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Abstract

In this paper, we discuss the use of a semiconductor multiple quantum

well (MQW) electron wave filter for multi-channel communication
applications. This bandpass-type electron wave energy filter, made of GaAs
and Gay ssAlpqsAs, is designed for different numbers of layers and cavities
for a pass wavelength of 10 nm. We report on the calculated values of the
design parameters, such as the passband wavelength, 3-dB bandwidth,
quality factor and passband loss for the electron wave filter. The design
parameters are also evaluated for a tunable MQW electron wave filter when
varying the angle at which the electron wave is incident on the input layer of

the filter.

1. Introduction

Low-dimensional systems have revolutionized semiconductor
physics. They rely on the technology of heterostructures,
where the composition of a semiconductor can be changed
on a nanometre scale.  For example, a sandwich of GaAs
between two layers of AliGa,_As acts like an elementary
quantum well.  Semiconductor quantum wells are ultrafine-
layered media whose layer thicknesses are in the range of
one or u few atomic layers. Corresponding to the wave
propagation i a waveguide, the electrons propagate through
anarrow channel with a width of the order of the de Broglie
wavelength and with a length Jess than the phase coherence
length of electrons with sufficiently smooth boundaries. Such
channels that guide coherent electron waves from one end 1o

Due to their
Electron wave

the other are known as clectron waveguides,
balhistic mature, the electrons act as waves,

devices are a new class of semiconductor devices based on the
use ol clectron waves. Both faster and smaller than existing
semiconductor devices | 1=3], these structures lind applications
m cleetronie and optical devices and can be combined o
guided electron wave integrated circuits. Such circuits could
become the “next generation of semiconductor technology”,

e nanotechnology. As a result, there is a growing interest in
the design and development of devices based on clectron wave
propagation in semiconductor quantum wells, quantum wires
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or quantum dot structures utilizing interference and diffraction
phenomena of electron waves [4].

The analysis of the quantum interference devices such
as clectron waveguide couplers [5], switches, filters and
diffraction gratings [0] is carried out with the help of the
coupled mode theory [7] for clectron waves.  Analogous
to the optical thin-film filter [8], an electron wave energy
filter [9] consists of multiple thin layers of semiconductor
material having different potential encrgies. It reflects one
or more spectral bands or lines and transmits others, while
maintaining a nearly zcro coellicient of absorption for all
wavelengths ol interest. An interference filter [10] may be
a high-pass, low-pass. bandpass. or band rejection filter, In
this paper. we describe the theory of reflection and refraction
of electron waves rom an interface separating two media and
from a stack of layers. This study is then applied to finding
the design parameters such as passband wavelength, 3-dB
bundwidth, quality fuctor and passhand loss for a bandpass
GaAs/Gag ssAly sAs multiple quantum well (MQW) electron
wave lilter for the filter configurations having a variable
number of layers and cavities for the pass wavelength of 10 nm.
Also, these design parameters are evaluated for the different
thickness values of the film layer. It is observed that the
filter configuration can be made wnable by varying the angle
of incidence. As this angle ol incidence is increased, the
wavelength of peak transmission decreases. Thus, depending

292



Design parameters of a tunable semiconductor MOW clectron wave filter

A x
cover
x=d
film e
X= > Z
Substrote
Y

Figure 1. An electron wave slab waveguide.

upon the requirement, the pass wavelength and the angle
of incidence is selected. These MQW energy filters can in
turn be utilized to design other electron wave devices such
as transmission filters, reflectors, beamsplitiers, multiplexers,
demultiplexers, ballistic transistors, cte.. for multi-channel
communication systems,

2. Reflectivity and transmissivity of the
semiconductor MQW structure

A semiconductor quantum well can be designed to confine
electron waves and act as an electron waveguide. The electron
waveguide serves as a basic building block for the development
of high-speed electronic devices such as electron waveguide
couplers, electron switches [11, 12], electron waveguide
filters, etc. The steady-state motion of the electron wave is
governed by the well-known Schrédinger equation

R _,
(——V‘+ V(x)) W(x,y,z) = EW¥(x,y.2) (n
2m*

where W (x, y. z) is the electron wavefunction corresponding
to the electron energy E. m' is the elfective mass of the
electron. The solutions are then

W(x, y.2) = W(r. y) e @

where k denotes the wave veclor.

A slab waveguide [13] is shown in lgure 1. Using
standard waveguide terminology, the three regions are denoted
substrate (s). film (I and cover (c). and the direction
perpendicularto the waveguide surfaces is .« The thickness of
the waveauide is . The direction of guided mode propagation
is 2. The angle of incidence of the two plane wave components
that constitute the guided wave is the zig-zag angle 1.

The magnitude of the electron wave vector based on
cquation (2) in any of the three regions may he expressed
as

k=2m*(E - )" /n (3)

where s the electron effective mass. £ s the total energy
and Vs the electron potential energy. An electron of Lotal
energy I is incident upon the film—cover interface. The kinetic
energy of the incident electron is

,
n-

k3 ()

: n? - 5
=W 2m’, etk ) = 2
=) “HLy

where Jris the Planck constant divided by 2. m is the
clectron effective mass in the film region. k7, and k;, are the
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Figure 2, MOQW structure consisting of &V layers,
components of the incident electron wave vector normal and
parallel 1o the boundary, respectively. and & ; is the magnitude
of the incident electron wave vector, which is given by

ki =12m'(E = V)3 /n. (5
The kinetic energy of the transmitted electron is
L. 5 no,

E=V.=—Ik, +k,) = ' (6)
Em;‘.( o +hL) m:

where k., and k_, are the components of the transmitted
electron wave vector normal and parallel to the boundary.
respectively, and k. is the magnitude of the transmitied wave
véctor in the cover region which is given by

ke = [2m{(E - V.)]'*/h. M
The kinetic energy of the reflected electron is
E—szi(kz +k’.)=£k3 (8)
2m’y SR 2myy !

where k ; is the magnitude of the reflected wave vector.

The electron amplitude transmittivity and the
corresponding fraction of the electron current transmitted are
respectively given by

2(E/m})'* cos 6;

e (E/m?) 2 cost; +[(E — V)/m}]'/2cos8, ©)
and
. _[E=-WTP
f,- = [EF_—-V_)'] l"ri F [l(]j

The electron amplitude reflectivity and the corresponding
fraction of the electron current reflected are respectively given
by
(Efmi P eost — [(E — V)/m1"" cos 6,
o= o0 v *11/2
(E/m 2 cost + [(E = V) /m? |V cost,

(n
and
R, = |":-|_‘ .

We next consider an arrangement as shown in figure 2. It

(12)
shows an clectron wave in the region having the refractive
index. ny incident at an angle # upon a stack of N layers ol
differing electron potential energy. The amplitudes incident
apon (1 ,) and reflected from (3,0 the nh layer may be
expressed in terms ol the amplitudes incident upon ()
and reflected from (¢, ) the (o + Dth laver | 14], as

1L 7
Wu. Iy LTn |
exp| jk,d,(cost,)] 0 Winsl
Y8 [ 0 uxpl—jk,,d“(wsﬁ,,)]] Lr’;,_,,ﬂ ]
(13)

293



S Garg et al

-
&
el
4
w
w
o
= 3k —— 0 degree
- -~ 10 degree
—+— 30 degree
2F 4
(NS J
0 L L L L

9 9.2 9.4 9.6 9.8 10 10.2  10.4 106 10.8 i1

WAVELENGTH (nm)

Figure 7. Spectral response of the BPF at different angles of
incidence.

Table 5. Observations of the spectral response of BPF at different
angles of incidence.

Angle Wavelength of
S No oftilt(*) peak transmission
1 0 10.000 nm
2 10 9.894 nm
3 30 9.775 nm

configuration, substrate|/LHLHL(2H)LHLHL /|cover, for the
pass wavelength of 10 nm. Table 5 gives the corresponding
values of the wavelength of minimum loss due to reflection.

It is observed from figure 7 that, at normal incidence,
the minimum loss due to reflection occurs at the pass
wavelength for which the filter is designed, i.e. 10 nm. As
the angle of incidence increases, the passbands shift to shorter
wavelengths. At a tilt of 20°, the wavelength of minimum loss
is observed at 9.894 nm, and at a tilt of 30° the wavelength of
peak transmission is at 9.775 nm. Thus, the filter can be made
tunable.

4. Conclusion

Mathematical expressions have been given for the
design of an electron wave interference filter using the
GaAs/GagssAlgasAs semiconductor heterostructure system.
wave interference cffect on the reflection
characteristics of the filter is demonstrated in terms of
parameters such as pass wavelength, 3-dB bandwidth, quality
factor and passband loss. We have carried out a comparative
study of the spectral response of the electron wave filter

The electron

for different cavity lengths, different numbers of cavities,
different numbers of layers and the different thicknesses
of the cavity layer and the results are shown in tables [-4.
Also. a variation in the wavelength of minimum loss due to
reflection is observed for different angles of incidence. As the
angle of incidence increases, the passband shifts to the shorter
wavelength sides. Thus, by varying the angle of incidence,

the filter can be made tunable. This makes the filter useful
for multi-channel communication applications. Extensive
research and development efforts are under way to realize the
tunable electron wave interference filter experimentally, since
such a device may serve as one of the basic building blocks
of future guided wave integrated circuits. Furthermore, the
influence of the graded index nature of the electron waveguides
on the design parameters may be investigated. The bandwidth
of the proposed device hay be controlled by introducing a
phase shift in the reflector layers. Electron waveguide based
devices having a graded index nature with symmetric and
asymmetric structures can be analysed to obtain enhanced filter
characteristics.
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where 1, is the transmittivity, r, is the reflectivity, k, is
the wave-vector magnitude. o, is the thickness, and 6, is
the propagation angle at the nth layer.  Generalizing the
above analysis for N films and [or oblique incidence permits
the analysis of propagation of electron waves in multi-layer
structures |15, 16] and will be useful to design electron wave
energy lilters analogous to optical diclectric thin-film filters.

3. Design parameters of a semiconductor MQW
electron wave filter

Generally. an interference bandpass filter (BPF) consists of
alternating layers of H and L. film. alternating layers of H
and L. ..., lilm, alternating layers of H and L. Here, H and
L indicate high and low index layers, respectively, with a
common thickness of quarter wavelength.  Also, the film
consists of 21 *H* or 2n ‘L’ where i is an integer and determines
the " ngth of the cavity. In order to maximize the reflectivity
at cach boundary, the values of the mole fraction, x, of the
two alternating layers in the Ga,_ Al,As MQW system are
taken to be far apart,  Corresponding 1o an optical thin-
film interference filter, an electron wave interference filter

is designed by following the analogies of electron waves in

quantum mechanics [9] to optical waves in electromagnetics.
First, the electron pass kinetic energy for the electron pass
wavelength, A.o = 10 nm in the input region, is calculated by

(E — V)o = h*/2mir2, (14)

where mj, is the electron effective mass for the j = ( region.
Secondly, kinetic energy for each jth layer is calculated by

(E = V); = (nj/8)’m} (15)

where (E — V);, n; and m7 are the kinetic energy, refractive
index and effective mass, respectively, of the jth layer. § is the
scaling parameter and is given by

S = no/I(E — V)o/mi)'* (16)

where iy, is refractive index in the input region in the optical
design. Thirdly. the quarter wavelength thickness, d; of the
Jjth layer is given by

dj = /2 {[m3(E — V);1'2).

The kinetic energies and the thickness values of the different
layers of the MQW stack are calculated for a pass wavelength
of 10 nm. A fraction of the clectron energy is reflected al
cach of the barrier interfaces and represents the loss. If the
thickness of the film is of half-wavelength for the desired
wavelength to be filiered. then other wavelengths will be
attenuated by destructive interference. An interference lilter
requires a very high value of transmittivity over a small region
of wavelength so that at the output of the filter there is a very
small spread in wavelength.

(17)

a MQW electron wave
filter consisting of alternating layers of GaAs (n = 3.0260)
and GagssAlpgsAs (n = 3.3137) [17] surrounded by
the substrate and cover regions made of GagssAlpisAs.
The elfective masses used are m*(GaAs) = 0.067myq and
m*(Gag ssAlpasAs) = 0.10435m, where my is the free electron
massHere H is the region of high refractive index, i.e. GaAs,
and L is the region of low refractive index, i.e. Gag ssAly asAs.

In this paper. we simulate
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Figure 3. Spectral response of the BPF according to the cavity
length,

Table 1. Observations ol the spectral response of BPFs according 1o
cavity length,

S$No  Cavity length  3-dB bandwidth  Quality factor
1 2ZH(n=1) 0.0502 nm 1.99 x 10?
2 4H(n=2) 0.0300 nm 333 x 10°

The reflection characteristics for the different filter
configurations are plotted using equation (12), i.e. the fraction
of electron current reflected. We have used MATLAB-
5.3 software on a Pentium III equipped personal computer.
We concentrated mainly on obtaining the precise design
paramelers rather than the computation time required. The
design parameters which control the reflection characteristics
are the value of pass wavelength, 3-dB bandwidth or full width
at half maximum (FWHM), quality factor and passband loss.
The 3-dB bandwidth or FWHM [ 18], in the case of the pattern
in transmitted light, is the width between the points on either
side of a maximum where the intensity has fallen to half its
maximum value. It is a measure of the sharpness of the
fringes. Another parameter that determines the performance
of the device is the quality factor of the filter, which is given by
the ratio of the passband wavelength to the 3-dB bandwidth.
The quality factor is a measure of selectivity.

Figure 3 shows the spectral response of an |l-layer,
I-cavity BPF according to cavity length (n) for a filter
configuration “substrate]/LHLHL(2oH)LHLHL /|cover” and
a pass wavelength of 10 nm. The numerical values of the
design paramelers, i.e. 3-dB bandwidth and quality Factor,
are obtained from figure 3 and are given in table 1. It is
observed that, the longer the cavity length, the sharper the cut-
ofl characteristics and the narrower the 3-dB bandwidth.

Figure 4 shows the spectral response ol 2H-cavity
BPFs with one and two cavities for a filter configuration,
substrate| /AHA//|cover, where the symbol A represents the
layers LHLHL(2ZH)LHLHL for the pass wavelength of 10 nm.
The numbers of layers are 11 and 23, respectively. As is
evident Irom table 2, the increase in the number of cavitics
leads to a corresponding decrease in the 3-dB bandwidth.
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Figure 4. Spectral response of 1-cavity and 2-cavity BPFs.
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Figure 5. Spectral response of 11-layer and 19-layer BPFs.

Table 2. Observations of the spectral responsc of 1-cavity and
2-cavity BPFs.

3-dB
S No  Filter configurations bandwidth  Quality factor
1 Substrate| /A /|cover 0.0500 nm 2,00 x I()i
2 Substrate|/ AHA/[cover  0.0160 nm 6.25 x 10-

Figure 5 shows the spectral response for a l-cavity
(n=1) BPF filter configuration substrate|/A/|cover. where
the symbol A represents the layers LHLHL(2ZHDLHLHL in
one case and the layers LHLHLHLHLEZH)LHLHLHLHL
in the other casc for the pass wavelength of 10 nm. The
corresponding design parameters arc shown in table 3
Figure 5 shows that. as the number of layers increase, the
cut-off characteristic sharpness increases and there is a sharp
decrease in the value of 3-dB bandwidth. This makes the filter
efficient with a better quality factor.

Figure 6 shows the spectral response for i I-cavity
(n=1), 7-layer BPF configuration having different
thicknesses of the cavity layer for the pass wavelength of

5 =
10.4 o8 11

i
106

] 92 G4 9.6 9.8 10 102
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Figure 6. Spectral response of the BPF according to the thickness
of the cavity layer.

Table 3. Observations of the spectral response of 11-Fayer and
19-layer BPFs.

§No Nooflayers 3-dB bandwidth  Quality factor
1 1 0.0500 nm 200 x 10°
2 19 0.0006 nm 1.67 % 10°

Table 4. Observations of the spectral response of the BPF according
to the thickness of the cavity layer.

SNo Thickness 3-dB bandwidth ~ Quality fuctor
1 d 0.0500 nm 2.00 x 10
2 5%d 0.0100 nm 10.0 % 10

10 nm. The corresponding values of the design parameters are

given in table 4, where d is the quarter-wavelength thickness
of the primary cavity layer.

As can be seen from figure 6, although the loss due to
reflection is zero at 10 nm for both the cavity layer thicknesses,
the variation of loss due to reflection of the required range
ol the spectrum is much smaller when the thickness has a
multiple factor of one. It is observed that, at 9.1 nm, the loss
again decreases to a very small value for 5. thus opening
another window for the wavelength to transmit. This is not
the requirement of the filter and so for this reason a film of
thickness d should be used rather than a film of thickness 5*d.
In all the above cases, a passband loss ol less than 0.1 dB
is obtained. We also note that the FWHM obtained for an
clectron wave interference filter in [9] was 2.2 A or 0.22 nm.
Compared with this result, we have obtained FWHM values
ranging from 0,05 nm to as low as 0.0006 nm for the dilferent
filter conligurations.

Until now, the design parameters have been calculated for
normal incidence. The filter can be made tunable by varying
the angle of incidence. As the angle of incidence increases,
a shift in pass wavelength towards smaller wavelength values
is observed. Now, we change the angle at which the electron
wave is incident on the input layer of the filter. Figure 7
shows the spectral response of the l-cavity (n = 1), 11-
layer BPF according to angle of incidence for a filter
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