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SUMMARY

The purpose of this program is to study direct modulation tech-
niques applicable to integrated optics data preprocessors. Several

methods of modulating a coherent optical beam by interaction with an

incoherent beam have been studied. It was decided to investigate photon
induced conductivity changes in thin semiconductor cladding layers on
optical waveguides. Preliminary calculations indicate significant
changes can be produced in the phase shift in a propagating wave when
the conductivity is changed by ten percent or more. Experimental de-
vices to verify these predicted phase changes are currently being fabri-

cated and experiments are being designed to prove the concept.
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I. INTRODUCTION

An integrated optics holographic comparator has been proposed ()
for use as a data preprocessor for airborne optical sensors. This de-
vice, as presently proposed, requires the conversion of the sensor
optical signal into an electrical signal which then modulates a coherent
optical beam by means of a set of metal electrodes deposited on a li-
thium niobate waveguide (Figure 1). This technique introduces noise and
extra hardware because of the needed signal conversion from optical to
electrical.

The objective of this investigation is to determine the feasibility
of direct modulation of a coherent optical beam by an incoherent optical
source to eliminate some of the above problems. Several direct mod-
ulation techniques have been investigated during the first half of this
study. One technique investigated was the metal-barrier-metal, or more
commonly metal-oxide-metal device (MOM), which makes use of tunneling
effects through a barrier region. While the MOM device shows great
promise for this application it is still in the early stages of research
and its ability as an optical modulator in an integrated optical circuit
has yet to be investigated. This device will be discussed in Section 2.

Two other tecniques currently being developed are the Pockels-
Readout-Optical-Modulator type memory and display devices (PROM) and a
spatial light modulator being developed by M.I.T. These are also brief-
ly discussed in Section 2.

Another concept investigated is that of a photon induced change in
conductivity in a semiconductor clad optical waveguide. This has been

investigated theoretically in Section 3. It is shown that conductivity
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changes as small as t+ 10% can produce a significant change in both the
attenuation and phase constants of an optical wave propagating in the
waveguide. Closer investigation has shown that these effects can be
maximized by proper choics of the thickness of the semiconductor. It is
further shown that only certain semiconductors (GaAs and Si) produce the
desired effect.

Based on the predictions discussed in Section 3, an experimental
device is proposed in Section 4 [.r verification of the predicted data.
Should this experiment prove successful, an optical modulator would be

built and such a device is also discussed in S=ction 4.
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II. INVESTIGATION OF MODULATION CONCEPTS

Various modulation techniques have been investigated in a previous
study by Battelle Colombus Laboratories.(z) This included a survey of
the physical phenomena which might be utilized in a modulator, including
photorefractive, photochromic, thermo-optic, photoconductive, and photo-
voltaic effects. We have concentrated our studies principally in two
areas, photoconductive and metal-barrier-metal devices, while keeping
abreast of new developments in other areas such as photorefractive
devices.

During this study of direct modulation concepts we have not limited
our scope by any particular type optical sensor which might be providing
the modulation signal. In order to bound the problem somewhat we have
assumed that such a modulation device would have to respond to a one-
dimensional variation of intensity and that such variation would occur
relatively slow in the time domain. Any device which could respond
within a millisecond was considered feasible. It was also assumed the
sensor had a 4 inch diameter optical system with a 1° field-of-view
observing the earth. Based on data in reference 3 we estimated an earth

radiance between .02 and 200 u watts cm2 sr1 pml at a wavelength of 1

pgm. This produced a photon flux of 1014 to 1019 phot‘.ons/sec.1 pm-l on
the modulating element. These numbers will be hsed as guidelines for
calculation purposes until addtional data is supplied by NASA.

The two concepts which initially seemed promising for use in a
modulator were the tunneling effect in a metal-barrier-metal device

(MOM) and photoconductive effects produced in semiconductor-clad-optical

waveguides. These two concepts are discussed in detail below. Brief
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surveys of recent developments in photorefractive devices and also the
new microchannel spatial light modulator being developed by M.I.T. are
also included in this section.

A. Photo Conductive Devices

Modulation effects can be produced in an optical waveguide by
changing the conductivity of the waveguide or changing the conductivity
of a cladding layer. Configurations for these techniques are shown in
Figure 2. We have concentrated our investigations on the clad waveguide
configuration since it seems to have a number of advantages. With this
configuration the cladding material need not be transparent to the
wavelength of light propagating in the waveguide. This allows a greater
range of materials which may be used. For example, silicon and german-
ium are not transparent at 632.8 nm but can still be used as a cladding
layer over short distances. A second reason for using the clad wave-
guide is that fabrication techniques would likely be much simpler since
the waveguide material is not changed, only the cladding layer.

In section 3 we will discuss the selection of materials for this
cladding region and how the material affects the propagation in the
waveguide. It will be shown that both silicon and gallium arsenide have
potential for use as a modulator whereas germanium and similar materials
do not appear as promising. Organic photoconductors have been receiving
attention in the literature recently because of the ability to vary the
conductivety from that of a semiconductor to that of a conductor.
Investigation of these materials for use in the cladding region has

been initiated and will be discussed briefly.

B R I © e e . = e, By S
N "y i




m’—mv—ww-”a o T ET R TR TR T e T e e T R A . et A e e Akt skl e T T T e A e

[

SIGNAL BEAM
PHOTOCONDUCTIVE
MATERIAL

N7 NEanl/ N/ e  WAVEGUIDE S/
— SUBSTRATE
(a) (b)
FIGURE 2. (a) PHOTOCONDUCTIVE WAVEGUIDE
(b) P! ITOCONDUCTIVE CLADDING LAYER

M3
" Nty My
™

FIGURE 3. SIMPLE OPTICAL WAVEGUIDE




TR T T T ST T T T IS TR A T M AT T T T NS R S R e snampns, SEACTS L LTWOTRE LTI WO ST T T T TS T CTSTWEmETEesTae s - wmeneens

1. Waveguide Solutions:

We will begin our discussion of the photoconductive modulator with
a brief discussion of optical waveguides and the methods we are using to
determine the characteristics of waveguides of interest here. The
principle of operation of integrated optical waveguides is basically
simple. If light is introduced intc the guiding region (nz) at the
correct angle (Figure 3), it will travel down the waveguide until it
strikes a boundary with one of the surrounding layers (n1 or n3).
Because the index of refraction of the surrounding layer is less than
that of the guiding region, the light is totally reflected (Snell's Law)
and continues traveling through the guiding region until it strikes
another boundary producing a "zig-zag" path as shown in Fig. 3.

In traveling through the waveguide the light may follow one of many
paths. Each discrete path is called s mode and is classified as either
TE (transverse electric) or TM (transverse magnetic). A TE mode has no
component of electrical field in the direction of propagation while a T
mode has no component of magnetic field in the direction of propagation.
The TE and TM modes are further catagorized as TEN and THN, where N is
defined to be the mode order.

These propagading modes have a set of fields characterized by

= ejwt—yz
xyz
ejwt-yz
Xyz
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where Yy = a+jf, propagation constant
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Each mode is . haracterized by its own propagation constants alpha (a)
and beta (B).

In order to find alpha a~d beta, a characteristic equation (dis-

NGO

persion relltionl) must be derived and solve . As Fig. 2 indicates

the modulator appears as a four layer waveguide. The photoconductive
material can either be on top of the waveguide as shown in Fig.2 or
between the waveguide and the substrate as shown in Fig. 4.

The dispersion relation for a four-layer semiconductor-clad optical

NO)

waveguide has been derive using Maxwell's field equations. Rather

than rederive the relation, a brief summary of the procedure followed is
presented.

1. It is assumed that all materials except the semi-
conductor are approximately lossless and that
propagation is in the z direction.

2. The non-zero field components of the TE and TM modes
are determined and substituted into the wave
equation.

3. The wave function is obtained by solving the wave
equation. By invoking the condition of continuity
of the wave function and by forcing the field com-
ponents to satisfy Maxwell's boundary conditions,
the dispersion relation is obtained:

x1 x2
R e L -1 K3dPua
K .t. = tan + tan — <+ Nn (1)
x373 le X
1 - K21 ;—- tanh sztz x3
x2
where Kij = 1 for TE modes
.. = ¢€./¢c, for TH modes
ij i'7j
c (g2 - W2 L, g2 AP A Y
P"i = [(5 o £, Ko ) + _)(ci Ko zaB)]
ey 2 2 _ a2, 2 - vk 2h
Kei = (05" K, - 8% v a) + j(2aB - c" K, ))
N =0,1,2,.... = mode order

lA dispersion relation is any functinnal equation which relates the
modal propagation constants to the frequency of the wave and the
waveguide paramcters, such as thickness and permittivity.

9
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si' - jei" = complex permittivity of region i.
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This is not only a transcendental equation but it also involves the
complex arctangents and the complex hyberbolic tangents. The only
practical method of solving the dispersion relation is by use of a
computer. A computer program has evolved over a period of eight years
for solving the dispersion relation. This program employs the razor
search method developed by Bandler and Macdonald(6) for optimization of
microwave networks.

The razor search method requires the operator to select initial
values of alpha and beta. The computer then conducts pattern searches
around these points until a combination of alpha and beta satisfying the
dispersion relation is found. Use of the program requires such data
input as layer thicknesses and permitivities, mode type and mode order,
wavelength, the initial "guess" of alpha and beta, and various conver-
gence factors used in determining when a suitable alpha and beta have
been found.

Initially the program set up was such that the thickness of the
second layer (the semiconduct:: layer) remained constant while that of
the third layer (the guiding region) was allowed to vary. In order to
obtain additional characteristics of waveguides the program has been
modified so that the thickness of the guiding region remains constant
while that of the metal cladding varies.

At optical freyuencies the complex permittivety is related to the

conductivity (o) as follows:

11

o,

Lal or




This conductivity caa be changed by incident photons in semicon-
ductors and in certain inorganic materials. In a semiconductor the
conductivity is given by

o=o°+eAn(pp+pn) 3)

Q
"

conductivity of sample without light.

charge on electron.

pp, My = mobility of holes and electroms.

5
5
f

changes in concentration of free

carriers due to incident light.

To maximize the change in conductivity we need to keep o, as low as
possible. This can be done using high resistivity semiconductors.
Large changes in conductivity have been observed in silicon illuminated

(7,8,9)  ¢onductance changes from 1074 (ohm cm)”!

with a pulsed laser.
to 103 (ohm t:m)-1 were observed when illuminated with a 100 watt laser.

This optically produced change in conductivity will affect the
attenuation and phase constants of the propagating modes in the four-
layer waveguide according to equation (1). It has been generaliy con-

cluded(l)

that this effect is small at the levels of incident radiation
expected on the airborne receiver. In Section 3 we will show that under
proper conditions the effect can be maximized to the point where it

could be used in a direct modulator.

2. Organic Conductors:

Within the last two years several research organizations have been

(10,11,12,13) for use in recording

developing organic photo conductors
films and solar energy converters. Currently there are four materials
which have been receiving attention: (SN)x’ polyacetylene, polypara-

phenylene and polyprrole. These electrically conducting polymers have

D




been induced to show a range of conductivities, from values of insula-
tors, through those of semiconductors and almost as far as the quanti-
ties possessed by metals.

The electrical conductivity can be varied over 10 to 12 orders of
magnitude by doping in some cases or by copolymerizing with closely
related polymers. Presently we have not found sufficient published data
on the photconductivity of these materials to evaluate them for use in
modulators. However, the feeling among some chemists is that the quan-
tum efficiency for photon conversion will be high.

B. MOM Devices

Metal-Oxide-Metal Devices (MOMs) exhibiting an invariant I-V charac-

teristic extending from dc up to optical frequencies have been

(16) Fabricated

fabricated and tested as the University of California.
devices have demonstrated properties of amplification, modulation and
detection. The geometrical structure of the device lends itself to
integrated optics, in that both utilize the same fabrication techniques
and are thin film structures. However the MOMs are presently being
fabricated on the back of prisms to enable optical signal coupling into
and out of the devices; therefore, all operations are restricted to free
space waves,

The inherent device versatility for use as active components, such
as amplifiers, mixers and fast detectors, makes it attractive for use on
a common integrated optical substrate. It has also been proposed that
an optical transistor could be constructed which would then lead to the
development of a new optical oscillator if successful coupling to a

waveguide is achieved.

13
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The metal-oxide-metal device (MOM) consists of approximately a
one-to-two nanometers thick oxide placed between two metal films (Figure
5)(16). When optical radiation is incident on the device, part of it is
absorbed in the metal and part contributes to an electrical field in the

oxide. Device operation is believed to be. from three mechanisms (16,17,

18): Fermi level modulation by the trapped electric field in the oxide,
photon assisted electron tunneling through the oxide due to phonon
creation by incident photons, and direct optical excitation of electron
tunneling (Figure 5). In treating the device as a waveguide, it has
been found that neither TE nor TM modes will propagate through the
device, since the oxide is below the cutoff thickness for symetrical
metal-clad waveguides(ls); however, surface plasma modes are excited on
each metal. The existence of these surface plasma modes at interfaces
of metals and dielectrics has been studied (19’20'21’22’23’24). These
surface plasmaz modes excite gap plasma modes in the MOM device. Either
symmetric or antisymmetric modes are excited, depending on whether the
two surface plasma modes are in phase or out of phase by n radians. If
the antisymetric mode is excited then fermi level modulation of tunnel-
ing electrons takes place. Since the oxide is so thin, transition times
for tunneling electrons are on the order of 10-16 sec, which allows for
transition frequencies up to 1016 Hertz or light frequencies. Even
though surface plasma wave amplification mechanisms are not completely
understood at this time, the process has been theorized to exist and has
recently been demonstrated.

Presently, the devices are being fabricated on the back of prisms,
and light is coupled into the device by excitation of the surface plasma

(18)

mode on the metal film/prism interface, Figure 6A. An analysis of

14
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this coupling procedure (17,25,26,27)

shows that coupling efficiencies
of this method can exceed 90 percent if certain criteria are met. That
is, the inclusion of a dielectric between the prism and the metal of
such thickness and dielectric constant that the evanescent wave present
in total reflection has the same phase velocity as that of the surface
plasma wave to be excited. Gustafson indicates the losses of this
coupling scheme originate from the losses in exciting the surface plasma
mode due to absorption by the metal, and scattering losses at the onset
of the MOM.

The device is a section of a symmetric metal clad three layer
waveguide (Figure 6B) where the oxide is extremely thin. Therefore,
compatibility with integrated optics and waveguide technology may be
realilized. It has been suggested that MOM's can be placed on the same
chip along with other integrated components and interconnecting plannar
slab waveguides. The device geometry is readily adapted to use in
integrated optics and a coupler would have to be developed to allow for
this integration. The coupling structure studied here is a modification
to a four layer waveguide, dielectric-dielectric-metal-dielectric (Fig-
ure 6c). This structure already contains one electrode, and a second
electrode, may be introduced by making it a symmetrical five-layer
waveguide. In such a coupler, the basic guiding dielectric core would
become thinner and thinner to couple TM (transverse magnetic) modes to
surface plasma modes. A careful analysis of waveguide tapering techno-
logy for coupling into plasma waves would have to be performed and
prototype tapering waveguides fabricated for this analysis. Tapered
couplers have been analyzed for dielectric clad waveguides (28,29) and

some analysis of coupling into metal-clad tapered waveguides has been

17
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done (30). Otto has briefly investigated coupling into the surface wave

by a THo mode (35). The analysis has shown TM mode conversions occuring
in tapered metal regions even with a tapered buffer layer placed between
the guiding core and the metal film. Further analysis of this structure
would be necessary in order to allow the .inclusion of the second elec-
trode of the MOM and maximize coupling to the surface wave.

An extensive analysis of the asymmetric four-layer waveguide (Fig-

ure 6C) and their supported propagating modes has been done (15,30,

31’32’33’34). Various metal and semiconductor clad waveguides have been
analyzed and the effects of varying waveguide parameters such as film
thickness and the material permitivities on propagating modes have been
established.

A comparison of the three-layer-dielectric guide and a four-layer
guide with a metal film inserted between the substrate and the guiding
dielectric demonstrates that the inclusion of the thin metal film
changes the mode profile for TM modes appreciably, yet the effect on the
TE modes is only slight. Figure 7 shows the wave function profiles for
the TEo and TE1 modes of a three-layer waveguide, The TM mode profiles
are’ similar and have not been shown. Figure 8 shows the field distri-
bution after a thin metal film has been introduced between the substrate
and the waveguide. The TE° profile is only slightly changed by the
silver layer, but the TMo mode has a high field concentration in the

metal film. Rashleigh(ls)

has hypothesized that this field concentra-
tion in the metal gives rise to the TMO mode coupling to the surface
plasma mode. This hypothesis is supported by comparing the surface wave

field distribution, Figure 9, to that of Figure 8 for the TMO mode.

18
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The conclusion from this analysis is that TE modes do not couple to
the surface plasma modes because there is no concentration of field
strength at the metal-dielectric interface where the TM' mode (surface
plasma) exists. The TM mode field concentration at this interface
increases as mode order is reduced. The computer solution technique
mapped out previously predicts the existence of the T™M' mode, in that
there is extreme attenuation found in the TM modes; this is much higher
than expected. The rationale is that the TM modes are coupling into a
highly attenuated surface plasma mode, and thus they are highly attenuat-
ed.

From this preliminary analysis it appears feasible to build a MOM
device into an integrated optical waveguide such that it could be used
as a modulator. There are several serious problems which need to be
investigated to determine whether it can be used in the proprosed pre-
processor. No such device has ever been constructed on lithium niobate
or similar materials. Also the device is in its early stages of devel-
opment and its use as an optical modulator has not been explored in
depth. While the MOM devices look promising in the future it would
likely require several more years to develop a working device for the
preprocessor application. We will continue to study this device and
watch for new developments in the research program at the University of
California.

C. PROM and other devices

PROM is the name given to a device being developed by ITEK (36) in

which charges are trapped at an insulator-photoconductor interface.
These trapped charges then affect the refractive index of a waveguide

causing it to guide or become non-guiding. A similar device has been




37). Bat-

proposed for use as a multi channel waveguide switch(
telle(z)hal reviewed these devices and concluded that while they hold
some promise of being applicable, the disadvantages inherent in them
make it doubtful that they could be effectively used. We are continuing
to survey the field and will watch work currently in progress to deter-
mine their potential for use as a preprocessor modulator.

Another device worth investigating is the micro channel spatial
light modulator (MSLM) now being patented by Dr. C. Warde of Massachu-
setts Institute of Technology. A brief discussion in refersnce 38
implies that the device phase modulates a coherent beam with an inco-
herent beam. The MSLM is an extremely sensitive device which derives
its semsitivity through a multiplication of the photon produced elec-
trons. This would be an advantage for low light level modu;ation. A

literature search has been initiated to gain more details on this con-

cept. It will be reviewed again in the final report.




IT1. SEMICONDUCTOR - CLAD OPTICAL WAVEGUIDES

In this section we will present the re:ults of our investigation
into the effects on the attenuation and phase constants by induced
photoconductivity in three common semiconductor materials. The computer
program discussed in Section 2 has beenlused to solve the dispersion
relation for the four-layer waveguide where the following parameters
were allowed to vary: material conductivity was varied to investigate
pbotoconductivity; cladding thickness (tz) was varied to maximize chang-
es in attenuation and phase; and the cladding material was varied to
select a material producing the largest modulation effect.

Before beginning work on this grant we had observed changes in the
attenuation of proagating modes in the four-layer waveguide as the
cladding semiconductor material (Figure 4) was varied. For example, the
real part of the complex permittivity is about the same for germanium
(17.4) and gallium aisenide (14.3) but the conductivity is quite dif-
ferent (Ge. ~ = 3.21 x 102 (ohm cm)'l and GaAs, 0 s 25.4 (ohm cm)-1
Figure 10 shows the observed variation in attenuation for these two
magetials when the cladding thickness was taken as semi-infinite (t2 =
®). Although this was not a large variation in attenuation for a given
guide thickness, we felt that with proper choice of material and thick-
ness parameters we could optimize the change to make it significant.

A. Variation of Conductivity

To begin our study of this modulator we assumed that we could vary
the conductivity of a semiconductor cladding by +50% and we also includ-
ed a -10% variation in conductivity although a negative charge in conduc-
tivity is not likely to occur. All calculations are based on a propaga-

tion wavelength of A = 632.8 nm. Figure 11 indicates that indeed the
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attenuation did change by at least 2dB when the conductivity of GaAs was

changed by 50%. Although this is not a large change, it is significant
enough to be detected. From the standpoint of the modulator for use in
the holographic data preprocessor we needed a phase change. Unfortu-
nately, the phase change was less than 1 radian/meter for this variation
in conductivity.

The next step was to allow t_, to vary to see if the waveguide

3
thickness had any effect on the amount of change in attenuation or phase
constant produced by the variations in conductivity. Figures 12 and 13
show the results of this investigation for the TEO mode. The normalized
phase constant (mode index = B/k, k = 2n/A) is plotted in Figure 13
instead of the phase constant since the variations will be the same.
Similiar curves were produced for the other low order TE modes and the
TM modes. We see that the change in conductivity simply shifted the
characteristic attenuation curve up or down in proportion to the change
in conductivity. At no point did we find a change in the mode index as

the waveguide thickness (t3) was varied.

B. Selection of Cladding Thickness

(14)

Again our previous experience and published data indicated
that the attenuation normally decreased as the cladding thickness (tz)
was decreased. It thus seemed reasonable to vary the cladding thickness
while also varying the conductivity to see if this had any beneficial
results. We were perplexed at the results obtained since they were
entirely different than anything previously observed. Figures 14 and 15
show the results for the GaAs clad waveguide as t2 is varied. Not only

does the attenuation and phase vary with conductivity but it also seems

to oscillate after the cladding thickness decreases past 1.0 pm. This
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EIGURE 13. MODE INDEX OF THE TE0 MODE FOR A GaAs CLAD WAVEGUIDE
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oscillation had never been observed before so it raised a number of
questions about possible errors in the computer program.
If the predicted results are correct, then this could be used as a

phase modulator since the change is mode index (.0022) at t, = .1 pm is

2
large for a 50% change in conductivity. This mode index change would be
equivalent to a 125 degree phase shift over a distance of 0.1mm, which
is sufficient to make it applicable as a phase modulator. Addition
calculations were run for the TMO mode which exhibited similar character-
istics to that of the TEo mode.

At first we felt that the oscillations in attenuation and phase
constant might be produced by discontinuities in the tangent function.
In some of our previous calculations we had observed a jump in a normal-
ly smooth index curve. This was ultimately attributed to a discon-
tinuity in the tangent function causing the computer program to calcu-
late values of mode index and attenuation for a higher or lower order
propagating mode. Our first step in verifying the results was then to
fill in intermediate points between those we had calculated to make sure
the curve was continuous.

Figures 16 and 17 show the variation with t, for a fixed conducti-

2
vity (normal value) after additional points were calculated. Now the
oscillation is even more pronounced and there seems to be a discontinu-
ity in the mode index curve at 0.09 um. At thicknesses greater than 0.1
um the curve appears to be continuous. There are several other interest-
ing things to note about the curves in Figures 16 and 17. First we note
that the period of oscillation is about 0.1 pm. Since there was no

waveguide dimension equal to 0.1 pm and the wavelength (632.8 nm) does

not appear to be related to the oscillation period, there was no ready
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explanation for this observed oscillation. The second point to note is
that the amplitude builds up almost exponentially as the thickness
decreases.

Again we were somewhat surprised by the results so we chose a new
waveguide thickness (t3 = 0.8 um) and we also moved the GaAs cladding to
the top of the waveguide. It was felt that these changes would elimi-
nate any possibility of having accidently chosen a set of waveguide
parameters which presented computational problems to the program because
of discontinuities or extremely small arguments. Figures 18 and 19 show
that the change in t3 and the location of the cladding did change the
amplitude of the oscillation slightly, but in general the character-
istics of the attenuation and mode index curves were the same as before.

C. Material Selection

The only parameter which remained to be varied was the cladding
material. From previous experience with waveguides of this type, we
knew that small changes in the refractive index of the substrate, the
waveguide or the material in region 4 would produce very slight changes
in the characteristics, so these three parameter were not varied. It
was decided to look at the three most common semiconductors and see what
effect the material permittivity had on the results. Since GaAs had
already been investigated, silicon and germanium were used as claddings.
The complex permittivities and refractive indices are shown in Table I

which follows.
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Table I
Semiconductor Parameters at A = 632.8 nm

Material Permittivity Refractive Index

c' e" n k
GaAs 14.3 1.21 3.79 0.16
Silicon* 16.76 1.75 4.1 0.213
Germanium* 14.43 19.54 4.4 2.22

*values for amorphous thin films

Note that the relative magnitudes of the real and imaginary parts
of the complex permittivity of gallium arsenide and silicon are the
same. Germanium, however, has a considerably higher imaginary part
(conductivity) than either silicon of gzllium arsenide. If material
conductivity has any effect on the characteristics observed it should be
evident in germanium. Figures 20, 21, 22 and 23 show the results for
silicon and germanium. As might be expected, silicon exhibits character-
istics nearly identical to those of GaAs. Germanium shows almost none
of the oscillations which were characteristics of GaAs.

These results are not as surprising as originally thought in light
of similar predictions in reference 14, In Figure 6.15 (Ref. 14) the
author calculates the expected phase change on reflection at an air-film
surface. The surface considered by the author is a thin film of mat-
erial with n = 2 and k varying. The vilue of k at A = 578 nm varied
from 0 to 2 and the thickness of the material was varied from 0 to 140
nm. This material was on a glass substrate with refractive index of
1.5. For k very small the phase change was found to oscillate while for
k large (k = 2) the phase changed very little until the thickness ap-

proached zero. Figure 24 is a sketch of the results obtained for the
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FIGURE 22. GERMANIUM/AIR CLAD GUIDE ATTENUATION Vs t,
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FIGURE 23. GERMANIUM/AIR CLAD GUIDE, 3/K vs t
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extreme values of k in reference 14. Note that for k = 0 the period of

oscillation of the phase change curve is nearly one-tenth micrometer as
we have observed in our calculated curves. Unfortunately the author
does not discuss the oscillation between phase advance and retardation
but goes into the problems of measuring such for experimental films.
D. Conclusions

In this section we have shown that by proper choice of the photo-
conductive layer thickness we can maximize the induced phase chage in
the wave propagating in the guided region for a given change in conduct-
ivity. Figure 25 shows the total attenuation suffered by a wave propa-
gating over a lepgth of modulating semiconductor. For a 2mm length
modulation region a 4 neper (34.1 dB) change in attenuation occurs with
a 50% change in conductivity. Unfortunately the overall attenuation of

the device is large (100 dB).

Table 2 illustrates the phase shift expected in GaAs if the modula-
tor was used as a phase modulator and the modulation length was taken as
1 mm. Obviously the modulator length could be reduced to 0.1 mm for
phase modulation and still produce a detectable phase shift of 0.3 rad.

for a 10% conductivity change in the worst case (TEO, t, = 0.2 um). For

2
this length modulation region the device should have less than 20 dB
attenuation. Further work will be needed to optimize the phase modula-
tor to reduce this inherent attenuation. For example, use of the higher
order modes in the waveguide which suffer less attenuations and also use
of silicon will likely produce a lower loss modulator.

(15) has shown that the inclusion of a thin dielec-

Previous work
tric buffer layer between a dielectric waveguide and a thick metal

cladding reduces the attenuation significantly while having very little
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FIGURE 25. ATTENUATION VS. MODULATION LENGTH AS A
FUNCTION OF CONDUCTIVITY (TE_ MODE,
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TABLE 2

Phase Shift at Points of Maximum B/K Variation
(GaAs, t3 = 0.8 um)

% ? Mode ™ Co?ggctivity b 107) diff:rence (aﬁ t mn)
b
a | .2m o 1.53303 |  —eee= | emm--
‘ o - 15% 1.53253 .033% 1.6 n
o + 10% 1.53332 .019% 0.9 =
3 o + 15% 1.53347 029% 1.4 ¢
: o + 25% 1.53375 .047% 2.3 1
lum o 1.52788 |  eemem | oo
o - 15% 1.52645 .094% 4.6 7
o + 10% 1.52883 .062% 3.0 7
o + 15% 1.52928 .092% 4.5 7
o + 25% 1.53014 .148% 7.2 1
! ™ L4ym o 1.51491 |  weeem | amee-
° o+ 10% 1.51565 .049% 2.4 7
o + 25% 1.51720 151% 7.3
G + 50% 1.52264 510% 24.6 m
. Sum o 1.52485 |  cmeem | eeem
o + 10% 1.52630 .095% 4.6 m
. o + 25% 1.52810 .213% 10.3 7
} o + 50% 1.53213 477% 23.2 ¢
T, 2um o 1.39568 | eceee | oo
o + 10% 1.39617 .035% 1.6 =
o + 25% 1.39702 096% 4.3 7
o + 50% 1.39864 2122 9.4 1
) lum o 1.45774 | ceemm | cemee
o + 10% 1.45617 108 5.0
o + 25% 1.45647 224% 10.4 7
o + 50% 1.45321 311% 14.4 =
Tum o 1.43628 | ccoem | aeeee
o + 10% 1.43237 1337 6.1 7
o + 25% 1.42925 351% 16.0 =
o + 50% 1.42253 8197 37.4 n
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effect on the mode index of the TEo mode. Such techniques will require
modification of the existing computer program and will be investigated
during the next reporting period.

One additional problem has yet to be addressed before evaluating
the feasibility of the phase modulator. The assumed conductivity
changes must be produced by the available incident photons; that is, the
photon conversion to hole-electron pairs must be efficient enough to
produce the desired conductivity changes. Referring to equation (3), we
see that the percent conductivity change will be a function of the dc
conductivity (oo), the photon generated hole-electron pairs and the
mobilities of holes and electrons. Values for these parameters must be
found for thin films likely to used in a modulator.

Silicon was chosen as a good candidate for a modulator film since
it can be easily deposited as a thin amorphous film on a glass subs-
trate. GaAs is much more difficult to deposit in thin layers on glass
and the optical properties of such films are not known.

Since the electrical characteristics of amorphous silicon vary
widely with methods of desposition, temperature and pressures, it has
also been necessary to estimate the needed parameters from published
data and carry out a worst case calculation of percentage conductivity
change.

Mobilities are complicated functions of frequency, temperature and

(39)

interatomic spacing; however, one source has measured the mobili-

ties to be less than 5 cm2 v-1 sec-l. Steady state (dc) resistivity

was found to vary from 103 to 105 ohm - cm at 300 K and more recently

resistivities as high as lO8 ohm-cm were produced by silane deposited
(40) 3

{ilms The worst case -pproximation for resistivity (10° ohm-cm)
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produces 1.5 x IOM cn'a thermally generated electron-hole pairs at

300K. For a small volume of material likely to be used in a modulator

3 2 cm x 1 cm), there are 3 x 107

(2 x 107° cem x 107 electron-hole pairs
thermally generated in the steady-state. If we assume the number of
incident photons is lﬂlalaec and 75% are reflected at the surface (anti-
reflection coating could decrease this reflectivity) as discussed be-
fore, then the number electron-hole pairs can be calculated knowing the
number of photons absorbed and the quantum efficiency. The attenuation
coefficient of amorphous silicon was measured as a = 4.23 (|.uu)'l at A =

13

0.6328 um giving 2 x 10"~ photon/sec absorbed by the cladding material.

With an estimated quantum efficiency of 10% and electron-hole lifetimes

of 10-6 sec (this varies from 10.3 to 10-6 sec),(AI)

this produces a
minimum of 2 x 106 electron-hole pairs which increases the conductivity
by 6.7%. Thus variations of 50% in the light intemsity would only
produce 3.3% change in the conductivity.

This worst case analysis simply indicates that the device is feasi-
ble even under those conditions. Using measurements for better amorphous

(40) gives even more encouraging results. In this reference

silicon films
films of 1 pm thickness having resistivities of 108 ohm - cm produced a
7% change in conductivity for a 10% change in incident light level

(light level was taken at 10-2

AM1). Thus we see that it is likely that
we can deposit films with better electrical characteristics than those
used in the worst case analysis.

Based on the above analysis and the measured data on amorphous
semiconductors we conclude that the modulator is feasible and a set of

experiments should be performed to verify the calculated feasibility.

These experiments are described in the next section.
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IV. TFABRICATION OF ION EXCHANGED WAVEGUIDES

Since the silicon films forming the modulator must be vacuum de-
posited, often at substrate temperatures greater than 200 °C, the poly-
styrene waveguides previously used were unsatisfactory in this environ-
ment. Ion exchanged waveguides were selected as the optimum type guide
for development of the modulator. High quality waveguides can be dif-
fused into soda-lime microscope slides quickly and easily using the
technique described in the following paragraphs.

Several authors have reported on the fabrication and characteri-
stics of ion exchanged optical waveguides (42-46). This technique
involves the diffusion of silver ions into soda-lime glass and the
subsequent replacement of sodium ions which diffuse out of the glass.
The index of refraction of the glass is raised; thereby forming a wave-
guide on the surface of the glass. Guides supporting from one to ten
guided modes have been fabricated by varying diffusion times from 30
seconds up to 30 minutes.

Pure silver nitrate was melted in a covered stainless steel beaker
and clean soda lime glass slides were placed in a covered pyrex dish on
the hot plate. A stainless steel bracket for holding the slides and a
thermocouple temperature probe were placed in the silver nitrate melt
and the system was allowed to thermally equilabrate at 247°C.  The
bracket was removed from the melt, a preheated slide was placed in it
and the assembly returned to the melt for 30 minutes. The slide was
removed, allowed to cool and rinsed in de-ionized water. All the guides
formed with the preceeding procedure were lossy, had very high scatter-
ing, were discolored and had a precipitate on the surface. There were

22 to 27 supported propagating modes. It was noted that the nitrate
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‘ melt had also been contaminated by a brass temperature probe used for
measuring the temperature of the melt.

A
‘ A dilute melt of ratio 1 mole of the silver nitrate to 20 moles of '

PR,

sodium nitrate was tried next (43). The stainless steel was pickled1 and
guides were formed in the new solution at 245°C for diffusion times of
30 minutes. The guides were clear, low-loss, had no surface deposits
and supported ten guided modes. The brass temperature probe had been
electroplated with gold to prevent contamination but the silver nitrate
solution transferred the gold onto the stainless steel and plated the

probe with silver. On the next trial the probe was plated with silver

and it was found that the silver nitrate still etched the probe. No %
solution to this etching problem has been found at this time.
The controlable parameters in this fabrication procedure are tem-
perature, diffusion time and the mole fraction of the silver nitrate
melt. The melt mole fraction was not changed in any of our tests since

low-loss high quality guides were formed with the 1 to 20 ratio. Diffu-

e ———

sion times were varied from 30 seconds to 30 minutes and diffusion
temperatures of 215°C, 2&500, and 260°C vere investigated.

The effect of the diffusion temperature was to increase the rate of
silver/sodium ion exchange with increased temperature. Since the pur-
pose of this investigation is to fabricate quality waveguides with

repeatability, the temperature was held just above the melting point of

the melt to keep the ion exchange process as slow as possible in order

to determine diffusion times.

*Pickling is used to clean the stainless steel. The solution used is 1
part HF, 8 parts nitric acid, 4 parts sulfuric acid, and 51 parts water.
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Single mode optical waveguides were formed in 30 seconds when the
diffusion temperature was held at 215°C. The only scattering observed
in these guides is at the surface of the glass slide and this can be
eliminated by using polished, optically flat microscope slides. Table 3
is a tabulation of the number of propsgating modes the fabricated wave-

guide supports with diffusion time as a parameter.

Table 3

number diffusion
of modes time

30 min.
15 min.
10 min.
S min.
2 min.
45 sec.
30 sec.

s DO PN~ O

The guides were all fabricated with a .05 mole fraction silver nitrate/
sodium nitrate melt and at 215°C + 4°c.

This very simple fabrication procedure produces repeatable wave-
guides of very low loss. In some of the references, (42,43,44) the
authors reported the guides were buried into the glass slide. We ob-
served no burying of the guide and verified this by scratching the sur~-
face of the guide which stopped the propagating wave. Over a period of
four months, no noticible breakdown of the guides has been observed.

Although these waveguides have not been completely characterized at
this time to relate temperature to number of propagating modes, reli-
able guides with attenuations < 1.0 dB/m have been repeatedly produced.
The waveguides are also stable over a period of four months with no
change in attenuation or number of propagating modes noted. The only
problem we have encountered has been in accurately measuring the melt

temperature without significant contamination of the melt.
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V. EXPERIMENTAL DEVICES

Based on the calculations in section 3 several devices are cur-
rently being constructed to verify the predicted attenuation variation
with cladding thickness. Such devices will serve to verify the calcula-
tions and prove that the magnitude of the effect is large enough for use
as a modulator.

Discussions with several people working with amorphous semiconduc-
tors indicate potential variation in the optical properties of these
amorphous films with deposition method and temperature. Thus values of
refractive index and loss coefficients used in our calculations may not
be accurate for real films. After initial investigation of the two
principal methods of deposition of amorphous silicon (CVD and e-beam
evaporation) it was decided to use the e-beam technique because of
better reproducibility in optical constant. Use is being made of the
e-beam system of Cornell University, Materials Science Department, for
our initial films.

Films thickness have been selected based on the predicted attenu-
ation and phase variations in section 3. Figure 26 shows the predicted
percentage change in attenuation as a function of silicon thickness.
Guides are being fabricated with a silicon thickness of 0.18 micrometers
to attempt to achieve the maximum percentage variation as predicted.
Obviously, if the optical parameters of the films vary significantly
from those used in our calculations, we may find the device is at a
minimum change point rather than the maximum. If this turns out to be
the case the device will then be useful as a phare modulator since
Figure 27 shows the minimum attenuation produces the maximum phase

shift.
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A vedge shaped film varying in thickness from 0.1 to 1.0 micro-

meters has been studied and an experimental film is being attempted.

! Such a film would allow measurement of all variations shown in Figure 26

T VOGO ST

- | or 27. After the films have been deposited a number of experiments will

. be attempted as discussed below.

Piaddel i)+ avio i

A, Verification Experiments

?; There are three experiments which can be used to verify the predic-

,§ i tions and confirm that the magnitude of the effect is large enough for

- use in a modulator. Figure 28 shows the experimental device to be used

Ly in the first two experiments. A silicon wedge varying in thickness from %

O.1yp to : gm and 0.1 mm wide will be vacuum deposited on an optical

IO

waveguide. The use of the wedge shaped silicon layer should allow us to

observe the variatioa in attenuation when a wide beam is coupled into )

the guide. If the propagating beam is wide enough it should cover
several attenuation oscillations and appear as a sinusodial fluctuation
in the intensity across the transverse waveguide direction. This would
be easily visible and measureable with a detector.

The second experiment will make use of the same waveguide and wedge
E N as ‘shown in Figure 28. The silicon wedge will be illuminated with an
%; ' incoherent light source and the signal on the output side of the wedge

will be measured as a function of the coherent light intensity.

If both of these experiments are successful, the phase modulation

experiment will be attempted. The waveguide for the phase modulation
experiment is shown in Figure 29. For this test a thin film of silicon
would be deposited half-way across the waveguide. A beam coupled into
the waveguide would pass half under the silicon region and half in the

normal waveguide. The energy coupled out should form an interference
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FIGURE 29, PROPOSED PHASE MODULATICN EXPERIMENT.
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; pattern on the focal plane screen. Incident light on the silicon film
should then produce a modulation of the fringe pattern on the screen
thus verifying the phase modulation concept.

These experiments will depend on the successful deposition of thin

amorphous silicon films in the configurations described avove. Preli-
o minary results with the Cornell e-beam evaporation system indicate the
proposed films depositions are feasible so that experimental results

§ i, should be forthcoming. We should note that while gallium arsenide was

initially proposed for the modulator, vacuum deposition of thin films of
GaAs is more difficult than silicon films, so all experiments will use
silicon films.

B. The Phase Modulator

If the three experiments discussed above prove successful the next
step will be to optimize the design of the modulator. This will involve
decreasing the large attenuation predicted fo. the devices discussed
above. Investigations of the effect of a buifer layer between the
waveguide and the semiconductor are currently in progress. Waveguide,

; buffer layer and semiconductor materials and thicknesses will have to be
| seleced to optimize the modulation while minimizing the attenuation.
New calculations will have to be made with this buffer layer on the ion
exchanged waveguides rather than the polystyrene waveguides used in the
current calculations.

Development of the phase modulator to its ultimate potential will
require considerably more time and support than has been available in
this preliminary grant. Effort is continuing under the follow-on grant

to verify the concept.
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PUBLICATIONS

The following papers were published during the time of this con-
tract. The first paper appears in the Proceedings of Southeastcon '79

and the second paper will appear in the Proceedings of Southeastcon '80.




Waveguide Excitation of Optical Surface Waves for Mstal-Barrier-Metal Devices

K.B. Cates

T.E. Batchman

Department of Electrical Engineering
University of Virginia
Charlottesville, Va. 22901

Abstract

We consider the coupling of waveguide modes
to surface waves on thin metal films and then the
coupling to the metal-barrier-metal devices. It
is shown that the TMg mode may couple to the sure
face wave using a four-layer waveguide where the
metul film is mors than 10 nanometers. Maxwell's
Equations correctly predict the characteristics of
thin film waveguides when the layer thicknesses
are 10 nanometers or greater,

Metal-oxide-metal devices (MOMS) exhibiting
an invariant I-V characteristic extending from DC
up to ogticnl frequencies have been fabricated and
tested( ). Even though the MOM devices are poten~
tially very versatile, their applications at opti~
cal frequencies are limited because of the pro-
blems of coupling into the optical surface plasma
wave. Gustafson indicates that coupling losses
are due to losses of exciting the surface plasma
mode, finite propagation distances of the surface
plasma mode due to absorption by the metal, and
scattering losses at the onset of the MOM(s). Be-
cause of coupling problems, the MOM devicas are
being fabricated on the back of prisms; therefore,
all applications are restricted to operations on
free space waves. The full potential of the MOM
device in light of present technology can be
achieved only . through the use of coupling to thin-
film planar waveguides. The geometrical structure
of the device lends itself to integrated optics in
that both utilize the same fabrication technique
and are thin-film structures. Devices have been
fabricated and tested, demonstrating properties of
amplification, modulation, and detection. The de~-
vice's utility will only be realized by develop-
ment of integrated optical coupling technigues.

The MOM device consists of approximately a
one to two nanometers thick oxide placed between
two metal films. When optical radiation is inci-
dent on the device, part of it is absorbed in tha
setal and part contributes to an electric field in
the oxide. Device op?IaESS? is believed to be
from three mechanisms‘'**“**’: Ferm{ level modula-
tion by the trapped electric field in the oxide,
phonon assisted electron tunneling through the ox-
ide due to phonon creation by incident photons,

and direct optical exitation of electron tunneling.

In treating the device as a waveguide, it has been
found that neither TE nor TM modes will propagate

Crle3Rea/70/0000en106+00. 15 ©) 19Ty TEEFR

through the device since the oxide is below cut-
off th%cknols for symmetrical metal-clad wave-
guides ‘); however, surface plasma modes are ex~
cited on each metal. The existence of these sur-
face plasma modes at interfaces of metals S"g di-
slectrics have been predicted and lcudicd( ’ ).
These surface modes lead to the formation of
symmetric and antisymmetric gap plasma modes in
the device. If the antisymmetric mode is ex-
cited, then Fermi level modulation of tunneling
electrons takes place. Since the oxide is so
thin, transition times £ar<£¥nncltng electrons are
on the order of 10716 gec. w?gch allows for
transition frequencies up to 10°° Hertz or light
frequencies. Even though surface plasma wave amp-
lification mechanisms are not completely under-~
stood at this time, the process has been :higfizcd
to exist and has recently been demonstrated‘*’,

The MOM device is a section of a symmetric
metal clad three layer waveguide where the oxide
is extreme'y thin. It has been suggested that
MOM's can be placed on the same chip along with
other integrated components and interconnecting
planar slab waveguides. The coupling structure in
this paper is a modification to a four layer wave-
gulde since this structure already contains one
electrode and a second electrode may be introduced
by making it a symmetrical five-layer waveguide.
In such a coupler the basic guiding dielectric
core would become thinner and thinner to couple ™
(transverse magnetic) modes to surface plasma
modes.

An extensive analysis of the asymmetric four
layer waveguide and(zhgig sypportcd propagating
modes has been done  '*?'3*‘’, This procedure con-
sisted of solving Maxwell's Ljuations for the dis-
persion relations and then generating a computer
program for numerically solving the transcendental
relation. Various metal and semiconductor clad
waveguides have been analyzed and the effect of
varying waveguide parameters such as film thick-
nesses and the material permitivities on propa~
gating modes have been established.

A comparison of the three layer dielectric
guide and a four laver guide with a metal film in-
serted between the substrate and the guiding di-
electric demonstrates that the inclusion of the
thin metal {ilm changes the mode profile for T™
modes appreciably yet the effect on the TE modes
is only slight. Figure 1 shows the field distri-
bution after a thin metal film has been introduced.
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l‘lhhuh“) has hypothesized that the field con-
centration in the metal givas rise to the TMy mode
coupling to the surface plasas mode. This hypoth-
esis is supported by comparing the surface vave
field discribucion, Fig. 2, to that of PFig. 1

for the TMy mode.

The conclusion from this analyais is that T2
nodes do not couple to the surface plasma modes
because thers is no concentration of field
strength at the netal-dislectric interface vhere
the TH' mode exists. Tha TM mode field concentza-
tion at this interface increases as mode order 1is
teduced. The computer solution technique method
mapped out previously predicts the existence of
the TM' mode in that there is extrema attanuation
found in the T modes; this is much higher than
axpected. The rational is that the TM modes are
coupling into a highly attenuated surface plasma
mode and thus they are highly attenuated. As the
concencration of the field in the metal increases
20 doss the actenuation.

T™ mode coupling to the surface plasns vave
appears feasible vhen the variation or mode index
vith metal thickness is compared for the T, and
™' modes., When the ™y mode index is near the
™' mode index greater coupling should occur and
thus the TMy mode will be attenuatad accordingly.
When the TMy mode index is close to the ™' mode
index, guide attenuastion is high. As the metal
thickness is reduced, the TMy mode index dravs
awvay from the TM' mode index and the attenuation
is reduced. A simil.r effect would be to change
the core dieslectric to vary the mode index of the
T™ modés. Again attenuation is expected to in-
crease as the TM mode indices become closer to the
surface plasma mode index.

Based on a qul?syn mechanical derivation of
Maxwell's Equations the limit at which these
equations are no longer valid are film thickness
of 10 nanometers. A quantum mechanical analysis
of thinner films was deemed unnecessary since sur-
face fluctuations of thin films are on the order
of 7-8 nonometers with present technology. There
are seversl papers which have stretched Maxwell's
Equations down ig below this theoretical and
practical limit ). Maxwell's Equations are v 'lid
down to the limit of 10 nanometers and belw this
thicknass, theoretical analyses to date are not
applicable.

In conclusion, coupling to “he MOM device
from optical waveguides must be realized with
films of 10 nanometers or greater. We beliecve
that this can be achieved with the coupling struc-
ture outlined.
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Semiconductor Clad Optical Waveguides

K. Cates, D. Summers and 7.E, Batchman

University of Virginia
Electrical Engineering Department
Charlottesville, VA 22901

ABSTRACT

At a free space wavelength of 633 nanometers,
semiconductor ¢lad waveguides are investigated.
Calculations show that the waveguide attenuation
coafficient (a) and the propagation coefficient
(28) vary with semiconductor thickness similar to
a damped harmonic of period 80 nanometers. The
complex semiconductor index of refraction relegates
curve damping and amplitude factors. Three of the
more common semiconductors (Si, Ce, CaAs) have been
{investigated as cladding materials and rcsults are
discussad.

INTRODUCTION

Planar multi-layer diclectric optical wave-
puidces have been studied extensively using various
materials for the waveguides and cladding re-
gions.[1] We have extended previous analysis to
include the casc of a buffer region beinp a thin
semiconductor film, Maxwell's cquations and bound-
ary conditions were used to derive a transcendental
cquation relating the propagation constant of a
guided mode to wavepulde paramcters. Over sceveral
years, a coéputur program has cvolved to numeri-
cally solve this complex transcendental cquation
for the complex mode propapatton constant (o + Jf).
In the case of three or more diclectric layers, the
permittivicies (refractive index) are real, ¢ s
zero and thus the semiconductor cladding has a cone
ductivity at optical frequencien which glves rise
to an Imaginary part of the permittivity (¢ = o+
3 "."", 3, and g becomes non-zero, [ 3]

Semiconductor Clad Waveguldes

The optleal wavesuide under considerat fon hege
18 a planar, four laver sbhib wavesulde.  Propasa=
tion of lisht ju assumed to be dn the 2=ditection
and material vartattons oceny in the x-dircction
only,  The wavesuide 5 conpuned of 0 semfeing inate
plasis substrate, o pulvityrene core of thickness
1.0 nicremeter, o scmiconducter eladding ot 0,00
te JU nfcroseters jn thickness and a semi=intinage
Laver ot air. A fpeeespace wavelength ot 633 nano-
neters Was dnated and thas all caterial paraatars

are for this wavelength, The three most common
semiconductors, gallium arsenide, silicon and ger~
manium were used as the cladding laver., For a
discussion of metal and semiconductor clad wave-
guides see references 3, 4, 5, 6, 7, 8 and 9.

Assuning all materials excepr the semicon-
ductor are lossless, the waveguide i{s constant in
the y and z directions, and refractive index
varics in a step function profile in the x direc-
tion, we apply Maxwaell's field equations to genee
rate a wave equation. The problem separastes into
transverse electric and transverse magnetic cases.
By determining the non-zero field components, in-
voking continuity of the wave function and forcing
the field components to satisfy Maxwell's boundary
conditions, a dispersion relation for each propa-
gating mode 1s obtained that relates o and £, the
attenuation and phase constants, respectively, to
the wavepuide material and structural parameters.
These dispersion relations arc complex transcen=
dental cquations which must be solved iteratively
using a computer program,

At optical frequencies, the refractive index
of a semiconductor s complex. Permittivity be-
comen complex (¢ = ¢' + Je") when the conductivity
becomes significant, " = 4ne/w. The comploex
part of the permittivity 48 a linear function of
the conductivity which can be externallv varicd,
Table I prescnts the permittivity and refractive
index for the throe main semiconductors,.  The real
part of the permittivities for all three are ape
proximately the same and the complex part for pore
manfum {8 an order of mapnitude greater than that
of pallium arsenide and silicon,

Table 1}

Semfconductor Pavameters gt A = 632,8 nm

Material Permittiviey Refractive Ind.x
¢! [ n 13

GaAs 14.3 1.4 3,70 0.1
Silicont 1,76 0.%7 3.1 0,21}
Gerean fun* 14,4y 9. 77 4.4 2,02

Avalues for amorphous thin filus
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Predicted Charactaristics

Choosing gallium arsenide as the cladding
semiconductor, the curves presented in Fig. 1 and
Fig. 2 wvere generated by repetative usae of the
previously mentioned pregram. The cladding thick=
nees was variod from .0l to 10 micrometers. The
expacted Tesult was as the cladding thickness i
reduced to zero the attenuation would decrease to
2¢r0 in a well=behaved manner. However the re-
sults are not well-behaved when the cladding
thickness falls below 1.0 micrometer. The curves
are similar to exponentially damped sinusoids.
The extreme 8/k variations correspond to median
values in the a=curve and extreme a variations
correspond to median 8/k values. By increasing
the conductivity of the gallfum arsenide cladding,
the amplitude of the curve oscillations were re-
duced and the a-curve shifted slightly towards a
higher attenuation. This result was expected
since a greater conductivity increases material
absordtion of energy and therefore a higher at-
tenuation in the propagating wave, yet at the max-
imum points there was actually a decrease in the
attenvation.
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rated using gallium arsenide as the cladding. The
oscillations are damped out at a cladding thicknass
of 1.0 micrometers. Variastions on the conduccivity
reproduced the affects found for the previocus case.
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The cladding semiconductor was changed to ger~
manium and the oscillations in the attenuation and
normalized phase curves disappeared, Fig., $ and
Fig. 6. These results are attributed to the great-
er conductivity of earmanium.

In reference 2, the author considered a thin
film of material with n = 2 and k (k = ai/4n)
varying and he calculated the expected phase change
on reflection of an incident wave at an air-film
surface. For k very small, the phase change vas
found to oscillate while for k large, the phase
chanped very little until the film thickness ap-
proached 2ero. This behavior has also been pre-
dicted by Stratton [12) and 4is like the effect we
have observed here.
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The proposed explanation for the results is
that there 18 an tnterference effect across the
waveguide and when constructive interference occur:
in the semiconductor ¢ladding, the propasating wave
field strength in the cladding will be greater and
a higher attenuation is expected. Likewise, de-
structive interference will cause a much lower ate
tenuation. Normalized phase shifts must be at a
maximum wvhaen the interference effects are at a
minimum, sinilar to the results of cransmission
calculations of waves throuxh an absorbing medium,
Incraasing the conductivity of the semiconductor
cladding increases the field strength attenuation
in the cladding which decreases the effect of the
interference. At the points where a greater con=
ductivity causes a lover attenustion the greater
conductivity increases the reflection at the
cladding=core interface and thus there is less
field atrength in the absorbing medium and iess
attettuation in the propagating wave.
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A slausible device veilizing thase resulta
would be either & guided light 'save smplitvde mod:-
lator or phase modulator. To umplitude mouulate,
the semiconductor cladding w.uld be either rallium
arssnide or silicon and of .uch thickness that
there vas maxisum amplitude change with minioum
phase change as the conductivity is varied. Any of
the ninimum points on the a=curves could de se~
lected and the modulator thickness thus determined.
To modulate, the semiconductor conductivity nust
be varied, which can be done through any of a va-
risty of meani such as by heat, electric fields
and incident 1ligic.

Thin fi1ms of smorphous silicon have been
fabricated {10,11] and measured conductivities have
been as much as several orders of mugnitude lower
than tha eonductivity value used in Tadle I for
this study. Tne conductivity of amorphous silicon
varies greatly due to differences in fabdbrication
procedures and \hermal histories, 1t is expected
that the attenustion curve mcan value will be lower
and the: oscillations of doth o and 8/k curves will
be increased in magnitude when amorphous films are
fabricated.

This study is not complete at this time.
Arorphous silicon has not been completely investi-
goted and field plots of the propagating wave in
the waveguide have yet to de developed.

Conclusion

A device has been proposed and ladboratory exe
perirents are presently belng conducted to verify
the theoretical predictions. A planar wavepulde
with 3 wedged shaped silicon cladding acroxs the
width ahould demongtrate the damped osciliarions in
the attenuistion curves and conductivity vapfations
of the silicon should demonitzate the modulation
capabilitivs,
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APPENDIX A
PUBLICATIONS

The following papers were published during the time of this con-

tract. The first paper appears in the Proceedings of Southeastcon '79

and the second paper will appear in the Proceedings of Southeastcon '80.




Waveguide Excitation of Optical Surface Waves for Mstal-Barrier-Metal Devices

K.B. Cates

T.E. Batchman

Department of Electrical Engineering
University of Virginia
Charlottesville, Va. 22901

Abstract

We consider the coupling of waveguide modes
to surface waves on thin metal films and then the
coupling to the metal-barrier-metal devices. It
is shown that the TMg mode may couple to the sure
face wave using a four-layer waveguide where the
metul film is mors than 10 nanometers. Maxwell's
Equations correctly predict the characteristics of
thin film waveguides when the layer thicknesses
are 10 nanometers or greater,

Metal-oxide-metal devices (MOMS) exhibiting
an invariant I-V characteristic extending from DC
up to ogticnl frequencies have been fabricated and
tested( ). Even though the MOM devices are poten~
tially very versatile, their applications at opti~
cal frequencies are limited because of the pro-
blems of coupling into the optical surface plasma
wave. Gustafson indicates that coupling losses
are due to losses of exciting the surface plasma
mode, finite propagation distances of the surface
plasma mode due to absorption by the metal, and
scattering losses at the onset of the MOM(s). Be-
cause of coupling problems, the MOM devicas are
being fabricated on the back of prisms; therefore,
all applications are restricted to operations on
free space waves. The full potential of the MOM
device in light of present technology can be
achieved only . through the use of coupling to thin-
film planar waveguides. The geometrical structure
of the device lends itself to integrated optics in
that both utilize the same fabrication technique
and are thin-film structures. Devices have been
fabricated and tested, demonstrating properties of
amplification, modulation, and detection. The de~-
vice's utility will only be realized by develop-
ment of integrated optical coupling technigues.

The MOM device consists of approximately a
one to two nanometers thick oxide placed between
two metal films. When optical radiation is inci-
dent on the device, part of it is absorbed in tha
setal and part contributes to an electric field in
the oxide. Device op?IaESS? is believed to be
from three mechanisms‘'**“**’: Ferm{ level modula-
tion by the trapped electric field in the oxide,
phonon assisted electron tunneling through the ox-
ide due to phonon creation by incident photons,

and direct optical exitation of electron tunneling.

In treating the device as a waveguide, it has been
found that neither TE nor TM modes will propagate
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through the device since the oxide is below cut-
off th%cknols for symmetrical metal-clad wave-
guides ‘); however, surface plasma modes are ex~
cited on each metal. The existence of these sur-
face plasma modes at interfaces of metals S"g di-
slectrics have been predicted and lcudicd( ’ ).
These surface modes lead to the formation of
symmetric and antisymmetric gap plasma modes in
the device. If the antisymmetric mode is ex-
cited, then Fermi level modulation of tunneling
electrons takes place. Since the oxide is so
thin, transition times £ar<£¥nncltng electrons are
on the order of 10716 gec. w?gch allows for
transition frequencies up to 10°° Hertz or light
frequencies. Even though surface plasma wave amp-
lification mechanisms are not completely under-~
stood at this time, the process has been :higfizcd
to exist and has recently been demonstrated‘*’,

The MOM device is a section of a symmetric
metal clad three layer waveguide where the oxide
is extreme'y thin. It has been suggested that
MOM's can be placed on the same chip along with
other integrated components and interconnecting
planar slab waveguides. The coupling structure in
this paper is a modification to a four layer wave-
gulde since this structure already contains one
electrode and a second electrode may be introduced
by making it a symmetrical five-layer waveguide.
In such a coupler the basic guiding dielectric
core would become thinner and thinner to couple ™
(transverse magnetic) modes to surface plasma
modes.

An extensive analysis of the asymmetric four
layer waveguide and(zhgig sypportcd propagating
modes has been done  '*?'3*‘’, This procedure con-
sisted of solving Maxwell's Ljuations for the dis-
persion relations and then generating a computer
program for numerically solving the transcendental
relation. Various metal and semiconductor clad
waveguides have been analyzed and the effect of
varying waveguide parameters such as film thick-
nesses and the material permitivities on propa~
gating modes have been established.

A comparison of the three layer dielectric
guide and a four laver guide with a metal film in-
serted between the substrate and the guiding di-
electric demonstrates that the inclusion of the
thin metal {ilm changes the mode profile for T™
modes appreciably yet the effect on the TE modes
is only slight. Figure 1 shows the field distri-
bution after a thin metal film has been introduced.
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l‘lhhuh“) has hypothesized that the field con-
centration in the metal givas rise to the TMy mode
coupling to the surface plasas mode. This hypoth-
esis is supported by comparing the surface vave
field discribucion, Fig. 2, to that of PFig. 1

for the TMy mode.

The conclusion from this analyais is that T2
nodes do not couple to the surface plasma modes
because thers is no concentration of field
strength at the netal-dislectric interface vhere
the TH' mode exists. Tha TM mode field concentza-
tion at this interface increases as mode order 1is
teduced. The computer solution technique method
mapped out previously predicts the existence of
the TM' mode in that there is extrema attanuation
found in the T modes; this is much higher than
axpected. The rational is that the TM modes are
coupling into a highly attenuated surface plasma
mode and thus they are highly attenuated. As the
concencration of the field in the metal increases
20 doss the actenuation.

T™ mode coupling to the surface plasns vave
appears feasible vhen the variation or mode index
vith metal thickness is compared for the T, and
™' modes., When the ™y mode index is near the
™' mode index greater coupling should occur and
thus the TMy mode will be attenuatad accordingly.
When the TMy mode index is close to the ™' mode
index, guide attenuastion is high. As the metal
thickness is reduced, the TMy mode index dravs
awvay from the TM' mode index and the attenuation
is reduced. A simil.r effect would be to change
the core dieslectric to vary the mode index of the
T™ modés. Again attenuation is expected to in-
crease as the TM mode indices become closer to the
surface plasma mode index.

Based on a qul?syn mechanical derivation of
Maxwell's Equations the limit at which these
equations are no longer valid are film thickness
of 10 nanometers. A quantum mechanical analysis
of thinner films was deemed unnecessary since sur-
face fluctuations of thin films are on the order
of 7-8 nonometers with present technology. There
are seversl papers which have stretched Maxwell's
Equations down ig below this theoretical and
practical limit ). Maxwell's Equations are v 'lid
down to the limit of 10 nanometers and belw this
thicknass, theoretical analyses to date are not
applicable.

In conclusion, coupling to “he MOM device
from optical waveguides must be realized with
films of 10 nanometers or greater. We beliecve
that this can be achieved with the coupling struc-
ture outlined.
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Semiconductor Clad Optical Waveguides

K. Cates, D. Summers and T.E. Batchman

University of Virginia
Electrical Engineering Department
Charlottesville, VA 22901

ABSTRACT

At a free space wavelength of 633 nanometers,
semiconductor clad waveguides are investigated.
Calculations show that the waveguide attenuation
coefficient (a) and the propagation coefficient
(8) vary with semiconductor thickness similar to
a damped harmonic of period 80 nanometers. The
complex semiconductor index of refraction relegates
curve damping and amplitude factors. Three of the
more common semiconductors (Si, Ce, CaAs) have been
investigated as cladding materials and rcsults are
discussed.

INTRODUCTION

Planar multi-layer diclectric optical wave-
guides have been studied extensively using various
materials for the waveguides and cladding re-
gions.[1] We have extended previous analysis to
include the case of a buffer repgion bheing a thin
semiconductor film. Maxwell's cquations and bound-
ary conditlions were used to derive a transcendental
equation relating the propagation constant of a
guided mode to wavepuide paramcters. Over sceveral
years, a coéputur program has evolved to numeri=
cally solve this complex transcendental equation
for the complex mode propagation constant (a + §8).
In the case of three or more diclectric layers, the
permittivitics (refractive index) are real, ¢ Is
zero and thus the semlconductor cladding has a con=
ductivity at optical frequencies which glves rise
to an Imaginary part of the permittivity (o = c' +
3 "0, and a becomes non=zeru. 3]

Semiconductor Clad Waveguldes

The optleal wavepulde undo e considerat fon here
15 a planar, four Javer slab wavesulde,  Propaga=
tion of light s assumed to be in the z=digection
and materfal varfatlons vecur in the x=dircction
only,  The wavepulde §s componed of o semi=ingfnate
plass substrate, o polystyrene core of thickness
1.0 micremeter, o scuiconductor cladding of 0,01
to 10 microseters in thickness and o seni=intinate
Taver ot adr. A frec=space wavelength of 633 nano-
peters wan ansuned and thus all sateriad paraetars

.
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are for this wavelength., The three most common
semiconductors, gallium arsenide, silicon and ger=-
manium were used as the cladding layer. For a
discussion of metal and semiconductor clad wave=-
guides see references 3, 4, 5, 6, 7, 8 and 9.

Assuming all materials except the semicon-
ductor are lossless, the vaveguide is constant in
the y and 2z directions, and refractive index
varies in a step function profile in the x direc~
tion, we apply Maxwell's field equations to gene-
rate a wave equation. The problem separates into
transverse electric and transverse magnetic cases.
By determining the non-zero field components, ine-
voking continuity of the wave function and forcing
the field components to sutisfy Maxwell's boundary
conditions, a dispersion relation for each propa=-
gating mode is obtained that relates a and £, the
attenuation and phase constants, respectively, to
the wavepuide material and structural parameters.
These dispersion relations are complex transcen=
dental equations which must be solved {teratively
using a computer program.

At optical frequencies, the refractive index
of a memiconductor is complex., Permittivity be-
comen complex (v = ¢' + Jc") when the conductivity
becomes significant, ¢" = 4no/w. The complex
part of the permittivity is a lincar function of
the conductivity which can be externally varied.
Table I presents the permittivity a ° vefractive
index for the three main semicondue  .s.  The real
part of the permittivitices for all three are ap=-
proximately the same and the complex part for per-
manfum {s an order of mapnitude preater than that
of pallium arsenide and silicon,

Table 1

Semfeonductor Parameters at A = 632,.8 nm

Material Permittivity Refractive Indux
e’ . n K

CaAs 14.9 1.2 3.79 0.1u
Silicon® 10,76 0,87 Al 0.21)
Gorranfun* 14,4y 9.1 4,4 2,22

Avalues for amorphous thin f{lns
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Predicted Characteristics

Choosing gallium arsenide as the cladding
semniconductor, the curves presented in Pig. 1 and
Fig. 2 were generated by repetative use of the
previously mentioned program. The cladding thick-
ness vas varied from .01 to 10 micrometers. The
expacted result was as the cladding thickness s
reduced to zero the attenuation would decresse to
sero in a well=behaved manner. However the re-
sults are not wall=behaved when the cladding
thickness falls belov 1.0 micrometer. The curves
are similar to exponentially damped sinusoids.
The extreme B/k variations correspond to median
valuecs in the a-curve and extreme a variactions
correspond to median £/k values. By increasing
the conductivity of the gallium arsenide cladding,
the amplitude of the curve oscillations wvers re-
duced and the a-curve shifted slightly towards a
higher attenuation. This result was expected
since a greater conductivity increases material
absorbtion of energy and therefore a higher at-
tenuation in the propagating vave, yet at the max-
imum points there was actually a decrease in the
attenuvation.
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properties of the gallium =-senide clad waveguides.
FPig. 3 and Pig. 4 present the computer predictions
based on a core thickness of 1.0 micrometers. The
curves are nearly identical with the curves gene=

rated using gallium arsenide as the cladding. The
oscillations are damped out at a cladding thickness
of 1.0 micrometers. Variations on the conduccivisy
reproduced the affects found for the previous case.
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The cladding semiconductor was changed to ger~
manium and the oscillations in the attenuation and
normalised phase curves disappeared, Fig. 5 and
Fig. 6. These results are attributed to the great-
ar conductivity of rermanium.

In reference 2, the author considered a thin
film of material with n = 2 and k (k = a)/4n)
varying and he calculated the expected phase change
on reflection of an incident wvave at on air-fila
surface. For k very small, the phase change vas
found to oscillate while for k large, the phase
changed very little witil the film thickness ap-
prcached zero. This behavior has also been pre-
dicted by Stratton [12) and 4s like the effect we
have observed here.
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The proposed explanation for the results is
that there is an interference effect across the
waveguide and when constructive interference occurs
in the semiconductor cladding, the propagating wawn
field strength in the cladding will be greater and
a higher attenuation is expected. Likewise, ¢~
structive interference will cause a much lower at-
tenuation. Normalized phase shifts must be at a
maximum vhen the interference effects are at a8
minimum, similar to the results of transmission
calculations of waves throuph an absorbing medium.
Increasing the conductivity of the semiconductor
eladding increases the field strength attenuation
in the cladding vhich decreases the effect of the
interference. At the points where a greater con=
ductivity causes a lower attenuation the greater
conductivity increases the reflection at the
cladding=cora interface and thus there is less
field strength in the absorbing medium and iess
attenuation in the propagating vave.

Mede

1nden

(1] _'_'.'.mw—‘—'-‘-r""r—‘—"m

1,970 pum —

1,500 p= ot

J

1.54¢ r =

3,504 b —

1.507 poe —

1,500 b e
.00 0.} 1.0 10

Goersanjum Thivhness l: W)
Fig, 6+ CURMASIUM/AIR CLAD CUIDE, /) wa ta

(Tn ML NORMAL CONPUCTIVITY)

bt A




b e N

-

A plavsible device utilizing these resulta

be either a guided light wave smplitude wode-
or phase modulator. To amplitude mouulate,
seniconductor cladding would be either palliue
or silicon and of such thickness that

» vas manisun smplitude changs with minimum
chang as the conductivity is varied. Any of
ainimum points on the a=curves could be se-

ted and tha medulator thici:ness thus determined.
To modulate, the semiconductor conductivity must
e varizd, vhich can be done through any of a va=
visty of means such as by heat, .iectric fields
ond incident liglt.

H
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Thin films of amorphous silicon have been
fabricated [10,11) and measured conductivities have
been as much as several orders of magnitude lower
than the eondu:tivity value used in Table I for
this study. Tne conductivity of amorphous silicen
varies greatly dus to differences in fabrication
procedures and Lhermal histories. It is expected
that the sttenuscion curve mean value will be lower
and the oscillations of doth o and B/k curves will
be increased in magnitude vhen smorphous films are
fabricated.

This study is not complete at this time.
Avorphous silicon has not been completely investi-
gated and field plots of the propagating vave in
the vaveguide have yet to be developed.

Conclusion

A device has been proposed and laboratory ex=
perirents nre presently being conducted to verify
the theoretical predictions. A plamar wavepuide
with a wedged shaped silicon cladding across tiw
width should demonstrate the damped oacillations in
the attenustion curves and comductivity variations
of the silicon should demonstrate the modulation
capabilities.
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