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ABSTRACT

A solid state, quantum mechanical electron/hole wave
device in the form of a switch or multiplexor includes a
layer of semiconductor material supporting substantially ballistic electron/hole transport and a periodic
grating structure formed in the layer of semiconductor
material, with the grating structure comprising a modulation in electron/hole potential energy and/or effective mass. Preferably, means are provided for applying
and varying the grating modulation. By constructing
the device to divide the input substantially completely
into two output beams (to operate in the Bragg regime),
a useful switch is provided. Likewise, by constructing
the device to divide the input into a selected number of
three or more output beams (to operate in the RamanNath regime), a useful multiplexor is provided.
58 Claims, 11 Drawing Sheets
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lected) of output beams, making the device impractical
as a switch or multiplexor. Furthermore, these papers
QUA.""ITUM MECHANICAL SEMICONDUCTOR
and the existing state of the art known to the applicants
DEVICE WITH ELECTRON/HOLE DIFFRACTIVE
GRATING
do not disclose a quantum mechanical electron/hole
5 device in the form of a switch or multiplexor.
This invention was made with government support
Accordingly, it can be seen that a need yet remains
under Contract No. DAAL03-90-C-004 awarded by the
for quantum mechanical semiconductor devices with
U.S. Army Research Office and by Grant No. ECSelectron/ho~e diffractive gratings which can be usefol
8909971 granted by the National Science Foundation.
as switches, multiplexors, etc. It is for the provision of
The government has certain rights in this invention.
10 such that the present invention is primarily-directed.
TECHNICAL FIELD

SUMMARY OF THE INVENTION
The present invention relates generally to quantum
Briefly described, in a preferred form the present
mechanical semiconductor devices, and more particuinvention comprises a solid state, quantum mechanical
larly relates to quantum mechanical semiconductor 15 electron/hole wave device in the form of a switch or
switches, multiplexors, interconnects, etc., with an elecmultiplexor and includes a layer of semiconductor matron/hole diffractive grating.
terial supporting substantially ballistic electron/hole
transport and a periodic grating structure formed in the
BACKGROUND OF THE INVENTION
layer of semiconductor material, with the grating strucSemiconductor devices, such as transistors, micro- 20 ture comprising a modulation in electron/hole potential
processors, etc., have been designed and fabricated in
energy and/or effective mass. Preferably, means are
ever smaller and smaller sizes. However, such miniaturprovided for applying and varying the grating modulaization has in recent years encountered a fundamental
tion.
size limitation. As devices are constructed with dimenIn another preferred form, the invention comprises a
sions of less than about l of a micron, "troublesome" 25 solid state, quantum mechanical electron/hole wave
quantum wave effects begin to dominate the characterdevice including a layer of semiconductor material
istics of the device. For example, electron charge flow
which supports substantially ballistic electron/hole
in nanometer-size wires is greatly affected by a bend in
transport at energies above the conduction band and a
the wire. Another example of these observed effects is
grating structure formed in the layer of semiconductor
30
electron wave "self-interference".
material comprised of a modulation in electron/hole
Semiconductor growth and fabrication techniques,
potential energy and/or effective mass for diffracting
such as molecular beam epitaxy, metalorganic chemical
substantially all of the input electron/hole beam energy
vapor deposition, and nanolithography, have been reinto two output electron/hole beams. This is accomfined to the point that semiconductor structures can be
fabricated with device dimensions on the order of elec- 35 plished by constructing the device to have physical
parameters, such as angle of input beam incidence, grattron wavelengths. Using these techniques, devices exing period, grating slant angle, etc., which are selected
hibiting ballistic (i.e., collisionless) electron transport
to cause the device to operate in the "Bragg regime",
have been fabricated. Starting from fundamental princiwhereby the diffraction is restricted to substantially
ples, it has been shown that these ballistic electrons are
quantum-mechanical deBroglie waves and can be re- 40 only two output beams.
In another preferred form, the invention comprises a
fleeted, refracted, diffracted, guided, and interfered in a
solid state, quantum mechanical electron/hole wave
manner analogous to plane waves in dielectric materidevice including a layer of semiconductor material
als. This has led to a n~w class of ultra-small, ultra-fast
which supports substantially ballistic electron/hole
devices such as those shown in U.S. Pat. Nos. 4,985,737
of Gaylord, et al., 4,987,458 of Gaylord, et al., and 45 transport at energies above the conduction band and a
grating structure formed in the layer of semiconductor
4,970,563 of Gaylord, et al.
material comprised of a modulation in electron/hole
Technical papers published in 1988 and 1989 discuss a
potential energy and/or effective mass for diffracting
ballistic electron transistor device based on diffraction
substantially all of the input electron/hole beam energy
of an electron wave from a 50% duty-cycle potential
energy grating formed by a superlattice. See, K. Fu- 50 into three or more output electron/hole beams. This is
accomplished by constructing the device to have physiruya, "Novel High-Speed Transistor Using Electron
cal parameters, such as angle of input beam incidence,
Wave Diffraction," J. Appl. Phys., Vol. 62, pp.
grating period, grating slant angle, etc., which are se1492-1494, Apr. 21,.1989; K. Furuya and K. Kurishima,
lected to cause the device to operate in the "Raman"Theoretical Properties of Electron Wave Diffraction
Due to a Transversally Periodic Structure in Semicon- 55 Nath regime", whereby the diffraction is restricted to a
selected number of three or more output beams.
ductors," IEEE J. Quantum Elect., Vol. 24, pp.
By constructing the device to divide the input sub1652-1658, August 1988; and K. Kurishima, K. Furuya
stantially completely into two output beams (to operate
-and S. Samadi, "Theoretical Study of Electron Wave
in the Bragg regime), a useful switch is provided. LikeDiffraction Caused by Transverse Potential Grating--Effect of Incident Angle," IEEE J. Quantum 60 wise, by constructing the device to divide the input into
a selected number of three or more output beams (to
Elect., Vol. 25, pp. 2350-2356, November 1989. The
operate in the Raman-Nath regime), a useful multianalysis presented in these papers is limited to the 50%
plexor is provided. Devices according to the present
duty-cycle with no variation in effective mass. Also,
invention promise to prove smaller, faster, and more
these papers do not present an approach that can be
employed to construct a grating profile which would be 65 efficient than any currently available semiconductor
devices.
designed to produce an arbitrary desired result. ImporAccordingly, it is a primary object of the present
tantly, the device discussed in these papers diffracts the
invention to provide switching devices, such as
input electron beam into a large number (not prese-
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switches, multiplexors, etc., which are capable of high
switching speeds.
It is another object of the present invention to provide switching devices, such as switches, multiplexors,·
etc., which are of extremely small dimension.
5
It is another object of the present invention to provide switching devices, such as switches, multiplexors,·
etc., which are efficient in operation.
Other objects, features, and advantages of the present
invention will become apparent upon reading the fol- 10
lowing specification in conjunction with the accompanying drawing figures.
BRIEF DESCRIPTION OF THE DRAWING
FIGURES
FIG. 1 is a schematic illustration of a quantum mechanical semiconductor device with an electron/hole
diffractive grating operating in the Bragg regime according to a preferred form of the invention.
FIG. 2 is a schematic illustration of a quantum mechanical semiconductor device with an electron/hole
diffractive grating operating in the Raman-Nath regime
according to a second preferred form of the invention.
FIG. 3 is a schematic illustration of an electron/hole
diffractive grating portion of the devices of FIGS. 1 and
2.
FIGS. 4A-4E are schematic perspective illustrations
of diffractive grating structures for use in the quantum
mechanical semiconductor devices of FIGS. 1 and 2.
FIG. SA is a schematic illustration of analytical performance results of the diffractive grating of FIG. 3
operating in the Bragg regime, depicting diffraction
efficiency as a function of grating thickness.
FIG. SB is a schematic illustration of analytical performance results of the diffractive grating of FIG. 3
operating in the Raman-Nath regime, depicting diffraction efficiency as a function of grating thickness.
FIGS. 6A and 68 are schematic illustrations of analytical performance results of°the diffractive grating of
FIG. 3 operating in the Bragg regime, depicting diffraction efficiency as a function of incident angle and incident kinetic energy, respectively.
FIG. 7A is a schematic illustration of the conduction
band profile (potential energy profile) as a function of
distance (in the direction of propogation) of an electron
injection portion of the device of FIG. I.
FIG. 78 is a scheI?atic i~lustrati?n of the conduction
band profile of the diffraction gratmg of FIG. 1 operating in the B:agg ~egime as a function of gate voltage
and lateral ~1mens1on. . .
.
.
FIG. 7C is a schematl~ illus~rat1on ?f anal~1cal perfo~ance results of the ~1ffr~ct1ve gratmg p~rt1on of~he
dev1ce of FIG. 1 operatmg m the Bragg regime, depicting ?iffraction efficiency as a function of potential modulat1on.
.
. .
.
.
FIG. 8A 1s a schei;nauc 11Iustrat1on of the cond~ct1on
b~nd pro~le (pot~nt1~l energy profil~) as a function of
?1~tan.ce (m th.e d1rect1on of ~ropogat10n) of an electron
mJect1on portion of the device of FIG. 2.
FIGS. 88 is a schematic illustration of the conduction
band profile of the diffraction grating of FIG. 1 operating in the Raman-Nath regime as a function of gate
voltage and lateral dimension.
FIG. 8C is a schematic illustration of analytical performance results of the diffractive grating portion of the
device of FIG. 2 operating in the Raman-Nath regime,
depicting diffraction efficiency as a function of potential
modulation.

4

FIG. 9 is a schematic illustration of a multiple-pole,
double-throw interconnection switch according to a
preferred form of the invention.
DETAILED DESCRIPTION

Referring now in detail to the drawing figures, illustrative forms of switching devices according the present invention are considered. Switching devices, as that
term is used herein; encompasses switches, multiplexors, and multiple-pole interconnects. The term electron/hole as that term is used herein to describe a device, relates to a device that can operate with a working
medium of electrons, or holes, or both. FIG. 1 shows a
quantum mechanical semiconductor switch with an
15 electron/hole diffractive grating. FIG. 2 shows a quantum mechanical semiconductor multiplexor with an
electron/hole diffractive grating. The switch of FIG. 1
and the multiplexor of FIG. 2 were developed as a
result of a rigorous analysis, the results of that analysis
20 are presented below to better illustrate the principles of
the present invention. Accordingly, the details of the
switch and multiplexor are discussed in more detail
thereafter.
An electron wave diffraction grating used in this
25 invention is shown as Region II in FIG. 3, with grating
vector K, period 1T (I KI = 211'I A), slant angle <)>, and
thicknes~ d. The input and output regions, Regions I
and III respectively, are described by effective masses
mt' and mut' and potential energies V1and Vmrespec30 tively. An electron wave of energy E and wavevector
~' is incident from the input region at an angle 8' and is
diffracted into forward- and backward-diffracted orders in r_egions III and I respectively. The Hamiltonian
used for the electron wave inside the grating is given as,
35

Tn2 ....'V. (

vw ) = (£ m*(r)

(I)
V(r)]ijJ,

40

45

where Wis the electron wave amplitude, h is Planck's
constant divided by 211', and m• and V are the periodic
effective mass and potential energy in the grating (periodic with grating vector K). The Floquet theorem
(Bloch theorem) for waves in a periodic medium states
that the electron wave inside the grating can be descri_.!?e~ as l)!=!.;= _"' oo U,{z)exp(-jcr;r) where
k
-iK k is the incident wavevector refracted into the
grati~g, i is the integer diffracted order, and j =(-1)!.
Likewise, thj! ~lectron wave in the i!!Pt;t region i~ given
as w=exp(jk'.r)+!.;= _
R;exp(jk.;-.r) where k;' and
R; are the wavevector and amplitude of the ith backward-diffracted order respectiv6ly. The electron wave
in the output region is w=I; = _ "'. T;exp(j°k;-.'r) where
k./' and T; are the wavevector and amplitude of the ith
forward-diffracted order respectively.
By employing phase matching of the input and output
waves to the space-harmonics in the grating region
(U (z)) one finds the grating equations to be
' '
[2m]*(E- v1)J!sin e· -(21r17i/A)
(2)
sincj>=rn[2mn*(E-Vn)J!sin 9/',

er;=

50

00

55

60

-

where n=I, III, r1= -1, ru1= 1, and 0/=0/ and
65 O/Il = 0;" are the angles (measured pos1t1ve counterclockwise from the grating surface normal) of propagation of the ith backward- and forward-diffracted orders
respectively. Those space-harmonics that cannot phase
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match to propagating orders are evanescent (k; and 6;
are imaginary) or "cutoff" orders. The grating equations of this invention present a simple method for calculating the directions of the diffracted orders and the
identification of the evanescent orders. The directions 5
of the propagating diffracted orders are shown schematically in FIG. 3.
To calculate the amplitudes of the diffracted waves, a
Rigorous Coupled Wave Analysis (RCW A) was developed, similar to the method employed in electromagnet- 10
ics. In electromagnetics, the RCW A is a well known
and well established method for analyzing electromagnetic diffraction by an arbitrary profile permittivity
grating. See, for example, M. G. Moharam and T. K.
Gaylord, "Rigorous coupled wave analysis of planar- 15
grating diffraction," Journal of the Optical Society of
America, vol. 71, pp. 811-818, July 1981. In this application, the RCWA is modified to model electron wave
diffraction by an arbitrary profile effective mass and/or
potential energy grating. In this regard, the effective 20
mass and potential energy ·in the grating region are
expanded as Fourier series in K and substituted into Eq.
(1). In order to allow for discontinuities in the effective
mass (as in a Gat-xAlxAs superlattice), Eq. (1) is separated into two first-order vector equations where the 25
derivatives of the effective mass have been eliminated.
These first-order equations are solved using the statevariable approach from linear-systems theory where the
infinite sums for the wave amplitudes are truncated to a
finite number of orders. The number of orders is chosen 30
to ensure convergence of the diffraction efficiencies.
Through the application of the boundary conditions
(continuity of ljJ and Vljl·z/m*), the R;'s and T;'s are
calculated.
In electromagnetics, the diffraction efficiency is de- 35
fined as the ratio of the z-component of the power carried by the ith diffracted order to the z-component of
the power in the incident wave. Jn an analogous manner, the diffraction efficiency for electron wave gratings is defined as the ratio of the z-component of the 40
probability current carried by the ith diffracted order to
the z-component of the probability current of the inci~ent wave. Using..,the definition of probability current
J=jh(ljl'°7ljl*-ljl*l7ljl)/2m*, one finds the diffraction
efficiencies in regions I and III to be DE/=(cos 6;'!- 45
cos6') IR;l 2 and DE/II=(VmJ*(E- V m)cos 6;" I
VmuJ*(E- V 1)cos 6') IT;j 2 respectively.
The RCWA presented in this application is a robust
procedure that can be applied to arbitrary grating profiles. To design electron wave grating devices, how- 50
ever, it is useful to have analytical expressions that describe the diffraction efficiencies in terms of the grating
parameters. In electromagnetics, the Bragg regime and
the Raman-Nath regime are often used for grating design. The criteria and characteristics of these regimes in 55
the context of electromagnetics are discussed in M. G.
Moharam, T. K. Gaylord, and R. Magnusson "Criteria
for Bragg regime diffraction by phase gratings," Optics
Communications, vol. 32, pp. 14-18, January 1980 and
M. G. Moharam, T. K. Gaylord, and R. Magnusson 60
"Criteria for Raman-Nath regime diffraction by phase
gratings," Optics Communications, vol. 32, pp. 19-23,
January 1980. An important and fundamental part of
this invention is the recognition that such regimes are
applicable in an analogous way to the diffraction of 65
ballistic electrons/holes by semiconductor gratings. In
the Bragg regime, the grating parameters can be adjusted such that substantially all of the input current can

6
be diffracted into two output beams. In other words, in
the Bragg regime, the diffraction efficiency of the i=O
and i=ia diffracted orders (where i,, is a positive or
negative integer corresponding to the order that satisfies the Bragg condition discussed below) add up to
substantially all of the input current. In the Raman-Nath
regime, the grating parameters can be adjusted such
that substantially all of the input current can be divided
among three or more orders. In order for a grating to be
in the Bragg regime, the angle of incidence is adjusted
so that the i,,th diffracted wavevector inside the grating
(Cha) lies on the allowed wavevector surface inside the
grating, yielding

\J 2m*11(E -

(3)

Vu) = wi01i/Acos(fi - <f>),

where mu and V11 are the average effective mass and
average potential energy inside the grating, and 6 is the
refracted wavevector angle inside the grating. When an
electron wave is incident at the Bragg condition (i.e. it
satisfies Eq. (3)), the diffraction is said to be in the Bragg
regime if the grating thickness parameter Q' and the
grating strength parameter "I satisfy the relation
PB=Q'/2y> 1, where PB is the Bragg regime parameter. If these conditions are satisfied, the sum of the diffraction efficiencies in all diffracted orders other than
i=O and i=ia is less than 11pE2. Therefore, it is usually
preferable to have PB>> 1. The symbol Q' is the effective
thickness
of the
grating
given
by
Q' =47T2hd/Y2mu*(E- V u)A2 cos 6. The symbol 'Y is
the coefficient that couples the power between the i=O
and the i=iaorder when only two waves are included in
the coupled-wave analysis. For a sinusoidal effective
mass variation y=[mu*(E-V1)+m1*(E-Vu) cos
(26)]d/V2m1J*(E-Vu)h cos 6, where m1* and V1 are
the amplitudes of the sinusoidal effective mass and potential energy variations.
The diffraction efficiency of the first-diffracted order
for a sinusoidal grating in the Bragg regime is found
from the coupled-wave equations to be DE1III =sin2(y).
From this approximate solution for DE1III, it is apparent that 100% diffraction efficiency is possible in the
Bragg regime. FIG. SA shows both the approximate
solution and the RCWA for a Bragg regime grating
constructed from a periodic aluminum composition
variation in Ga1-xAlxAs. The aluminum composition
variation in FIG. SA is sinusoidal with E- V1=0.05eV,
A=18 nm, x1=xu=x111=0.l, and x1=0.03 where x/
and x111 are the aluminum composition in region I and
III respectively, and xu and x1 are the average and
modulating aluminum composition (in region II), respectively. For this grating, PB=2.60. As PB increases,
the approximate solution approaches the exact analysis
more and more closely, becoming indistinguishable
around pBz20.
In the Raman-Nath regime, power is diffracted into
multiple orders, and can be distributed almost evenly
among many orders. This occurs when the Raman-Nath
regime parameter pRN= Q''Y < 1. In this regime, the
approximate solution to the coupled-wave equations is
DE,Jll=J,.2(2y), where J;is an ith order ordinary Bessel
function of the first kind. FIG. SB shows the approximate solution and the RCWA (for i= ± 1) for a RamanNath regime grating. The aluminum composition variation in FIG. SB is sinusoidal wifh E-V1=0.05eV,
A=60 nm, x1=xu=xu1=0.l, and x1=0.03 where x1

7
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and xm are the aluminum composition in region I and
III respectively, and xn and x1 are the average and
modulating aluminum composition (in region II) respectively. This grating leaves the Raman-Nath regime at
d:::: 18 nm, which explains the failure of the approximate 5
analysis for d > 20 nm. It is important to note that the
Bragg regime parameter PB is independent of the thickness, while the Raman-Nath regime parameter PRN is
proportional to the square of the thickness.
In real semiconductors, the electrons incident upon 10
the grating have a distribution in both angle of incidence and energy. Therefore, it is important to understand the factors that affect the angular and energy
selectivity of gratings. The angular (energy) selectivity
describes the variation in the diffraction efficiency as 15
the angle of incidence (energy) is changed. Strong angular (energy) selectivity refers to the case when the
diffraction efficiency is appreciable for only a narrow
corridor of angles of incidence (energies). It has been
shown in electromagnetics that the angular and energy 20
selectivity of a grating is a function of the ratio di A.
See, for example, T. K. Gaylord, and M. G. Moharam,
"Thin and thick gratings: terminology clarification,"
Applied Optics, vol. 20, pp. 3271-3273, Oct. 1, 1981. An
important and fundamental part of this invention is the 25
recognition that the same parameter di A controls the
angular and energy selectivity of a semiconductor grating. A "thick" grating (di A> 5) exhibits strong angular
and energy selectivity. As a grating becomes "thinner"
(di A is decreased), the grating angular and energy se- 30
lectivity become weaker. This behavior is demonstrated
in FIGS. 6A (angular selectivity) and 6B (energy selectivity) for three Bragg regime gratings with thicknesses
and aluminum modulations of di A= 1.03 and x1 =0.03,
di A=5.78 and XJ =0.005, and di A=29.2 and x1 =0.001. 35
The suppression of the angular selectivity side lobes for
angles less than 6.4° (FIG. 6A) is due to the fact that the
i= + 1 order becomes evanescent or "cutoff' at this
angle of incidence (see Eq. (2)). In an analogous manner, the rapid drop in diffraction efficiency for kinetic 40
energies around E- V1=0.025eV (FIG. 6B) is due to
the fact that the i = + 1 order becomes evanescent at this
energy. The sharp discontinuity in the diffraction efficiency for E- V 1=0. lOieV (FIG. 6B) is analogous to a.
"Wood's anomaly" in electromagnetic optics and is due 45
to the "cutting on" of the i= +2 order at this energy.
The design equations for Bragg regime, Raman-Nath
regime, and "thin" and "thick" gratings presented
herein provide a precise method for the design of a wide
range of ballistic electron grating diffractive devices 50
such as switches (1 X 1 and 1X N), energy multiplexors,
energy spectrometers, and electron waveguide couplers. If one desires a device with nearly 100% diffraction efficiency in a given order (e.g. a 1X1 switch), then
the following design steps should be followed. First, the 55
grating should be designed such that the electron wave
is incident at the Bragg condition (Eq. (3)). Then, the
grating parameters should be chosen such that pB > > I.
Finally, the thickness and grating modulation should be
chosen such that 'Y is a half-integer multiple of 7T so that 60
DE1::::100%. For this case, the grating parameters can
also be adjusted such that all orders other than i=O and
i= + 1 are cutoff (as in FIG. 6B).
If one desires a grating with a large diffraction efficiency divided among multiple. orders (e.g. a 1 X N 65
switch), the following design steps should be followed.
First, the grating should be designed (through the use
Eq. (2)) to have many propagating forward-diffracted
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orders. Then, the grating parameters should be chosen
such that PRN< <I. Finally, the argument of the Bessel
functions (2'Y) should be chosen to allow for a large
diffraction efficiency in the desired orders. If one desires a grating with a large angular and energy selectivity (e.g. an energy multiplexor), then di A should be
made large(> 10). If one desires a grating with a low
angular and energy selectivity (e.g., a 1X1 switch with·
high diffracted current), then di A should be made small
( < 1). By using these design rules, a wide variety of
gratings can be designed for numerous applications.
After the grating has been designed using the above
procedures, the diffraction can be determined using the
RCWA to test the performance and fine-tune the grating design.
Using this inventive technique, a ballistic electron
diffractive switch (FIG. 1) and multiplexor (FIG. 2) can
be designed and fabricated. The designs shown in FIG.
1 and 2 use external periodic electrodes (GRBin FIG. 1
and GRRN in FIG. 2) in the two-dimensional electron
gas configuration to produce the grating and the collimating structure. The invention, however, is not limited
to this configuration. In this two-dimensional electron
gas configuration, there is a sea of electrons (inside a
semiconductor) in a two-dimensional plane below the
surface shown in FIGS. 1 and 2. The potential energy of
the electrons below the surface can be changed by applying a fixed voltage to the electrodes shown in FIGS.
1 and 2. By applying a potential (Vg) to the periodic
gate electrode (GRBin FIG. 1 and GRRNin FIG. 2), a
periodic potential modulation (a grating) is formed. The
amplitude of the grating modulation (<l>go) is a function
of the gate voltage V g· By applying a large potential to
the injector electrodes (1 0 and I1), a potential barrier is
formed under these electrodes, through which the electrons can not pass. Thus, the injected electrons are those
that can pass through the gaps iri between the potential
barriers. In this way, the electrons injected into the
structure are those that are collimated in the direction
from the injector to the grating. In both devices, (shown
in FIGS. 1 and 2) the electrons are emitted from contact
E, collimated by contacts 10 and 11, and diffracted by a
potential grating <l>g created by applying a potential Vg
to a periodic gate structure. Each diffracted order i
propagates away from the grating in the direction e;and
is collected by gates G;, G'; and collector C;. The gate
electrodes G; and G'; (where i is a positive or negative
integer) are used to collect the ith diffracted order, by
allowing in only the electrons that propagate through
the slit between the electrodes. FIGS. 7A and 7B show
the conduction band (potential energy) profile of the
injector and the grating, respectively. The kinetic energy KE of the injected electrons is controlled by the
potential <l>;n (FIG. 7A and 7B). The Fermi energy, E.r.
in all regions (with no gate potentials) is 7.0meV.
The diffractive switch (FIG. 1) was designed in the
Bragg regime with a period of A=60 nm, thickness
d = 150 nm, and angle of incidence e· = 24.6 degrees,
such that only the i=O and i= 1 diffracted orders have
significant diffracted current. The grating diffraction
efficiency DE; is shown in FIG. 7C as a function of the
potential modulation for the design energy KE=KEn=9meV. If the device is to be used as a switch, the
current at KEn in the first diffracted order can be
switched from 0% to 98% of the input current by ap~
plying a potential modulation of <l>go= 3.6meV (Vg-1
V). This device could also be biased in the linear region
(<l>go= 1.8 meV) where the current in the first diffracted
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order is linearly modulated by V g· The total diffraction
efficiencies are found by evaluating T;= fDE;f(KE)dKE I J(KE)dKE, where f(KE) is the injected electron
distribution. The function f(KE) would be peaked about·
KEn and would lie between a delta function fa(KE) = o- 5
(KE-KEn) and the Fermi-Dirac function fpn(KE},
yielding To=7.2% and T1 =98-91 %. The characteristics of this switch are summarized in Table I below.
In order to have significant current in multiple diffracted orders, the diffractive multiplexor (FIG. 2) was IO
designed to be in the Raman-Nath regime with period
A=250 nm and thickness d= 100 nm. The multiplexor
diffraction efficiencies for KEnare shown in FIG. SC as
a function of potential modulation. It is apparent that at
cl>go=3.8 meV, the multiplexor has an almost equal 15
amount of current in 5 orders: T ±2 = 18-19%,
T±1=22-21%, and To=l6%, yielding a total efficiency of 96%. Such a multiplexor can be designed for
any odd number of output orders. The multiplexor
characteristic are summarized in Table II below.
20
The grating devices disclosed in this invention can
also be used as multiple-pole switches for communications and interconnection applications. Specifically, a
single grating can be used to connect multiple input
beams to multiple outputs. FIG. 9 shows an example of 25
such an interconnection scheme (operating in the Bragg
regime) where a single grating is used to switch three
input beams (1, 2, and 3) between two sets of three
output beams. The beams 1, 2, and 3 are injected
through emitters El, E2 and E3, and the two outputs 30
i = 0 and i = 1 are collected with collectors C;l, CP., and
C,3, respectively. Such an interconnection scheme is not
limited, however, to three beams and/or two outputs
per input. A single grating device could potentially be
used to connect a large number of input beams to a large 35
number of outputs, allowing for extremely dense, high
speed electronic interconnections.
The semiconductor growth and fabrication tech-

6;[ for h[ 21 = 3,
0

]

KE[meV]

Order

9
0
I

-24.6
31.8

-24.6
24.6

II
-24.6
19.7

on the order of electron wavelengths in semiconductors. These growth procedures can be used to produce
the periodic grating structures in the present invention.
Such semiconductor grating structures could be fabricated in III-V semiconductors, such as Ga1-xAlxAs.
FIGS. 4A-4E show examples of such grating structures
fabricated out of: (a) laterally connected electrodes
31-34, (b) vertically connected electrodes 36-39, (c) an
array of quantum wires 41-44, (d) a vicinal array of
quantum wires 46-49, and (e) a laterally oriented superIattice 51. All of these structures in FIG. 4A-4E can be
used to generate a periodic modulation in effective mass
and/or potential energy for devices according to the
present invention. In the preceding description, devices
are presented in which the grating modulation is varied
through the application of an electric field (voltage) to
a gate electrode. The invention, however, is not limited
to using this field. The grating modulation can be varied
through the application of other external fields, such as
magnetic fields, or strain fields, with similar results.
Previous analyses of electron wave diffraction in
semiconductors have been limited to the use of a twomode amplitude transmittance analysis (to model diffraction from a symmetric rectangular potential-energy
grating), and a Fraunhoufer analysis (to model singleslit diffraction). Devices according to the present invention inolude the following advantages. First, a rigorous
coupled-wave analysis (RCW A) has been developed
that can model ballistic electron wave diffractive device
with an arbitrary effective mass and/or potential energy
grating to an arbitrary level of accuracy. Second, simple
design expressions have been presented to determine
the angles of propagation for the diffracted waves and
to identify the evanescent orders. Third, the design
constraints required to achieve devices in the Bragg and
Raman-Nath regimes have been identified. Fourth,
complete design methods for grating diffractive devices
have developed and presented.

TABLE I
Bragg Diffractive Switch (<l>gr = 3.8 meV)
(DE;-15E,{ll) [%]for KE= KE.v, DE;[%] for h[2] = 3,
hf2l
KE [meV]
I

3

5

7

9

0.0
- 1.4

-1.4
-1.4

-1.5
-1.4

21.4
75.2

0.0
98.2

T; [%] for h[2] = 3,
f(KE)
11
fa
0.0
7.2
9.4
90.3
91.2
~
Total:
98.2
98.4

ftii5'if, = diffraction efficiency using approximate theory
[l]h = the number of harmonics in the Fourier expansion of ¢>8
TABLE II
Raman-Nath Diffractive MultiElexor (<l>Pl! = 3.6 meY)
(DE;-'tIB,ill) [%]
o
DEif%J
for h[ = 3,
for h(2 = 3,
for KE = KE.v,
h[2]
KE [meYJ
KE [meYJ
9
3
5
7
9
7
11
I
11
9,9
9.1
22.6 18.1 14.2
-26.9 -23.5 -21.1
2.9
-11.8
18.1 22.0 22.4
-13.9 -11.5 -10.4 -2.2 -13.0
0.0
0.0
0.0
2.5
4.6
4.0
8.4 16.3 23.9
-11.8
18.1 22.0 22.4
-13.9 -11.5 -10.4 -:?.2 -13.0
2.9
9.9
9.1
22.6 18.1 14.2
-26.9 -23.5 -21.1
Total:

p

Order
-2
-I

0
I

2

Tt1%]
for h = 3,
f(KE)
fpn
fa
18.1
18.6
22.0
21.4
16.3
15.9
22.0
21.4
18.I
18.6
96.5
95.9

l1115'r'; = diffraction efficiency using approximate theory
[2lh = the number of harmonics in the Fourier expansion of 4>g

niques discussed above, such as molecular beam epitaxy, metalorganic chemical vapor deposition, and 65
nanolithography, have been used to produce periodic
While the present invention has been disclosed in
preferred forms, it will be obvious to those skilled in the
structures, such as superlattices, arrays of quantum
art that many modifications, additions, and deletions
wires, and periodic gate structures, whose periods are
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may be made therein without departing from the spirit
and scope of the invention as set forth in the appended
claims.
We claim:
1. A solid state, quantum mechanical, electron/hole
wave switching device comprising:
a layer of semiconductor material which supports
substantially ballistic electron/hole transport; and
a diffraction grating structure formed in said layer of
semiconductor material comprising a modulation
in electron/hole potential energy and/or effective
mass for diffracting at least one input electron/hole
beam into at least two separate output electron/hole beams.
2. The switching device of claim 1 wherein said grating structure is adapted to diffract an input electron/hole beam substantially completely into two output
electron/hole beams to function as a switch.
3. The switching device of claim 1 wherein said grating structure is adapted to operate in the Bragg regime.
4. The switching device as claimed in claim 1 wherein
said grating structure is adapted for diffracting an input
electron/hole beam into three or more output electron/hole beams to form a multiplexor.
5. The switching device of claim 1 wherein said grating structure is adapted to operate in the Raman-Nath
regime.
6. The switching device of claim 1 further comprising
means for applying and varying said modulation.
7. The switching device of claim 1 further comprising
input collimating means for collimating the input beam
and output collimating means for collimating said output beams.
8. The switching device of claim 1 further comprising
an emitter means for generating the input beam and
collector means for collecting said output beams.
9. The switching device of claim 8 wherein said collector means comprises two collector elements.
10. The switching device of claim 8 wherein said
collector means comprises at least three collector elemen ts.
11. The switching device of claim 1 wherein said
grating structure is adapted to divide the input beam
into roughly equal output beams.
12. The switching device of claim 1 further comprising a means for applying said grating modulation.
13. The switching device of claim 12 wherein said
means for applying the grating modulation comprises a
periodic set of metallic electrodes positioned adjacent a
surface portion of said semiconductor layer and a fixed
bias voltage applied to said electrodes.
14. The switching device of claim 12 wherein said
means for applying the grating modulation comprises a
set of superlattice layers.
15. The switching device of claim 12 wherein said
means for applying the grating modulation comprises an
array of quantum wires.
16. The switching device of claim 12 wherein said
means for applying the grating modulation comprises an
array of electrode gate structures.
17. The switching device of claim 12 further comprising external field means for varying the grating modulation.
18. The switching device of claim 17 wherein said
external field means comprises an electric field applied
to a gate electrode structure.
19. The switching device of claim 18 wherein said
gate electrode structure is periodic.
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20. The switching device of claim 1 wherein
the input electron/hole beam is incident upon the
grating at an energy E,
the grating is characterized by an angle of incidence,
grating period, grating slant angle, grating average
electron/hole effective mass, grating average electron/hole potential energy, grating modulated
electron/hole effective mass profile, and grating
modulated electron/hole potential energy profile,
the switching device is constructed in accordance
with the following in order to divide substantially
all of the input beam of electrons/holes into two
output beams, designated as the i = 0 and i = ia electron/hole beams where ia is a positive or negative
integer corresponding to a forward or a backward
diffracted order:
the grating period and grating slant angle are determined for said grating device which will make the
ia backward- or forward-diffracted orders propagating, by having the progagating orders satisfy the
grating equation for real angles O' ia or O" ia=

f,l.isu:.e·

[2m* J(E-V
-(2'1Ti,;ll/ A)sin</>=rn[2m*n<E- V nH sm6 ia

25

where
n=l,III
r1=-l
30

35

40

45

r111=1
Ol;a=O';a and e111ia=O";a are the angles (measured

positive counter-clockwise from the grating surface normal) of propagation of the i0 th backwardor forward-diffracted orders respectively,
m* 1 and m* 111 are the eletron/hole effective mass of
the input and output regions respectively,
V 1 and V 111 are the electron/hole potential energy of
the input and output regions respectively,
A is the grating period,
<I> is the grating slant angle
7r is the irrational number 3.14159 •••
-l'i is Planck's constant divided by 27T, the grating
average election/hole effective mass, the grating
average electron/hole potential energy, and angle
O' are selected such that they satisfy the Bragg
condition for the iath diffracted order:

\J 1m*1J(E -

VIJ)

= ia'1rll!Acos(6 - </>),

50 where
m*11 is the average grating electron/hole effective

55

60

65

mass,
.
V 11 is the average grating electron/hole potential
energy
is the angle O' refracted into the grating
A is the grating period
</> is the grating slant angle
7r is the irrational number 3.14159 •••
-ii is Planck's constant divided by 27r, and the grating
electron/hole modulated effective mass profile and
electron/hole modulated potential energy profile
are selected such that the first harmonic of an exponential Fourier series of the effective mass profile
and the first harmonic of an exponential Fourier
series of the potential energy profile satisfy the
Bragg regime equation:

e

PB=Q'/1y> I,
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'Y is the grating strength parameter.
24. The device of claim 23 wherein the grating also is
constructed according to the following: the effective
grating thickness, di A, is made larger than five such
5 that the grating has substantial diffracted current for the
ith order for only a small range of incident angles
around fJ' and a small range of energies around E.
25. The device of claim 23 wherein the grating also·is
constructed according to the following: the effective
10 grating thickness, d/A, is made smaller than five such
that the grating has substantial diffracted current for the
ith order for only a broad range of incident angles
around 6' and a broad range of energies around E.
26. A solid state, quantum mechanical, electron/hole
15 wave device comprising a layer of semiconductor material which supports substantially ballistic electron/hole
transport at energies above the conduction band and a
diffraction grating structure formed in said layer of
semiconductor material, said diffraction grating struc20 ture comprising a modulation in electron/hole potential
energy and/or effective mass for diffracting an input
electron/hole beam substantially completely into first
and second separate output electron/hole beams.
27. The device of claim 26 wherein said grating struc25 ture is adapted to divide an input beam of electrons/holes into one of said first and second output bean\s of
electrons/holes with substantially all of the input beam
current and the other of said first and second output
beams of electrons/holes with substantially none of the
30
input beam current.
28. The device of claim 26 wherein said grating structure is adapted to divide an input beam of electrons/holes substantially equally into said first and second
35 output beams of electrons/holes.
29. The device of claim 26 wherein said first output
beam has an arbitrary selected portion of the input beam
current and said second output beam has substantially
[2m* J(E- V1)Jlsin8' -(2'7'ifi/ A)sin<!>=rn[2m*the remainder of the input beam current.
n(E-V n)]lsin8";
30. The device of claim 26 further comprising a
40
means for applying said grating modulation.
where
31. The device of claim 30 wherein said means for
n=l,111
applying
the grating modulation comprises a periodic
r1=-l
set of metallic electrodes positioned adjacent a surface
ru1= 1
fJI;= f)'; and ()Ill;=()"; are the angles (measured posl- 45 portion of said semiconductor layer and a fixed bias
voltage applied to said electrodes.
tive counter-clockwise from the grating surface
32. The device of claim 30 wherein said means for
normal) of propagation of the ith backward- or
applying the grating modulation comprises a set of
forward-diffracted orders respectively,
superlattice layers.
m* 1 and m*1u are the electron/hole effective mass of
33. The device of claim 30 wherein said means for
the input and output regions respectively,
50
applying the grating modulation comprises an array of
V1 and V mare the electron/hole potential energy of
quantum wires.
the input and output regions respectively,
34. The device of claim 30 wherein said means for
A is the grating period,
applying the grating modulation comprises an array of
cfi is the grating slant angle,
55 electrode gate structures.
1T is the irrational number 3.14159 ••• ,
35. The device of claim 30 further comprising exteri1 is Planck's constant divided by 2w, and
nal field means for varying the grating modulation.
the grating thickness, electron/hole modulated effec36. The device of claim 35 wherein said external field
tive mass profile, and electron/hole modulated potenmeans comprises an electric field applied to a gate electial energy profile are selected such that the grating
thickness, the first harmonic of an exponential Fourier 60 trode structure.
37. The device of claim 36 wherein said gate elecseries of the effective mass profile, and the first hartrode structure is periodic.
monic of an exponential Fourier series of the potential
38. The device of claim 26 further comprising input
energy profile satisfy the Raman-Nath regime equation:
collimating means for collimating the input beam and
PRN=Q"y>I
65 first and second output collimating means for collimatwhere
ing said first and second output beams.
PRNis the Raman-Nath regime parameter
39. The device of claim 26 further comprising an
Q' is the grating thickness parameter, and
emitter means for generating the input beam and first

where
PB is the Bragg regime parameter,
Q' is the grating thickness parameter, and
'Y is the grating strength parameter.
21. The switching device of claim 20 wherein the
grating also is constructed according to the following:
the effective grating thickness, d/A, is made larger than
approximately five such that the grating has substantial
diffracted current for the iath order for only a small
range of incident angles around f)' and a small range of
energies around E.
22. The switching device of claim 20 wherein the
grating also is constructed according to the following:
the effective grating thickness, di A, is made smaller
than approximately five such that the grating has substantial diffracted current for the iath order for a broad
range of incident angles around ()' and a broad range of
energies around E.
23. The switching device of claim 1 wherein the input
electrons/holes are incident upon the device at an angle
8' and an energy E,
wherein the grating structure is characterized by a
grating period, grating slant angle, grating average
electron/hole effective mass, grating average electron/hole potential energy, grating modulated
electron/hole effective mass profile, and grating
modulated electron/hole potential energy profile,
and wherein the grating structure is constructed in
accordance with the following so as to produce
numerous diffracted beams of electrons/holes of
substantially the same current:
the grating period and grating slant angle are determined which will give desired number and directions of
backward- and forward-diffracted orders, by having the
propagating orders satisfy the grating equation for real
angles fJ'; and fJ" ;:
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and second collector means for collecting said first and
second output beams.
4-0. The device of claim 39 wherein said emitter
means comprises means for generating a plurality of
foput beams which are incident upon said grating struc- 5
ture.
41. The device of claim 26 wherein
the input electron/hole beam is incident upon the
grating at an energy E,
the grating is characterized by an angle of incidence, 10
grating period, grating slant angle, grating average
electron/hole effective mass, grating average electron/hole potential energy, grating modulated
electron/hole effective mass profile, and grating
modulated electron/hole potential energy profile, 15
the device being constructed in accordance with the
following in order to divide substantially all of the
input beam of electrons/holes into two output
beams, designated as the i = 0 and i = ia electron/hole beams where ia is a positive or negative integer 20
corresponding to a forward or a backward diffracted order:
the grating period and grating slant angle are determined for said grating device which will make the
ia. backward- or forward-diffracted orders propa- 25
gating, by having the progagating orders satisfy the
grating equation for real angles 8' ia or 8" ;0 :
[2m•1(E-V1)]l sin 8'-(27Tiafl/A) sin
<J>=rn[2m•n(E- Vn)Ji sin 8";0

30

where
n=l,III
rI=-1
rnI= 1
and 8III;0 =8";0 are the angles (measured
positive counter-clockwise from the grating surface normal) of propagation of the iath backwardor forward-diffracted orqers respectively,
m*I and m*III are the electron/hole effective mass of
the input and output regions respectively,
VI and VIII are the electron/hole potential energy of
the input and output regions respectively,
A is the grating period,
cf> is the grating slant angle,
71' is the irrational number 3.14159 •.. ,
his Planck's constant divided by 271',
the grating average electron/hole effective mass, the
grating average electron/hole potential energy, and
angle 8' are selected such that they satisfy the Bragg
condition for the i0 th diffracted order:
8Iia=8';0

'i 2m*n{E -

Vu)

=

i0 #h/Acos(~ -
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55
where
m* II is the average grating ·electron/hole effecnve
mass,
VII is the average grating electron/hole potential
energy,
8 is the angle 8' refracted into the grating,
60
A is the grating period,
cf> is the grating slant angle,
71' is the irrational number 3.14159 ••. ,
.fi is Planck's constant divided by 271', and the grating
electron/hole modulated effective mass profile and 65
electron/hole modulated potential energy profile
are selected such that the first harmonic of an exponential Fourier series of the effective mass profile

16
and the first harmonic of an exponential Fourier
series of the potential energy profile satisfy the
Bragg regime equation:

where
PB is the Bragg regime parameter,
Q' is the grating thickness parameter, and
'Y is the grating strength parameter.
42. The device of claim 41 wherein the grating also is
constructed according to the following: the effective
grating thickness, d/A, is made larger than five (5.0)
such that the grating has substantial diffracted current
for the iath order for only a small range of incident
angles around 8' and a small range of energies around E.
43. The device of claim 41 wherein the grating also is
constructed according to the following: the effective
grating thickness, d/ A, is made smaller than approximately five such that the grating has substantial diffracted current for the iath order for a broad range of
incident angles around (J' and a broad range of energies
around E.
44. A solid state, quantum mechanical, electron/hole
wave device comprises:
a layer of semiconductor material which supports
substantially ballistic electron/hole transport at
energies above the conduction band edge; and
a grating structure formed in the layer of semiconductor material and comprised of a modulation in
electron/hole potential engergy and/or effective
mass for diffracting substantially all of an input
electron/hole beam into three or more output electron/hole beams.
45. The device of claim 44 wherein said grating is
adapted to divide substantially all of the input beam of
electrons/holes substantially equally among multiple
output beams.
46. The device of claim 44 further comprising means
for applying the grating modulation.
47. The device of claim 46 wherein said means for
applying the grating modulation comprises a set of metallic electrodes adjacent a surface portion of said semiconductor layer and a fixed bias voltage applied to said
electrodes.
48. The device of claim 46 wherein said means for
applying the grating modulation comprises a set of
superlattice layers.
49. The device of claim 46 wherein said means for
applying the grating modulation comprises an array of
quantum wires.
50. The device of claim 46 wherein said means for
applying the grating modulation comprises an array of
electrode gate structures.
51. The device of claim 46 further comprising external field means for varying the grating modulation.
52. The device of claim 51 wherein said external field
me:!ns comprises an electric field applied to a gate electrode structure.
53. The device of claim 52 wherein said gate electrode structure is periodic.
54. The device of claim 44 wherein the input electrons/holes are incident upon the device at an angle 8'
and an energy E,
wherein the grating structure is characterized by a
grating period, grating slant.angle, grating average
electron/hole effective mass, grating average elec-
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tron/hole potential energy, grating modulated
thickness, the first harmonic of an exponential Fourier
electron/hole effective mass profile, and grating
series of the effective mass profile, and the first harmodulated electron/hole potential energy profile,
monic of an exponential Fourier series of the potential
and wherein the grating structure is constructed in
energy profile satisfy the Raman-Nath regime equation:
accordance with the following so as to produce 5
numerous diffracted beams of electrons/holes of
substantially the same current:
the grating period and grating slant angle are deterwhere
mined which will give desired number and directions of
PRNis the Raman-Nath regime parameter,
backward- and forward-diffracted orders, by having the 10
Q' is the grating thickness parameter, and
propagating orders satisfy the grating equation for real
y is the grating strength parameter.
angles 8'; and 8" ,~
SS. The device of claim 54 wherein the grating also is
constructed according to the following: the effective
(2m•1(E-V1)]! sin 8'-(21T17i/A) sin
cl>=rn[2m•n(E-Vn)]I sin 8";
grating thickness, d/A, is made larger than approxi15
mately five such that the grating has substantially difwhere
fracted current for the ith order for a small range of
n=l,III
incident angles around 8' and a small range of energies
f]=-1
around E.
~=1
.
m S6. The device of claim 54 wherein the grating also is
8' ;= 81; and 8III;= 8"; are the angles (measured posiconstructed according to the following: the effective
tive counter-clockwise from the granting surface
grating thickness, d/A, is made smaller than approxinormal) of propagation of the ith backward- or
mately five such that the grating has substantial difforward-diffracted orders respectively,
fracted current for the ith order for a broad range of
m • / and m •III are the electron/hole effective mass of 25
incident angles around 8' and a broad range of energies
the input and output regions respectively,
around E.
V / and VIII are the electron/hole potential energy of
S7. The device of claim 44 further comprising means
the input and output regions respectively,
for
generating an input beam, means for collimating the
A is the grating period,
input beam, and collector means for collecting output
cp is the grating slant angle,
30
beams.
7T is the irrational number 3.14159 ... ,
SS. The device of claim S7 wherein said means for
-ti is Planck's ·constant divided by 27T, and
generating an input comprises means for generating a
the grating thickness, electron/hole modulated effective mass profile, and electron/hole modulated potenplurality of input beams.
tial energy profile are selected such that the grating 35
* • • * •
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col. 5, line 45
col. 5, line 46

Remove "-" at end of line.
"l" should be "/"

Column 6 (Page 15)
col. 6 t line 32
col. 6' line 32
col.
col.
col.
col.

6,
6t
6,
6'

line
line
line
line

36
37
37
37

"h" should be "Ii"
square root overbar should extend only to cover "V ... T)
should not cover "/\2 ..
~.

"V1" should be "V I
"h" should be .. fi"
"mi*" should be "mI *"
"V1" should be "VI
II

II

ff

It

UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION
PATENT NO.

Page 2 of 3

DATED

5,191,216
March 2, 1993

INVENTOR(S}

Gregory N. Henderson, et al.

It is certified that error appears in the above-identified patent and that said Letters Patent
is hereb;' corrected as shown below:

Column 9 <Page 17)
col. 9, line 3
col. 9, line 7

"KEjf(KE)" should be "KE/ff(KE)"

"-7.2%" should be "-0-7%"

Column 12 <Page 18)
col. 12, line 23
col. 12, line 24

It

m* - " s h ould be "m*

"n " s h ou 1d b e removed
n
ft;ege.ther __wi~ correction to line 23)

Column 13 (Page 19)

,

. 37
col. 13, -lne
col. 13, line 38
col. 13, line 64

*

"m
II

-

II

should be "m*
n

should be removed
n "

-( togethe.J:._,Wi t.h·-c~rrec ti on to line 37)
">" should be "<"

Column 15 (Page 20)
col. 15' line 28
col. 15, line 2.9

"sin" should be "sinefi"

"</>" should be deleted
. (together with correction to line 281col. 15, line 30 "m *" should be "mI*"
l
col. 15, line 46 "h" should be "Ji
col. 15, line 53 "h" should be II Ji
ti

It

UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION
PATENT NO.

Page 3 of 3

DATED

5,191,216
Marcli 2, 1993

INVENTOR( S)

Gregory N. Henderson, et al.

It is certified that error appears in the above-identified patent and that said Letters Patent
is hereby corrected as shown below:

Column 17 (Page 21)
col. 17, line 13
col. 17, line 13
col. 17, line 14

"m l *" should be "mr *"
"sin" should be "sine?"
n c?" should be deleted
(together- vit:h correction to line 28)

Column 18 (Page 21)
col. 18, line 6 ">" should be "<"
col. 18, line 16 "subst:anially" should be "substantial"

Signed and Sealed this
Eleventh Day of October, 1994
Attest:

BRUCE LEHMAN

Attesting Officer

Commissionu of Patents and Trademarks

