the 
film layer provide substantially ballistic transport 
for electrons; and 

wherein a thickness of the film layer and the potential 35 
energy barriers and electron effective masses of the 
substrate, film, and cover layers are predetermined 
to provide a potential well so that electron wave­
guide modes exist for electron energies in the well. 

2. The electron waveguide of claim 1 wherein the 40 
electron potential energy barrier for the cover layer and 
the substrate layer are substantially the same height. 

3. The electron waveguide of claim 2 wherein the 
cover layer and the substrate layer are comprised of the 
same material. 45 

4. The electron waveguide of claim 1 wherein the 
cover layer, the film layer, and the substrate layer are 
fabricated from semiconductor compositions of the 
form Gat-xAlxAs. 

5. The electron waveguide of claim 4 wherein the 50 
film layer is comprised of GaAs. 

6. The electron waveguide of claim 1 wherein: 
(a) the heights of the electron potential energy barrier 

of the cover layer, the film layer and the substrate 
layer of the electron waveguide are Ve, Viand Vs, 55 
respectively; and 

(b) the thickness d of the film layer is predetermined 
so that at least the vth electron waveguide mode 
propagates, where v is an integer; d being substan-
tially equal to or greater than: 60 

d=Yil2m•;v,-V;)Ji}•{tan 
- 1[m•j.Vc-Vs)lm• c(Vs-Vft]HV7T} 

wherein m•e, m•1and m•sare the electron effective 65 
masses in the cover layer, the film layer, and the 
substrate layer, respectively, and is Planck's con­
stant divided by 2'lT. 

7. The electron waveguide of claim 6 wherein the 
waveguide only supports modes no higher than the v1h 

mode wherein: 

where: 

K1 =lfl[2m•j.Vs-V;)]i 

Kz=tan - 1[m•j.Vc-Vs)lm•c(v,-V;)]i· 
8. The electron waveguide of claim 2 wherein: 
(a) the heights of the electron potential energy barrier 

of the cover layer, the film layer and the substrate 
layer are Ve, Viand Vs, respectively; and 

(b) the thickness d of the film layer is predetermined 
so that at least the vth electron waveguide mode 
propagates, where v is an integer; d being substan­
tially equal to or greater than: 

d=vK1T/[2m•j.Vs-V;)]i 

wherein m•e, m•1and m•sare the electron effective 
masses in the cover layer, the film layer, and the 
substrate layer, respectively, and h is Planck's con­
stant divided by 2'lT. 

9. The electron waveguide of claim 8 wherein the 
waveguide only supports the lowest order mode, i.e., 
v=O, wherein: 

0<d<-K1T/[2m•j.Vs- V;)]i· 
10. The electron waveguide of claim 1 wherein the 

semiconductor materials which comprise at least one of 
the substrate, film, and cover layers are binary, ternary 
or quaternary semiconductor compositions of 111-V 
elements. 

11. An electron waveguide which comprises: 
a substrate layer comprised of a semiconductor mate­

rial having a potential energy barrier and an elec­
tron effective mass;. 

a film layer comprised of a semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent the substrate layer; and 

a cover layer comprised of a semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent the film layer; 

wherein the film layer provides substantially ballistic 
transport for electrons; and 

wherein a thickness of the film layer and the potential 
energy barriers and electron effective masses of the 
substrate, film, and cover layers are predetermined 
to provide a potential well so that electron wave­
guide modes exist for electron energies in the well. 

12. A hole waveguide which comprises: 
a substrate layer comprised of a semiconductor mate­

rial having a potential energy barrier and a hole 
effective mass; 

a film layer comprised of a semiconductor material 
having a potential energy barrier and a hole effec­
tive mass adjacent the substrate layer; and 

a cover layer comprised of a semiconductor material 
having a potential energy barrier and a hole effec­
tive mass adjacent the film layer; 

wherein at least a portion of the substrate layer which 
is adjacent the film layer, the film layer, and at least 
a portion of the cover layer adjacent the film layer 
provide substantially ballistic transport for holes; 
and 



4,970,563 
14 13 

wherein a thickness of the film layer and the potential 
energy barriers and hole effective masses of the 
substrate, film, and cover layers are predetermined 
to provide a potential well so that hole waveguide 5 
modes exist for hole energies in the well 

13. An electron waveguide which comprises: 
a substrate layer comprised of semiconductor mate­

rial having a potential energy barrier and an elec-
tron effective mass; 10 

a film layer comprised of semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent to the substrate layer; and 

a cover layer comprised of semiconductor material 15 
having a potential energy barrier and an electron 
effective mass adjacent to the film layer; 

wherein at least a portion of the substrate layer which 
is adjacent to the film layer, the film layer, and at 
least a portion of the cover layer adjacent to the 

20 

film layer provide substantially ballistic transport 
for electrons; and 

wherein a thickness of the film layer and the potential 
energy barriers and electron effective masses of the 25 
substrate, film, and cover layers are predetermined 
to provide a potential well so that electron wave­
guide modes exist for electron energies above the 
potential energy barrier of at least one of the sub- 30 
strate and cover layers. 

14. The electron waveguide of claim 1, wherein the 
semiconductor materials which comprise at least one of 
the substrate, film, and cover layers are one of binary, 
ternary an quaternary semiconductor compositions of 35 

II-VI elements. 
15. An electron waveguide which comprises: 
a substrate layer comprised of a semiconductor mate­

rial having a potential energy barrier and an elec- 40 
tron effective mass; 

45 

50 

55 

60 

65 

a film layer comprised of a semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent the substrate layer; and 

a cover layer comprised of a semiconductor material 
having a potential energy barrier and an electron 
effective mass adjacent the film layer; 

wherein the film layer provides substantially ballistic 
transport for electrons; and 

wherein a thickness of the film layer and the potential 
energy barriers and electron effective masses of the 
substrate, film, and cover layers are predetermined 
to provide a potential well so that electron wave­
guide modes exist for electron energies above the 
potential energy barrier of at least one of the sub­
strate and cover layers. 

16. A hole waveguide which comprises: 
a substrate layer comprised of a semiconductor mate­

rial having a potential energy barrier and a hole 
effective mass; 

a film layer comprised of a semiconductor material 
having a potential energy barrier and a hole effec­
tive mass adjacent the substrate layer; and 

a cover layer comprised of a semiconductor material 
having a potential energy barrier and a hole effec­
tive mass adjacent the film layer; 

wherein at least a portion of the substrate layer which 
is adjacent the film layer, the film layer, and at least 
a portion of the cover layer adjacent the film layer 
provide substantially ballistic transport for holes; 
and 

wherein a thickness of the film layer and the potential 
energy barriers and hole effective masses of the 
substrate, film, and cover layers are predetermined 
to provide a potential well so that hole waveguide 
modes exist for hole energies above the potential 
energy barrier of at least one of the substrate and 
cover layers. 

17. The electron waveguide of claim 13 wherein the 
electron potential energy barrier for the cover layer and 
the substrate layer are substantially the same height. 

* * * * * 
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