AD-A090 458 ARMY ARMAMENT RESEAKCH ANO DEVELOPMENT COMMAND DOVER=~ETC F/6 19/5
JON IMPLANTED GUIDED WAVE DEVICES FOR ARMY FIRE CONTROL:{U)
JUN 80 J M ZAVADA, H A JENKINSONe T J GAVANIS

UNCLASSIF IED

NL
Vor |
ARgtana




Ko -
= &y

I IR
= |

22 Tt e

MICROCOPY RESOLUTION TEST CHART




ADA090454

Y

a
S
S

o
I |
[ &
|
&

ZAVADA, JENKINSON, GAVANIS,
HUNSPERGER, LARSON & COMAS Sy

[

kb

e

c B

X

T //’ 7

“ .. ] 10N IMPLANTED GUIDED WAVE DEVICES ' Y
™ 7 FOR ARMY FIRE CONTROL 4 -
A v '

TN o ‘
L\ HJOHN M./ZAVADAyemm. | K. 7 h
HOWARD A. /IENKINS()Nm, L i .

"THOMAS ™ J. ’;GAVANIS F,:,j
F 7 ™ aliber

Weapon Systems Laboratory ) .
ARRADCOM, Dover, NJ 07801 R Y B

ROBERT G. HUNSPERGER, DR.
University of Delaware
Newark, DE 19711

DONALD C. LARSON, DR.

Drexel University
Philadelphia, PA 19104

JAMES COMAS, DR.

Naval Research Laboratory
Washington, DC 20375

IBESINTRODUCTION

In a recent review of the Army's Fire Control Technology
Base(l), several key issues were repeatedly emphasized. One of
these issues was that future fire control systems will have to
meet certain stringent requirements in order to permit the Army
to successfully engage hostile forces in anticipated combat scen-
arios. Prominent among these requirements are minimum acquisition/
reaction time, multiple target engagement capability, increased
first round hit probability, and 24 hour/all weather operation.
The first three requirements clearly indicated the need for sen-
sing and signal processing subsystems capable of handling large
amounts of digital and analog information and of processing this
information rapidly.gxIn spite of the major advances that have
been made in the fifﬁs\bf microelectronics, this need is still a
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formidable challenge to Very Large Scale Integration (VLSI) circuits
and to Very High Speed Integrated Circuits (VHSIC). Another possible
solution to this problem lies in the development of fire control
systems incorporating guided wave components. Guided wave or opti-
cal devices are the analogs of the familiar electronic devices such
as cables, modulators, switches, sources and detectors, which rely
on the motion of electrons and their subbsequent deflection. How~-
ever, optical devices guide an electromagnetic (EM) wave through a
material structure and function directly on the propagating wave.
Due to the higher carrier frequencies of optical waves, the infor-
mation that guided wave devices can process 1is nearly 10,000 times
greater than that of electronic devices. Also, these optical devices
are several orders of magnitude faster than their electronic coun-
terparts. Other advantages of guided wave devices include: lower
transmission losses, virtually complete immunity to EM interference
and countermeasures, and the elimination of use of strategic mate-
rials such as copper. Once these devices are integrated into optical
circuits, there are additional benefits of greater reliability and
durability.

The development of integrated optical circuits parallels very
closely the development of integrated electronic circuits. First
there was the use of discrete electronic elements such as trans—
istors, capacitors, and oscillators. This corresponds to the use of
discrete optical elements such as lenses, prisms, and lasers in cur-
rent optical systems. Later the discrete electronic devices were
assembled into circuit boards and, eventually, into monolithic
integrated circuits. Similarly, the goal of "Integrated Optics” is
to minimaturize and assemble the discrete optical elements and de-
vices into a monolithic circuit a few square millimeters in area.
This size reduction of optical systems is even more dramatic than
what has been accomplished in the electronics area.

While there has been considerable activity in both the military
and civilian sectors to utilize guided wave devices in communication
systems, such as telephone and television, the potential of this
technology for sensing and optical signal processing roles has been
largely untapped. The few military programs that are developing
guided wave components for these applications include the work on a
radio frequency (RF) spectrum analyzer(2), on optical correlators(3), ™ - -~ —v,
and on fiber optic sensors(4). C */// {

Due to the fourth requirement mentioned above for 24 hour/all
weather operation, the Army has been emphasizing systems which oper-
ate at longer wavelengths, in particular, at infrared and millimeter
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wave (MMW) frequences. Active devices, such as carbon dioxide (C02)
lasers and MMW transmitters, form a natural basis for additional
applications of guided wave technology to Army Fire Control Systems.
Typical systems which could utilize infrared optical circuits in-
clude CO, laser radars, Miss Distance Sensors (MDS) and sensors for
smart munitions such as Smart Target Acquisition Fire and Forget
(STAFF). These optical circuits could be used to perform various
functions including phased array transmission, heteroyne detection,
parallel processing and optical correlation.

Various methods have been used to fabricate optical waveguides
and components. These include thin film deposition, epitaxial
growth, filled channel techniques, ion diffusion anq ion implanta-
tion. The latter method is a particularly interesting technique
that offers a number of distinct advantages in comparison to the
other methods. 1In ion implantation a beam of atoms is ionized,
accelerated through a potential djfference, and is directed at a
suitable material target. The resulting damage in the material and
the introduction of foreign atoms can produce electronic, chemical,
and optical changes. In fact, ion implantation is one of the major
production techniques used in the electronics industry for the
manufacture of integrated electronic circuits. The primary advan-
tage of this technique lies in the precise, external manner by which
doping of materials can be controlled. Any ion species can be
introduced into a given material and the dopant concentration is not
limited by ordinary solubility considerations. The dosage can be
monitored very accurately and the depth profile of the implanted
ions can be controlled by adjusting the energy of the accelerator.
This permits realization of dopant profiles that could not be
achieved by diffusion or any other technique. Also, implantation of
materials can be performed over a wide range of temperatures allow-
ing for unique interactions of the implanted ions. This technique
1s a relattvely simple procedure which is compatible with modern
masking methods used to achlieve special configurations of the doped
regions. Additionally, there is the possibility that entire optical
circuits can be "written” directly on a chip without the use of
masks.

While fon implantation has been used to fabricate guided wave
components at visible and near infrared wavelengths, little effort
has been directed towards applying this technique to form guided
wave devices in the far infrared. Lincoln Laboratories has made low
loss waveguides at 10.6 microns through proton implantation of
cadmium telluride(5). However, a drawback to this work is the very
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high accelerating energies, over 1 MeV, that were required. Accel-
erating machines, capable of such large energy outputs, are not
readily available and are very costly to operate. If it were pos-—
sible to fabricate low loss infrared waveguides with moderate energy
accelerators (less than 300 keV), then ion implantation would be
established as a prime fabrication technique for integrated optics
in this spectral region.

This is the task that we are addressing in our current research
effort: to determine the feasibility of fabricating infrared wave-
guides in semiconductor materials using moderate energy ion implan-
tation. Semiconductor materials were selected for this work because
all of the major functions of an optical circuit, such as light
generation, waveguiding, modulation and detection, can be achieved
in these materials.

II. OPTICAL WAVEGUIDES

The basic component in an integrated optical circuit is the
waveguide. This structure serves to confine the EM wave to a par-
ticular region and to specify the direction of propagation of this
wave, Figure 1 illustrates the operation of a planar (two dimen=~
nsional) waveguide. In this figure, we assume that the EM wave has
already been introduced into the waveguiding region. This can be
accomplished through various methods including endfire coupling, or
even light generation in the waveguide. The waveguide in this
figure is formed by the middle region identified by its optical
index of refraction, n¢. The regions above and below the waveguide
are similarly labelled by their indices n, and ng. For the EM
wave to be guided in the middle region, it is necessary that ng be
larger than either n_ or n.. When this condition is satisfied,
there exists an angle of incidence at each interface, called the
critical angle, above which the incident wave will be totally re-
flected. The guided wave will then propagate in a zig-zag fashion
undergoing total internal reflection at each interface. Upon each
reflection the EM wave will experience a change in phase. For the
wave to be propagated, these phase changes, in addition to the phase
change resulting from the optical path difference, must add con-
structively. This leads to an eigenvalue equation, one for each
polarization, which determines the propagating modes in the wave-
guide. For lossless media, the basic eigenvalue equation is (6) :

,kn;'t COSG,; - igo -I $: = -%I'“’
P anN . (n
-:.X-o- *:O,I,Z,Z...
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where t is the thickness of the waveguiding r%%ion 8¢ the angle of
propagation of the guided wave in the film, the wavelength of
the EM wave in free space, Ifo and I% the phase change due to ]
reflection at the respective f-o and f—s interface, and j is the

modal order. The phase changes can be calculated from the Fresnel

reflection coefficients for a planar interface and are given by:

4

2

fon B = (n§sin?BOs -n?)" |
§i ng cos ©g 2) {

for s polarization, and by:

tan By, = (YL;) (ng sw’' 65 -n; l (3)
n; Ng cos Bg

for p polarization. Here the subscript i refers to either the
region above the waveguiding layer (i = o) or to the region below
(i = s) depending upon the phase change under consideration. The
guided modes in a planar waveguide are usually denoted TE; and
TM;, where TE is transverse electric (parallel polarization) and TM
is transverse magnetic (perpendicular polarization). Once the opti-
cal indices are known, the eigenvalue equations can be solved to
determine the number of guided modes for a given value of the wave-
guide thickness. The resulting set of curves for a particular choice
of optical indices is shown in Figure 2. As can be seen in this
figure, curves corresponding to different modal orders are widely
separated as compared to curves of the same modal order but differ-
ent polarization. This means that the propagating modes of the same
order normally occur in doublets, one for each polarization, and are
distinct from the doublet for the next order.

The above equations can also be used to determine the optical
index and the thickness of the planar waveguide provided that the
waveguide can support at least two propagating modes and that the
optical indices n, and ng are known. Then, by measuring 8¢ for
each mode, and by substituting this angle into Eq. (1) with the
appropriate expressions for the phase changes, a set of simultan-
eous, transcendental equations involving two unknowns can be ob-
tained. These equations can be solved numerically to yield the
parameters ng and t of the wavegulding layer.,
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During the current fiscal year, this method was used to deter-
mine the thickness and the refractive index of thin film aluminum
oxide waveguides, These planar waveguides were prepared by evapora-
tion of aluminum oxide onto glass substrates in Fire Control Divi-
sion's thin film laboratory. In order to couple laser light into the
waveguide and to measure the angles of propagation for the guided
waves, an optical facility, sketched in Figure 3, was assembled.
This facility consists of a helium neon (HeNe) laser source (0.6328
microns), a beam collimator, and a stage which holds both the planar
waveguide and a high index glass prism (optical index 1.732), The
prism is used to couple the laser light into the waveguide and the
stage is mounted on a motorized rotary table. Figure &4 contains a
schematic drawing of the prism coupling technique in which the col-
limated HeNe laser beam impinges on the glass prism at an incident
angle 6, is refracted to the corner of the prism where, at certain
distinct angles, it i{s coupled into the waveguide. The rotary
table allows the incident angle to be varied until waveguiding is
achieved, as indicated visually by the slide flashing with the red
HeNe light. While the film was highly transparent at this wave- i
length it did contain inhomogeneities and surface roughness which i
resulted in light being scattered out of the waveguide. This :
scattering is responsible for the flame~like pattern in the slide
during coupling. For a perfect film, the waveguided light would be
visible only at the end of the film where light would be scattered
back into the air. Measurements were made of the coupling angle for
each polarization of the propagating modes. Once the coupling angle
has been measured, the angle of propagation in the waveguide is
determined by (7):

(4)

SN O = %% sin 5 s (%’; sme)+6<

where 8 is the corner angle of the prism and n_ is the prism's
optical index. 1In order to couple light by this technique into
every mode of the waveguide, it is necessary that n, > ng.

Results of this experiment for one of the thin film waveguides
are contained in Table I. There, the incident coupling angle, the
excited mode and the angle of propagation are listed. Below the
table are stated the calculated values for the thickness and the
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TABLE I. Prism Coupling Parameters
6 MODE 0
48.75° TE, 82.27
48.500 ™, 82.01
39.750 TE, 74.50°
38.759 ™, 73.86°
29.750 TE, 67.46°
LASER WAVELENGTH MICRONS
PRISM INDEX
WAVEGUIDE INDEX *.001

WAVEGUIDE THICKNESS 1.18
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optical index based on this data. The experimental accuracy in
measuring the coupling angle is estimated to be + 0,1° in this
method, This results in an error of + 0.015 microns for the
thickness and of + 0.001 for the optical index.

Channeled, or three dimensional, waveguides are the structures
that will be eventually required in integrated optical circuits. In
such circuits, the guided wave will have to be switched, coupled
into other waveguides, polarized, filtered, modulated, and converted
into electrical signals. This processing and conversion is more
efficient in channeled waveguides. While the description of modes
in a channeled waveguide is more complicated, the same concepts,
discussed above, of total internal reflection and constructive
interference apply. The guided modes in this case are specified
TEjk and TM; with two modal numbers j and k now being
necessary. ~These modes are likewise determined by eigenvalue
equations similar in form to Eq. (1).

III. TION IMPLANTED WAVEGUIDES

In crystalline semiconductor materials, ion implantation can pro-
duce a change in the refractive index through various physical mech-
anisms. These mechanisms include: damage to the crystal lattice
resulting ultimately in an amorphous region; introduction of dopant
atoms into the lattice causing a change in the polarizability of the
unit cell; localized regions of stress in the lattice due to damage
and the presence of large numbers of dopant atoms in these regions;
and, the compensation of the free carrier of dopant atoms 1into the
lattice causing a change in the polarizability of the unit cell;
localized regions of stress in the lattice due to damage and the
presence of large numbers of dopant atoms in these regions; and, the
compensation of the free carrier concentration in suitably doped
materials. This last mechanism has been the primary method used to
form optical waveguides in semiconductor materials through ion
implantation(8). Naturally, in any actual implantation the above
mechanisms are interrelated and the change in the refractive index
of the implanted material 1s due to the total effect of these pro-
cesses. However, it is possible, by careful design of the experi-
mental conditions, to accentuate one of these mechanisms and to
minimize the effects of the others. The present research experiments
are centered on free carrier compensation since this mechanism
appears to afford the greatest flexibility in altering the optical
properties of the implanted regions.
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For a homogeneous, isotropic, n-type crystalline semiconductor,
the relative dielectric constant K can be expressed as the sum of
two contributions:

where K; is the relative dielectric constant due to the atoms in
the lattice and Kpe is the contribution from the free carriers.
Usually, K is a complex quantity with the imaginary part being
related to the absorption in the material. The refractive index is
also a complex quantity and is given by:

n =YX = n] - iny (6)

Where nj, is related to the phase of the EM wave in the material
and ny is the extinction coefficient.

In the classical treatment of the free carriers as a plasma gas,
the contribution to the dielectric constant is:

2
_ -—Ww . 2 N . e
K™ Glw-197 * “r=—gops > Y= mF O

Here Wp is the plasma frequency, J the angular frequency of the
EM wave, g the damping coefficient, e the charge of the electron, NC
the density of free carriers, ec)the vacuum permittivity, m* the
effective mass of the carriers and u the mobility of the carriers.

During ion implantion of a doped semiconductor, the energetic
ions produce displacements in the lattice which, in turn, trap some
of the free carriers. This reduction of the carrier concentration
results in an increase to the refractive index of a surface layer
whose thickness is approximately equal to the penetration range of
the implanted ions. Assuming complete compensation of the free
carriers in this layer, the change in the dielectric constant is
simply KFC‘ For frequencies below that of the bandgap and for
materials in which g is small, the change in the refractive index
can be approximated by:

o L (wp)
An an( ) (8)
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provided that the damage produced in the lattice by implantation is
minor. The optical index of the implanted region will be n; + An
which is larger than that of the unimplanted substrate, n;. Then,
if the thickness of this region is large enough for Eq. (i) to be
satisfied with these values for the optical indices, the implanted
layer will form an optical waveguide. As an example, for n-type GaAs
with a carrier concentration of 1.1x1018/cm3, An = 0.225 at a
wavelength of 10,6 microns and the implanted region must have a
thickness of at least 2.25 microns in order that optical waveguiding
can occur,

A difficulty with this carrier compensation technique is that the
remaining free carriers in the substrate can lead to absorption
losses. The formal solutions to Maxwell's equations for optical
waveguiding show that even though there is total internal reflection
at each interface a portion of the EM field extends into the sur-
rounding regions. If the thickness of the waveguide is just above
the minimum thickness, then the field in the substrate will be ap-
preciable. Consequently, for low loss optical waveguides at 10.6
microns, the thickness of the waveguiding layer must be approxi-
mately 10 microns.

A study was made of various semiconductor materials that would be
suitable for use as infrared waveguide substrates. Initially GaP,
GaAs, ZnTe, ZnS, ZnSe, CdS and CdTe were considered because each of
these materials has very promising optical and electrical
characteristics. However, only GaAs, GaP and CdTe are commercially
available in the required single crystal wafer form. It was decided
to limit the present investigation to GaAs and GaP because CdTe is
considerably more expensive and the processing technology for CdTe
(polishing, etching, cleaning, heat treatment, etc.) is much more
difficult, The wafers that were selected for implantation were
<100> oriented substrates since these samples can be easily cleaved
to the desired rectangular shape for waveguiding experiments.

Protons (H') were chosen as the initial ion species to be used
in these implantation experiments in order to minimize the contribu-
tions to the optical properties arising from physical processes
other than free carrier compensation. These ions produce the least
amount of damage to the crystal and are very unlikely to occupy
substitutional sites in the lattice. Furthermore, protons have the
greatest projected range by direct energetic penetration without
relying on any secondary or defect diffusion. In fact, protons are
also a useful species for investigating such diffusion effects.
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Since one of the basic objectives of this work is to produce
waveguides of sufficient thickness to support low loss propagation
at 10.6 microns while using a minimum implantation energy, 300 keV
was selected as the ion energy to be used. Practical considerations
make low energy very desirable because many electronics fabrication
facilities are equipped with ion accelerators of 300 keV or less,
while relatively few have units delivering greater than 300 KeV
acceleration,

:
!
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|
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t

With 300 keV protons, calculations indicate that optical wave-
guides, of approximately three microns thick, can be produced in
both GaAs and GaP provided that these materials have carrier con-
centrations on the order of 1018/cm3, While such implanted
layers could support guided waves at 10.6 microns, lower losses
would be obtained if the thickness of these layers were increased.
Several experimental investigations(9) have noted that the waveguide
thickness is often increased beyond that produced by direct ener-
getic ion penetration if the substrate is heated during the implan-
tation process. This heating is expected to produce a diffusion of
implantation generated defects, resulting in carrier compensation to
a thickness as much as an order of magnitude greater than the pene-
tration depth of the ions (protons) themselves. Because the defect
diffusion process is not yet well characterized, the approach taken
in this work is to use a range of implant temperatures spread both
above and below room temperature by about 200 to 300°C to determine
the ogtimum temperature empirically. Ion dose should bhe at least
5X1013/cm2 to produce adequate carrier compensation in the wave-
guide but, again, some samples should be implanted with doses as
high as 5X1015/ cm? to determine the optimum dose experimentally.
Polished wafers of n—-type GaAs have been implanted with protons to '
the required fluence levels and at the temperature ranges specified
by this approach. The implantation of the wafers was performed at
the Electronics Technology Division of the Naval Research Laboratory.

The next step in this investigation is to measure the optical
index and thickness of the implanted layers. These parameters can
be determined by the prism coupling method described in Section II.
However, since the implanted layers are being designed to function
at CO, laser wavelengths, an infrared detector is required to moni-
tor waveguiding and to measure of the coupling angle. The experi-
mental set up is illustrated by the insert in Figure 4, This in-
frared facility is presently being assembled and tested. Simulta-
neously, the optical properties of the implanted layers are being
investigated using capacitance-voltage (C-V) measurements and
ultraviolet/infrared reflectively techniques (10). !
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IVv. CONCLUSIONS

Theoretical calculations and prior experimental work indicate
the low loss infrared optical waveguides can be produced by 300 keV
proton implantation of GaAs and GaP. Samples of these materials have
been prepared and the resulting optical properties of the implanted
layers, as determined from C-V and reflectivity measurements, are
suitable for IR waveguiding. Once this is demonstrated and the re-
levant material and implantation parameters have been established,
this method can be used for the fabrication of more complex guided
wave structures such as channeled waveguides, directional couplers
and modulators. These components can then be integrated to form
infrared optical circuits for sensing and signal processing roles.
Furthermore, it appears quite certain that such integrated optical
circuits, with their greater bandwidth and faster operation, will
play an increasingly larger role in helping the Army meet its future
fire control requirements.
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