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FOREWORD

This report has been prepared for the timely presentation of
information on the analytical and experimental development of the
integrated optics program. In particular it presents results obtained
both at the Nava l Weapons Center and elsewhere which apply to a multi-
plexing scheme for communication purposee on a fiber optic bundle. It
reports on prel iminary findings of the study and is rel eased at the
working level for information only. This is an interim report and addi-
tional reports will be published as research and development continues.

This research and development effort was performed for the period
July 1973 through June 1975, su pported by the Nava l Wea pons Cen ter
independent research project funds.

Fred C. Essig
Head , Physics Division

Research Department
1 Augus t 1975

NWC TM 2592, published by Code 601. 25 copies.
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INTRODUCTION

The term “integrated optics” came into being 6 years ago1 but since
that time the number of governmental, industrial, university, and
research laboratories involved in this field has grown and ramified.
For the interested reader there is available a good collection of survey
articles2~~ which review both the progress and the fundamentals of this
new field. Like integrated electronics, integrated optics (10) does not
really provide new possibilities in principle, but it makes practical
many well—known applications that would remain too cumbersome or expen-
sive to be utilized without this technique. Traditional optical appara-
tus must be aligned with extreme accuracy and is thus susceptible to the
smallest amount of vibration and temperature change. Integrated optics
concentrates light in thin—film waveguides that are deposited on the
surface or inside a substrate. Because of the short wavelength of
light, dielectric light waveguides can be extremely small in their
dimensions. The reduced size of TO circuits thus makes it possible to
achieve a much higher density of components compared to conventional
optical equipment aligned on steel rails or on heavy optical benches.
An additional advantage of the small size and rugged construction of
dielectric light waveguides is their insensitivity to vibrations.

integrated optics involves the technology of guiding and manipulat—
ing optical waves in dielectric waveguides, the generation and detection
of optical waves, and the coupling of optical waves into and out of 10
circuits. Integrated optics can be divided into two general areas. The
first is passive 10, which involves coupling, guiding, and partitioning

Miller, S. ~~~. “Integrated Optics: An Introduction,” BELL SYST
TECH J, Vol. 48 (September 1969), pp. 2059—69.

~ Coell , J. E., R. D. Standley , and T. Li. ~LECTR0NICS, Vol. 20(August 1970), pp. 60—67.
~ Goell , J. E., and R. D. Standley. “Integrated Optical Circuits,”

PROC IEEE , Vol. 58 (October 1970), pp. 150442.
~ Tien , P. K. “Light Waves in Thin Films and Integrated Optics,”

APPL OPT, Vol. 10 (November 1971), pp. 2395—2413.
~ Miller , S. E. “A Survey of Integrated Optics,” IEEE J QUANTUM

ELECTRON, Vol. QE—8 (February 1972), pp. 199—205.
Kogelnik, H. “An Introduction to integrated Optics,” IEEE TRANS

MICROWAVE ‘IHEOR TECH, Vol. ?fTT—23 (January 1975), pp. 2—20.
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of optical waves in To circuits without the application of external
fields or acoustic waves. Examples of passive 10 circuits are shown in
Figure 1. The prism coupler7 couples light into the waveguide by means
of the evanescent electric field of the prism which has an exponential
tail extending below the prism. The waveguide mode has an exponential
tail extending upward above the waveguide. These two exponential tails
overlap in the air gap between the prism and waveguide. The parts of
the fields that overlap are common to the prism and the film waveguide
and constitute the coupling between them. The grating coupler acts as
a standard diffraction grating to couple light into and out of the wave—
guide. The directional coupler is a means of coupling all or partial
energy from one vaveguide to another waveguide. The energy transfer is
accomplished in the same manner as with the prism coupler, which is
through evanescent fields. The waveguide lens8 is formed by a ref rac—
tive index variation across the film.

PRISM COUPLER DIRECTIONAL COUPLER

GRATING COUPLER LENS

FIGURE 1. Four Examples of Passive 10 Circuit s.

~ Harris , J .  H . ,  K. Shubert , and J.  N. Polky. “Beam Coupling of
Films , ” J OPT SOC AltER , Vol. 60 (August 1970) , pp. 1007—16.

~ Ulr ich , K .,  and K . J .  Martin. “Geometrical Optics in Thin Film
Light Guides , ” APPL OPT , Vol. 10 (September 1971), pp. 2077—8 5.
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The second area , active 10 circuits, makes use of applied electric
fields or acoustic waves to provide for the modulation , deflection ,
variable coupling, etc., of optical waves. Two such active TO circuits
are shown in Figures 2 and 3. Figure 2 shows a dielectric waveguide
incorporating an injection laser and an electro—optic phase modulator.~
The light coupled from the injection laser into the waveguide is modu-
lated by an electric field which causes a change in the index of
refraction. Since the phase of the optical wave is directly propor-
tional to the refractive index, this then leads to modulation of the
phase. Figure 3 shows an active 10 circuit in which light is diffracted
by a traveling surface acoustic wave. Light is coupled into the thin
film through a grating coupler very much like the one shown in Figure 1.
The acoustic wave, which is produced by applying a voltage to the inter—
digital transducers, forms a phase grating which diffracts the light in
the same manner as a transmission diffraction grating. Both the dif-
fracted and the undiffracted light wave are coupled out of the thin
film by another grating coupler.

This report will first review the principles which lead to guiding
of optical waves. Then both the theoretical and experimental results
that have been achieved at the Naval Weapons Center will be presented.
Experimental results of another research laboratory which pertain
directly to the ID project at NWC will also be presented.

INJECTION LASER IG~As) METAL ELECTRODE

LASER 
)7/

/j_.1. PHASE MODULATOR

~~/~~J \ J\~~~~~~

~\ ~~~~~
\

_
~~I_ , 

I •

GS~ ~ AI~ A,

FIGU RE 2. Ga i_~AJ ~ As’Dielectr ic Waveguide Incorporating
Inject ion Laser and Elect r o—op t ic Phase Modulator.

~ Yariv , A. “Active Integrated O ptics. ” Advanced Research Projects
Agency TR 1—71 (August 1971).

S

S

B ___ _ _ _ _  
7



NWC TM 2592

a-QUARTZ 
____

-

= W DIFFRACTED
GLASS FILM z WAV E 

~~

~~~~ EEEEJE
OPTICAL GUIDED — ACOUSTIC SURFACE

~~~~~ 
INTERDIGITAL
TRANSDUCER

FIGURE 3. Bragg Diffraction of Dielectric Waveguide Modes
of Surface Acoustic Wave.

OPTICAL WAVEGUIDING CONCEPTS

Several excellent review articles10 ’2 as well as recent text—
books 13 ’~~’ contain a more detailed analysis of the subject matter. This
section of the report will give a general review of some of the concepts
given in these articles.

~ Taylor, H. F., and A. Yariv. “Guided Wave Optics ,” PROC IEEE ,
Vol. 62 (August 1974), pp. 1044—60.

~ Marcatili, E. A. J. “Dielectric Rectangular Waveguide and
Direc tional Coupler for Integrated Optics,” BELL SYST TECH J , Vol. 48
(September 1969), pp. 2071—2102.

~~
‘ Coell, J. E. “A Circular—Harmonic Computer Analysis of Rectan-

gular Dielectric Waveguides,” BELL SYST TECH J, Vol. 48 (September
1969), pp. 2133—60.

~ ICapany , N. S., and J. .1. Burke. cipt~~al WavcOuidca. New York,
Academic Press, 1912.

~~ Marcuse, D. Light Tr’anamiaaion Optic.~s. New York , Van Nos trand
Reinhold, 1972.
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A planar asymmetric slab waveguide structure is illustrated in -

Figure 4. The waveguide has an index of refraction n1, with surrounding
media having indices no and n2. The structure Is called symmetric when

= n1 and asymmetric when n0 # n2. For waveguiding, the following
criteria must be met - - -

-

- 

. 
n1 > n0,n2 - (I)

There are two d i f f e r en t  types of electromagnetic modes-in dielectric
waveguides; they are called guided modes and radiation modes. Figure 5
distinguishes between these two different types of modes. To obtain
total internal reflection , the incident angle 6~ 

must be greater than
the critical angle, O~ , for each interface. For interface 0,1

- 

> 
~c 

sin~ 1(~ 2.) 
- 

(2)

For interface 1,2

- 

~~j > 0c = sin 1(~~ .) 
- 

(3)

In Figure 5(a) the light passes through the bou n da ry into the waveguide
and through to the next boundary ; this Is called a radiation mode.
Figure 5(b) shows anothe r radia t ion , or subst rate , mode where the light
is incident at an- angle larger than for tke upper boundary but
smaller than 0~ for the lower bound~ ry with n ) being greater than n 0.
In Figure 5(c) the- angle O~ surpasses both critical angles of each
interface , whick_r esults i n-t ~ tal .Jait exnaL_rejj ection. Thus , in the
guided mode the light is trapped in the guide.

For guided modes~~ and for a certain waveguide EHTc’kness, d , and
indices n0, n 1, and n, light wIll prop~g~te ’fn ~h güT~~ wi th  an ang le
of incidence only if,-after two successive reflections, the wave
front is again in phase w*th—the-o-ri~g’inal--wave---f-ront. If this were not
the case, after many reflections , somewhere down the waveguide , wave
fronts with a range of phases between 0 and 2” would add to zero ampli-
tude, which implies the wave would not propagate. This results in the
requirement that at an arbitrary pof~E t i~~ j hase STone wave front
obtained froin m other by two succesnive reflections must equa l the phase
of the second wave front at the same point3 or must differ by a multip le
of 2i~. This requirement permits piopagation for only discrete values

~~~~ Andrews, R. A. “Optical Wave~uides and Integrated Optics
Technology, ” Naval Research Laboratory Report 7291 (August 1971).

7
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FIGURE 4. Planar Asymmetric Slab Waveguidé Structure of
Waveguide Thickness d.
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FIGURE 5. Ray Diagrams Illustr ating (a) Radiation
Modes , (b) Substrate (Radiation) Modes, and (c)
Guided Modes.
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of 0. Each value of 0 is associated with a mode of propagation and
each mode has a characteristic velocity of propagation . The velocity
of propagation increases as B increases.

The modes within the waveguide are represented by plane waves travel-
ing in a zigzag path . The modal fields have a propagation constant of
k in the direction of travel of the plane wave with B and h being the
propagation constants in the z and x directions respectively. Using the
coordinate system shown in Figure 4, the fields propagate like exp(—it3z)
in the z direction with the propagation constant related to the zigzag
angle 0 by

B = k n 1 si n O  (4)

where k = 2ii/A = u/c; A is the free—space wavelength, w is the angular
frequency of the light , and c is the velocity of light. The critical
angle and Eq. 4 give bounds for 3, which are

kn1 > B > k n7 (5)

The critical angle dictates the upper bound while the lower bound is
reached at cutoff. The first three modes are shown in the UI versus ~
diagram in Figure 6, which indicates the variation of B with frequency
w. Typically, there exists a discrete spectrum of guided modes and a
continuous spectrum of radiation modes. The electric field intensity
pa t t e rns  for the three lowest order modes are shown in Figure 7.

/
RADIATION MOOLS GU’C~D AOOCS

1

0

•ORS,00LP,i REGION

B

FIGURE 6. Typical u Versus Diagram
for Three Discrete Guided Modes for
Dielec tric Slab ~Javeguides.

9
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A2 ~0

FIGURE 7. Three Lowest Order Modes
in a Dielectric Waveguide.

ANALYTICAL ASPECTS OF A14 ELECTROABSORPTTON MODULATOR/
DETECTOR FOR COLOR MULTIPLEXING

The 10 program at NWC utilizes the modulable filter expertise
developed at NWC. All semiconductors have a fundamental optical absorp-
tion ed ge at some wavelength , by which light of longer wavelength is
transmitted and light of shorter wavelength is absorbed. By app lying a
large electric field across the semiconductor this fundamental absorp-
tion edge is shifted to longer wavelengths or lower energies.

The shift of the optical absorption edge to lower energies under the
influence of an electric field was originally predicted for insulators
and semiconductors by Keldysh~

6 and Franz.17 These calculations

~~‘ Keldysh, L . V. “The Effect of a Strong Electric Field on the
Optical Properties of Insulating Crystals ,” SOVIET PHYS JETP , Vol. 34
(November 1958), pp. 788—90.

~ Franz , W . “Einflub eines elcktrischen Feldes aufeine optische
Absorptionskante,” Z NATU RFORSCH, Vol. 13 (March 1958), pp. 484—89.

10
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• together w i t h  the expe ri menta l obse rva t i o n s o f t hi s predicted e ff ect by
Wll liams ,~~ Moss ,~~ Böer and others , 2° and Vavilov and Bri tsyn 21 opened
up a new b ranch of physics which has since grown and ramif ied. 2 2 ’2 3

The potential use of the Franz—Keldysh effect as a mechanism for
intensity light modulation has also been recognized b y the ea rl y workers
En the field ,~~

’7
~ but the nonlinearity of the effect coupled with mate-

rial difficulties limited the use of these devices.

Recent development in material technology along with the fast grow-
ing f ield of 10 has broug h t abo ut a new look at this mechanism and
attempts to devise new electroabsorption (EA) light modulators, switches ,
and detectors.?~’

’3U In many of these applicatIons’ (excluding modulators)
the nonlinearity of this mechanism is of little consequence .

~~ Williams, R. “Electric Field Induced Light Absorp tion in CdS ,”
PHYS REV , Vol. 117 (March 1960), pp. 1487—90.

~~ Moss, 1. S. “Optical Absorption Edge in GaAs and Its Dependence
on Elect r ic Field ,” J APPL PHYS , Vol. 32 (October 1961), pp. 2136—39.

20 Böer , K. W . ,  H. J. Häsche , and U. Kümmel. “Anwendung

• optischer Effekte zur Analyse des elektrischen Leitungsvorganges in CdS—
Einkristallen ,” Z PHYS , Vol. 155 (February 1959), pp. 170—83.

ii Vavilov , V. S., and K. I. Britsyn. “The Effect of a Strong
Elect r ic  Field on the Absorption of Ligh t by Silicon,” FIZ TVERD TELA ,
Vol. 2 (August 1960), pp. 1937—39.

22 Cardona, M. Solid State Physics, Suppi , Vol. 11, ed. by F. Seitz ,
D. Tu rnbull , and H. Ehrenreich.  New York , Academic Pr ess , 1969.

2,, Semiconductors and Semimetala , Vol. 9, ed. by R. K. Willardson
and A. C. Beer. New York , Academic Press , 1972.

2L. Eden, R. C., and P. D. Coleman. ~‘Propos a1 for Microwave Modula-
tion of Light Employing the Shift of Optical Absorption Edge with
App lied Elect r ic Field ,” PROC IEEE , Vol. 51 (December 1963) , pp. 1776—77.

25 Racette , G. “Absorption Edge Modulator Utilizing a P—N Junction ,”
PRO C IEEE , Vol. 52 (June 1964), p. 716.

‘~~‘ Handler, P. “Optical  Properties of Space—Cha rge Regions ,” P}IYS
REV , Vol. 137A (March 1965), pp. 1862—68.

2 1  Reinha r t , F. K. “Electroabsorption in A1~ Ga 1_y As—A l~ Cai.~~As Dou-
ble Heterost ructures ,” APPL PHYS LETT , Vol. 22 (April 1973) , pp. 372—74.

~~ Reinhart , F. K., and R. A. Logan . “Monolithic Integrated Cou-
pling of an AlxGal..xAs Laser to a Low Loss Passive Al~Gaj_yAs Waveguide.”
Device Research Conference, Santa Barbara, Calif., March 1974 (un-
pub lished).

2 3  Dyment , J. C., F. P. Kapron , and A. J. SpringThorpe. “Charac-
terization of Electroabsorption Modulation in Reverse Biased CaA1As

• Double Heterostructures. ” Device Research Conference , Santa Barbara ,
Calif., March 1974 (unpublished).

.W Stiliman , C’.. E., and others. “Electroabsorption Avalanche
Photodlode Detectors.” Device Research Conference , Santa Barbara,
Calif., March 1974 (unpublished).

11 

— - - — — -———.—-. - ——-——-.--.—— — - — -,--.-——--— ——



NWC TM 2592

Attention is focused in this section on the Franz—Keldysh mechanism
in materials as they app ly to EA light modulators and detectors. Al-
though the EA formalism is general, the calculations for the EA light
attenuation is done for GaAs for wavelengths near 0.9 in. The partic-
ular device geometry consists of a liquid—p hase epitaxy GaAs double
heterostructure , as shown in Figure 8. The active region in Figure 8
is n—type rather than the usual p—type GaAs in order to permit electri-
cal isolation in an integrated design .29 Depending upon the applica-
tion , light •is either coupled parallel to the junction (if it is to be
used as a component in 10) or transmitted perpendicular to it (GaAs
substrate and top electrode can be removed by etching).  In both cases ,
by app ly ing a reverse bias to the device the high electric field wi th in
the GaAs material will induce a shift of its optical absorpt ion edge ,
of gap Eg, to lower energies (the Franz—Keldysh effect). Light of
photon energy ho0 < E~ (but near Eg) (see Figure 9) will now be atten-
uated in passing the gaAs region; electron—hole pairs will be created
and swept out to the contacts in the presence of the high electric
f ield (photodetection). Thus, a train of light pulses h00 can be
either transmitted for no electric field within the active region or
attenuated (modulated/detected) with an applied reverse bias. The
prime objective is to determine the optimum conditions for EA light
attenuation for various physical parameters of the material and relate
them to a particular device application.

P~~~~x~~1 :~~ 

•

n—GaAs •

FIGURE 8. GaAs Double—Heterojunction Structure of Length L
Used as Electroabsorption Modulator or Detector.

12
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FIGURE 9. Absorption Edge of Waveguide Material for
Field—On and Field—Off Conditions as a Function of Photon
Energy h’~. E~ Is the fundamental gap energy of the
material. w

0 
represents the center frequency of the m ci—

dent light having either a narrow spec~tral bandwidth AE
or a spreading t’ — t.
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Assuming a homogeneous and defect—free GaAs epitaxial film , the
absorption coefficient a in the presence of an electric field F can be
described by 31’ (neglecting thermal broadening)

= Ro u/2 (I~
_ 

Ai(n)~ — nIAi (n)1 2)

= EF ’/3[IA i’(rl)V — TlIAi(rI)12)/hw (6)

where Ai(n) is an Airy function ,31 ’35 F is in V/cm, flu is in eV, and R,
ii , and H are given by

R = 

2e2C~ 
(
~~~~

\
3/2 

(
I~wcnm

7 
~ h /e

B — h u

~~~~
= 

h O (8)

e2 F2
= (9)

Here me and e are the mass and charge of an electron , respectively ; n
is the refractive index , c is the speed of light , h is Planck ’s con—
stant/2’r , u is the reduced mass m~m~/(m* + me), and C0 is a constant of
the material (dimensions of momentum) teat theoretically represents the
strength of the transition. C0 will not be given explicitly, since nocalculation of the absorption coeff icient  from first principles is
intended. C0 and Eg wil l  rather  be used as free parameters in order to
fit the limiting case of Eq. 6 for F 0 to measured values of the
abso~ption coefficient. For F -‘ 0, Eq. 6 becomes the familiar expres-
sion for the absorption coefficient due to direct allowed transitions
behind the edge31 ’~

3
’36 (hu > Eg)

31 Tharmalingam, K. “Optical Absorption In the Presence of a
Uniform Field,” PHYS REV , Vol. 130 (June 1963), pp. 2204—06.

~ Aspnes , D. E . “Electric Field Ef fec t s  on Optical Absorption Near
Threshold in Solids,” PHYS REV , Vol. 147 (July 1966), pp. 554—66.

~ Callaway, J. “Optical Absorption in an Electric Field,” PHYS
REV, Vol. 130 (April 1963) , pp. 549— 53.

~~‘ Cal laway , J. “Optical Absorption in an Electric Field ,” PHY S
REV, Vol. 134A (May 1964), pp. 998—1000.

~~
“ The Airy function normalization factor used here is the same as

that used In the reference ci ted in Footnote 31 , namely, l// .
~~~~ Bardeen , J . ,  F. J .  Bla t t , and I.. A. Hall .  Photo~irarhy conference.New York , Wiley, 1956. P. 146.

14
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~ Rn (th~’ — Eg
)1/2/h I/2 (10)

and gives ~ 0 as F -. 0 in front of the edge (hu < E ) .  C and Eg are
adjusted such that Eq. 10 reproduces as close as poss~b1e t~e upper part
of the experimental absorption edge. C0 = 1.76 x 1012 cm~~sec~~/2 and
B = 1.42 eV reproduce the values of Moss~

’
~ for GaAs sati.sfactorilT~ us , f or GaAs, using the reduced mass valu~ of 0.065 m from Moss

t
— 597.8 eV (V czn2~~

1/
~ .

Neglecting reflection losses, the transmission of light in an
absorbing medium follows Lambert ’s law:

= i
i
ex
~
[_ fZ a(Y)dY] (11)

where I~ is the incident light intensity and z is the total optical
path length traveled. The change in transmitted light intensity given
by EA modulation will be

AT/ I = (I~ — I
F
)/I o

— 1 — expL (~
Z 
a (F(y)Jd y + (~ iz 0(y)dy~ (12)

J O  F

where the subscript F on 11 refers to conditions when the electric field
is applied and 0 refers to conditions when the field is off. Relations
11 and 12 impose the constraints upon the modulator/detector , which
will now be discussed.

For light coupled into the GaAs waveguide (light propagating paral-
lel to the junction), Eq. 11 ~~~~~~~~

— Y~f S (x) exp [— n t (F (x ) )L ) dx ~ [J S(x )dx]~~ (13)

where now a is constant along z but depends upon the electric field in
the x direction (see Figure 8). S~(x) represents the spatial shape of
the light intensity of the nth mode within the vaveguide. For depletion
conditions in the waveguide region , F is linear in x as shown in Figure
10. In this figure F51 is the maximum electric field within the double
heterojunction (DHJ) when the depletion depth W is less than the thick-
ness d of the DHJ. For this case

F(x) — F51(l — x/W ) (14 )

P51 —

— (2eND(VD — v
A

)/ I
~

I 0] (15)

15
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FIGURE 10. Spatial Dependence of Lowest Mode Light Intensity S(x)
Within Do~ible—Heterojunction Waveguide of Width d. Superimposed are
two electric field profiles (F1,F) under depletion conditions: Fj,
whose depletion depth W falls within the waveguide, and F2 with W
outside the waveguide. F5 represents the maximum electric field at
the abrupt junc t ion .

where ND is the net donor concentration, is the static dielectric
constant of the junction material, 

~~ 
is the pennittivity of free

space , and V — VD — VA is the d i f fe rence  between the applied and the
f la t—band voltage . When the applied voltage is such that the electric
f ield reaches through the junction (W -

F(x) — F52(1 — x/d) + V/d — F 2 (16)

where now F52 is the maximum electric field corrcsponding to W • d in

Eq. 14 L for some voltage V L — Vd — VA — d’
~
eND/(2K O)J.
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Assuming S(x) = siiY (xu/d) for the lowest propagating mode , 37

expression 13 now becomes

— (2fd) (~~”~ sin7 (x n /d)
J o

x exp [— ~,1.(A1ry}F(x)’/~/huJ dx (17)

where L is the waveguide length and (Airy) is the Airy function in the
parentheses in expression 6. The upper limit of integration (whether
d or W) and the corresponding expression for F(x) [whether Eq. 14 or
Eq. 161 is determined from the condition d ~~W (see Figure 10).

It/1~ 
has been calculated from Eq. 17 as a function of IV D — VA I

bias under the following conditions: GaAs Eg = 1.415 eV at 300°K;
incident unpolarized monochromatic light; d = l0 ” cm, L = 0.05 cm.
Light attenuation in decibels for various values of net donor concen-
trations ND are shown in Figure Il.

It is to be noted that for these conditions optimum light attenua-
tion, and thus photodetection , occurs for ND = 10’5/cm3 or less. How-
ever, no substantial increase in light attenuation is obtained by re-
ducing the net donor concentration of the active region below l0~~/cm

3.
This follows from relation 16, where for values of ND lower than lO

15/cm~
the electric field is nearly independent of ND, i.e., the GaAs active
region behaves for all practical purposes as an insulator. The reason
for the sudden increase in light attenuation below 5 x l&6/cm3 can be
explained by considering the reach—throu3h voltage V 1 in the DHJ. When
the bias voltage IV D — VA I is less than 1V 11 only parts of the light
intensity envelope S(x) within the DHJ are affected by the electric
f ield, i.e., the electric field induces light attenuation only at points
x ~ W, and the overall light attenuation within the junction will be
relatively small. This is the case for ND — 5 x lO 1

~’/cm
3 in Figure 11,

where V~ is about 41 V. When V~ is reached, the entire envelope S(x)
is affected by the electric field and there will be a drastic increase
in light attenuation within the junction (as in the case for 5 x 101 S/cm3

in Figure 11, where V1 is 4.1 V).

For practical device consideration, DHJs having ND ~ 5 x l01
~ /cm~

in the active region would require large voltages to achieve reach—
through (thus substantial light attenuation); this, in turn 1 would lead
to a high electric field near the junction (for ND — 5 x lOIb/cm 3,
V 1 — 41 V , and F

~ 2 — 820 kV/cm) and thus eventual breakdown of the

~ The boundary conditions were chosen in such a way as to terminate
the optical field at the junction interfaces, i.e, the alloy regions
were assumed to be perfect conductors.

17
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FIGURE 11. Electroabsorption—induced Light Attenuation in
Decibels as a Fun ction of Rever se Bias Vol tage ~V D — vA I and
Net Donor Concentration N D When Incident Light of Energy hu0
Near Ed ge is Coup led Into Waveguide (Parallel to Junction) .
Equation 17 was used in calculating the ratio of the trans-
mitted to incident intensity, I

~ / T j, under the following
conditions: GaAs E~ = 1.415 cV at 300°K; incident unpolar-
ized monochromatic light of photon energy (Eg - hw 0 ) — 0.005
eV; d • lO~ ’ cm; L — 0.05 cm; W and F9 were calculated from
Eq. 14 and 16.

device. Nothing substantial is gained in terms of light attenuation
by making ND 1015/cm 3. In the extreme case of semi—insulating (corn—
pensated ) GaAs fi lm , although high attenuation can be achieved with
minimum voltage, the insertion losses of such a material would be pro-
hibitive as will be seen below.

The light attenuation as a function of I”D — VA t  bias for various
photon energies hui is shown in Figure 12. Here equal intensities for
each h~ were assumed and the value of ND was 10~~ cm 3.

18
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FIGURE 12. Electroabsorption—Induced Light Attenuation in
Decibels Calculated From Eq. 17 as a Function of Reverse—
Bias Voltage (V D — VA ! for Various Photon Energies ht .
Value of the net donor concentration ND was lOIS/cm

i; the
physical parameters of the waveguide were the same as those
in Figure 11.

When a broad—band light source is incident on the device there will
be a selective attenuation and detection of the incident radiation
with in  a wavelength in terval .~~ Assuming a sin 2 [ (hw — t )i~/ ( t ’ — t ) 1
(t has the unit of energy) dependence in the spectral energy of the
incident light (say an LED source) shown in Figure 9, we get the rela-
tive transmittance shown in Figure 13 for various values of applied
reverse bias. Figure 13 indicates that more than one channel of infor-
ma t ion can be u t i l ized  from a common source. Two junctions modulated
by an AC voltage superimposed on different DC bias voltages will result
in modulation of d i f f e r e n t  spectral information through the waveguide.
Furthermore , if two similar devices were in series and biased appropri—
ately the first would absorb and thus detect its associated channel of
information , and pass the second spectral band to the other detector.

19

_ _ _ _  _ _ _ _ _ _ _  

a, 
- - - -— — - — -——— - — -—-- — - - - -  .- - — — -—  —,-—-



NWC TM 2592

I — %1.0 i , 1 I
I
/
/ (a) 

—w 0.8 — /0z ‘ 2’,4
I-

0.6 — 

1V () V~~ 
-

U)
2

I-

w
N

:0.2 1 2 

-04 

/ J\
~~~~ 

/A

4

2
0

0
—0.020 0 0.020 (eV)

1.0 I I — ’ I I

(b)uJ
oO .8 - —
2

‘

U) 0.6 iv 
—

2
4
I.-

2 V
—

‘U
N
-j 3V4

0~~~ 0.2 - -
z

0 I //‘
—o.040 —0.020 0 (iv)

FIGURE 13. Relative Transmittance Through GaAs Waveguide for
LED Light Source (Shown by Dotted Lines) for Var ious Values of
Reverse—bias Voltage IV D — VA t . ~~~ is the center frequency of
the source for (a) E~ — ~~~ — 0.0O~ eV and (b) Eg 

— h~) 0 — 0.015
eV. The ~haded region indicates the overlap of the incident
radiation and the absorption edge of the material with gap E~ .
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The insertion losses within the GaAs waveguide are critical due to
the nature of this geometry, d << L; i.e., the light path length will
be much longer than the wavelength of ligh t .  Con sequently , a loss of
10% will occur even with relatively pure GaAs films, say cz,,~ = 10/cm at
the desired wavelength. Semi—insulating GaAs or any other film having
Impurities and inhomogeneities would broaden considerably the zero—
field absorption edge xQ,

38_
~2 making it almost useless as a modulator

of light.

These analytical results emphasize the doping levels and geometry
needed to optimize an EA light modulator and detector. Optimum trans-
mission and EA attenuation of radiation throu~h a DHJ waveguide will
occur for net donor concentrations of lO15 /cm~ or less; such waveguides
must be homogeneous and defect—free to reduce the insertion losses for
zero electric field . The above applies to a GaAs compound or one of
its alloys (Ga—As—Sb or Ca—Al—As), although with present double—
heterostructure technology it is uncer tain how sharp the absorption
edge can be made for these alloys. Theoretically,  EA light a t tenuat ion
of 20 dB or larger can be achieved in DHJ waveguides 0.05 cm long with
nominal voltages of 0—10 V across a i—urn junction for photon energies
0.030 eV below the absorption ed ge. If a broad—band source is coupled
to a waveguide , the waveguide will attenuate and detect different bands
of wavelengths for differen t applied voltages, thus making it useful in
color multi plexing schemes.

Placing a relatively small AC voltage superimposed on a DC reverse
bias across the junction of a GaAs heterostructure diode allows wave-
length selective amplitude modulation in various spectral regions of a
white light beam. If two similar diodes are operated in parallel as
shown in Figure 14, then two well—separated channels of information can
be imposed on the same LED. By using two diodes similar to the modulat-
ing diodes but connected in series, one may independently absorb and
detect the modulations and read them out as junction photocurrent as

$8 Lambert , L. M. “Optical Absorption in an Electric Field in
Semi—Insulating Gallium Arsenide,” J PHYS CHEM SOLIDS , Vol. 26
(September 1965), pp. 1409—18.

~ Redfield, D. “~ 1ectric Fields of Defects in Solids,” PHYS REV ,
Vol. 130 (May 1963), pp. 914—15.

“~~ Redfield , D. “Effect of Defect Fields on the Optical Absorption
Edge ,” PHYS R EV , Vol. 130 (May 1963), pp. 915—18.

“
~ Redf ield , D. ,  and M. A. Afromowitz. “The Direct Absorption

Edge in Covalent Solids,” APPL PHYS LETT, Vol. 11 (August 1967), pp.
138—40.

“ ‘ Redfield , D. “Effect of Charged Surfaces on the Optical Absorp—
t ion Edge ,” PHYS KEV , Vol . 140A (December 1965), pp. 2056—58.
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FIGURE 14. Two—Channel Color Multi p lexe r and Demodulator.

shown in Figure 14. Therefore, by monitoring the current , this device
can be used to deduce the intensity of radiation absorbed by the diode.
Depending on the wavelengths to be detected and how the detector elec-
tronics are designed, either the LED radiation is absorbed within the
junction or the radiation passes through the junction unaffected. The
second diode in series will then absorb , thus detect , the second
channel of information.

If the spectral characteristics of the light source are as shown in
Figure 13 , several channels of information can be imposed on the beam.
Depending upon the energy location of the absorption edge of the diodes
with respect to the energy distribution of the LED, a different number
of channels are accessible as the two cases in Figure 13 indicate. The
first case provides for a few channels and a smaller energy separation
between channels. An advantage of the second case is that not only is
there a larger separation hetweeu channels but also each channel con—
tains more intensity than the previous case. The detectors would be
placed at some distant point from the modulators. Of course the proper
channel of information would have to be modulated into the appropriate
vave~ength spectrum such that the correct detector is able to detect
the information . FQr example , if two channels are to be modulated and
detected simultaneously, the information to be detected by the first
detecto r must be at a longer wavelength than that  of the second
detect or.
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A family of transmission curves plotted versus wavelength”3 where
each curve represents a different electric field , F, across the GaAs is
plotted in Figure 15. If the field across the semiconductor , GaAs, is
varied from 40,000 to 70,000 V/cm then the transmission of light at
8,500 A varies from 207. to less than 17.. At 8,550 A transmission varies
from 45 to 8Z, while at 8,600 A transmission varies from 48 to 23%.
One must keep in mind th at there is a 50% ref lec t ion  loss at the f i r s t
interface ; this is why the values are so low. Light at wavelengths
longer than 8,650 A is passed relatively unaffected by the modulator ,
while light at wavelengths shorte r than 8,400 A is totally absorbed by
the modulator. If  one assumes tha t  the li ght  incident on the modulator

,has uniform spectra l intensity and passes ~he modulated output into a
detecto r wi th  fla t spectral response out to 8, 600 A and zero response
beyond tha t , then one should observe a maximum detector voltage propor-
tional to the sum of the absorptions at the different wavelengths at
40,000 V/cm and a minimum detector voltage proportional to the sum of
the absorptions at the d i f f e r e n t  wavelengths at 70 ,000 V/cm~ Therefore ,
the informational content at a given wavelength, A 0, for a modulator
operated between two electric field extremes, F1 and F2, is just propor-
tional to t (F1,A 0) — i(F2,A 0) or A r , the difference between the trans-
missions at F1 and F2. Figure 16 shows a plot of AT versus A for
F1 = 20,000 V/cm and F2 40,000 V/cm in GaAs taken from the data in
Figure 15. Changing the DC bias field (F1 + F2 ) / 2 , simpii shifts Am,
the wave length at which the maximum in AT occurs. In GaAs, 

~~ 
increases

about I A for an increase in reverse bias of 350 V/cm (although the
posit ion of A m is not quite linear with increasing f ie ld) .

The next thing to consider is the effects of a temperature variation.
When the temperature of the modulator increases , two things happen .
First, the band—gap energy decreases and therefore A m increases, because
it is inversely proportional to the band—gap energy. For GaAs at about
room temperature th is  increase is about 2.6 A/°K. Secon d , the knee in
the transmission curve (of Figure 15) near maximum transmission gets
somewhat less sharp as temperature rises , which tends to broaden the
band of wavelengths over which modulation is imposed by each of the
modulators. If there  is a temperature fluctuation of ±30°K, which cor-
responds to about 156 A of fluctuation of Am (the peak modulation), and
a maximum electric field of 70,000 V/cm , which corresponds to a 200—X
shift of this peak, it becomes difficult to achieve a two—channel system
without cross talk between the two channels. If temperature changes of
this magnitude are to be considered , and they need to be if this system
is to be used on an aircraft or ship, some sort of temperature compensa-
tion needs to be implemented. One method is to alloy the junction

- 
“~~ Naval Weapons Center . M- ’dulahlc Filt~ra: can~’er ts and Par,~vn—

eter$ , by N. Bottka and V. kehn . China Lake, Calif., NWC, January 1974.
(NWC TN 601-1). - -
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FIGURE 16. Modulation Versus Wavelength of Franz—
Keldysh Junction Modulator.

region of the modulator  and detector . A continuous system of all~,vs
’
~

Gaj_
~A1~As exists in which the room temperature A m varies from about

9,000 A to about 8,500 A as x goes from 0 to 0.07. Also, it has been
shown that Gaj...~Al~As alloyed diodes with various concentrations can begrown epitaxially on the same substrat~ .

’9 Therefore, with 500 A of
available modulation range and only 156 A of temperature fluctuation it
is obvious that there is available bandwidth for two channels. Figure
17 dep icts the modulation versus wavelength at two discrete wavelengths
produced by two differently alloyed diodes operated between the same
electric field limits F 1 • F.,. Replotting the curves for different
temperatures , where the shorter wavelength peak is shifted to longer
wavelengths by a 30°K higher temperature and the longer wavelength peak
is shifted to a shorter by a 30°K lower temperature , shows that the 60°K
temperature spread causes no observable mixing of the two channels.

“ Kressel , H . ,  and others .  “Hetero junc t ion  Laser Diodes for  Room
Temperature Operation ,” OPT ENG, Vol. 13 (September 1974), pp~ 416—22.
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FIGURE 17. Effects of Temperature on Color Multiplexer.

by using the same type of diode used in the modulation process but
biased by a larger electric field than F2, one may independently detect
the short wavelength channel , which is then all absorbed out of the
beam. By applying an even larger field to another downstream detector
one may absorb and detect the longer wavelength channel of information .
However, optimum positioning of t h e detector ’s abso rption cutof f  wave-
length using only electric fields is impossible because of the large
wavelength spread between the two modulation peaks shown in Figure 17.
Therefore, for the first channel detector it is necessary to obtain a
different alloy , intermediate in composition between the two alloys
used for the two modulators. Figure 18 shows the effects of ±30°K tern—
perature changes about the averages for both the modulators and detec-
tors. When the modulator temperatures are shifted +30°K from their
average and the detector temperatures are shifted —30°K from their aver-
age, some of the first channel (short wavelength) information is not
absorbed out at the first detector and is passed on to the second detec-
tor , where it is detected as cross talk. For the curves shown in
Figure 18 this amounts to about 10% of the total first channel inforina—
tion for the aforementioned worst case temperature shift. Similarly ,
when the modulator substrate temperature is lowered by 30°K while the
detector subs t ra te  temperature is raised 30° K , about 10% of the second
channel of information shown in Figure 18 is absorbed by the first
channel detector. This cross talk may be reduced substantially by
choosing modulators with more diverse alloy compositions and thereby
increasing the wavelength spread between ‘nodula~ ion peaks.
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EXPERIMENTAL ASPECTS OF THE EA MODULATOR AND DETECTOR

At NWC several GaAlAs double—heterostructure diodes have been
tested for modulation purposes. The most promising diode that was
obtained has the characteristics shown in Figure 19. A 1O—dB attenua-
tion of light was achieved with a 10—V reverse bias. There are two
reasons why the diode did not perform as a good modulator. One is that
the waveguide thickness was too large (2.5 urn). The waveguide could
only be partially depleted with the applied electric field. This means
that only a portion of the light intensity distribution over the wave—
guide was affected by the electric field. The second reason is that

~he doping density in the active region was also too large (2x ld
7 cm 3),

which requires too large an electric field to deplete the waveguide.
This doping density would probably have been adequate if the vaveguide
thickness had been. less than 1 pm. NWC has been trying to obtain suit-
able materials but has had little success in getting them.
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FIGURE 19. Index of Refraction of Various Layers of Double
Heterojunction Device Used To Measure Electroabsorption Effect.

Bell—Northern Research Ltd., Ottawa, Canada, has succeeded in grow-
ing the materials needed to make good modulators and detectors. The
following paragraphs present some of the more important results they
have obtained. A more complete discussion of their results is found in
the l i terature.’5

Figure 20 shows typical attenuation measurements as a function of
applied reverse bias for the double heterostructure modulator shown in
the inset of Figure 20. The doping density within the waveguide was
1.5 x 1017 cm 3 but the waveguide thickness was only 0.7 urn, which
allowed sufficient depletion to achieve large attenuation . The experi-
ment was performed by coupling a 30—A—wide monochromator source into

“
~
‘ Dyment , J. C., F. P. Kapron, and A. J. SpringThorpe . “Devices

Based on Electroabsorption (BA ) Ef fec ts  in Reverse—Biased GaAs—GaA 1As
Double Het eros t ructures ,” in Pr oc~cd~n~o of F i f t h  Internatz.onai S~~rpo—
Bize ’7 on ~~~~~ Conference Series No. 24. British Institute of Physics,
l975~ Pp. 200—209.
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• FIGURE 20. Typ4cal Data From Double Ileterojunction Modulator (See
Inset) of Length 0.58 mm Showing Light Transmission Versus Bias Voltage

• for Several Wavelengths. Layers 1 and 3 are, respectively, n—type and
p—type G a i _ x Al xAs (x — 0 .35) .  and layer 4 is p—type ~~As . The higher
index guiding layer 2 has thickness d and is either p—type or n—type
Ca i_~A1~As (with y between 0 and 0.10). Numbers in parentheses after

- 
. each wavelength are extinction ra t ios. (From refercace ci ted In Foot-

not e 4S.)
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the waveguide . The maximum at tenuation was achieved at A — 9,100 A and
A — 9,150 A , which was 31.1 dB. The reason for the decrease in the
extinction ratio (defined as the ratio of light out at some reverse

L bias to light out at zero reverse bias) at shorter wavelengths is the
high insertion losses which occur near the band edge. The longer wave-
length falloff of the extinction ratio occurs because the absorption
edge cannot be shifted far enough to absorb the longer wavelengths.

Several experiments were also performed to determine the optimum
carrier concentration to achieve maximum extinction ratio. Figure 21
shows the results of this study with the junction length normalized to
0.5 n~~. The largest extinction ratios were obtained~ for carrier con-
centrations near 1016 cm 3, which is compatible with the theoretical
results presented earlier and in one of our pub1ications.~

6 All of the
junction widths were less than 1 uni. The reason for the falloff for
larger carrier concentrations, as discussed earlier, is that the deple-
tion region is smaller than the waveguide thickness. Figure 22 is a
replot of the data shown in Figure 20. Transmission versus wavelength
is shown in Figure 22(a) and absorption versus photon energy is shown
in Figure 22 (b). These two plots clearly show the amount that  the
absorption edge shifts for different applied reverse biases and also
that the absorption becomes less steep for larger voltages.

J. C. Dyment of Bell—Northern also coupled the output of an LED
emitter into one of these modulators using the configuration shown in
Figure 23(a). As can be seen, the LED shares a coiwnon substrate with
two EA modulators and was electrically isolated. Figure 23(b) displays
the output of one of the modulators. As the reverse voltage increases
the intensity decreases and the peak shifts to longer wavelengths,
because the absorption edge shifts to longer wavelengths for larger
electric fields. Figure 24 shows these results more clearly. In the
case of LED A and modulator A , both of which were selected from the
same wafer, the absorption edge is well into the LED spectrum. Large
light attenuation is achieved but there are also very large insertion
losses. For the second case shown, LED Q was taken from a different
wafer and emitted at longer wavelengths; consequently, a much lower
insert ion loss was measured. The extinction ratio is smaller for this
case because the electric field was not large enough to shift the
absorption edge far  enough to absorb all of the LED l ight .

‘Sb  Bottka , N . ,  and I.. D. Hutcheson . “Analytical  Aspects of Electro—
absorption Modulators ,” J APPL PHY S, Vol. 46 (June 1975), pp. 2645—49.
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FIGURE 21. Maximum Extinction Ratio as Function of Carrier
Concentration in Guiding Layer 2, With Data Normalized to
L 0.5 mm. The point labeled A corresponds to the modulator
of Figure 20. Three other modulators , B , C , D , are indicated.
(From reference cited in Footnote 45.)
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FIGU R E 23. (a) Top and Side Views of Integrated Emitter—Modulator
Design. Positive bias (+) indicates the single LED emitter and
negative bias (—)  indicates the two modulator sections.  Layers are
as described in Figure 20 with layer 2 being n—type . (b ) Typ ical
spectra taken after light passes through one of the modular arms
biased at the indicated values. Guiding layer 2 has ND ~ 10

16 cm~~
and overall length 1.1 mm. (From reference cited in Footnote 45 . )

33



•NWC TN 2592

MOD. A MOD. A

0 -v 9 -V

/
4t~\\ , /  /‘?~L Light

s~~~~~/ :a~~~~~~~~~~~~~~~~~

.

~~‘ 0v ~~~

.— 
- 

• /‘•\ DV
-••.-.•• <

I \
/
I •

/ .3v \ -6V

~~~~~~~~~ 
9V .

8300 9200 
-~~~ 

9500 8800 ~200 9600 10000

Wavelength (g)

FIGURE 24. Top: Relative Positions of Transmission Edge of Modulator
A at Biases of 0 and —V Within the Light Spectrum of LED A (From Same
Wafer  as Modulator A) and of LED Q (From D i f f e r e n t  Wafer)  Chosen so
That Large Portion of Light Passes Through Modulator at V — 0. Single
and double crosshatching represent light transmitted through A biased
at voltages of 0 and —V ,~ respectively. Bottom : Actual experimental
data for  modulator A of Figure 20 at V — 0, —3 , -6, -9 volts. (From
reference cited in Footnote 45 . )
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Bell—Northern also tested the EA device to see how well it worked
as a photodetector. Figure 25(a) shows a four—section photodetector
device which was fabricated in the same way as the LED and EA modulator
on the same substrate. Light is coupled into the waveguide (layer 2)
of this device and each section , A , B, C, D. is biased successively
more negatively than the previous one. This leads to absorption edges
at successively lower photon energies, and the absorption edge as a
function of photon energy will look like that shown in Figure 25(b).
As can be seen by the absorption edge shown in Figure 25(b) there is a
spectral overlap of the photocurrent response of each of the sections.
In order that each section would have a unique spectral response a
threshold circuit was designed so that  amp l i f i e r  A (Figure 25(a)) would
respond only when the voltage across R exceeded the threshold level.
Using this technique, experimental data are shown in Figure 26 for three
sections and four sections of the photodetector. If the external
threshold circuits were set to respond to voltages produced when photo—
currents greater than the horizontal dashed lines flowed through R then
a unique set of wavelengths would be detected in each circuit. The
bandwidths of each section would vary from 170 to 440 A for this
particular device.
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FI GURE 25. (a) Side View of Four—Section Photodetector W i t h  Layers
as Described in Figure 23. The various sections are biased succes-
sively more negatively so t~’at VDI ’IV CI > IV RHV A I . In each sec-
tion , a resistor R and amplifier A could be arranged to ensure cir-
cuit response only to a unique range of wavelengths (see discussion

• of Figure 26). (b) Absorption edge shifts in sections A , B, C, D
(sol id l ines which assume decreasing slopes) and corresponding
calculated photocurrents (dashed lines). Shifts in peak photocurrent
response to lower photon energies can be seen . (From reference cited
in Footnote 45. )
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DISCUSSION . CON CLUSIONS , AND RECOMMEND ATIONS
4

For device considerations it is important to know the amount of
L absorp t ion ed ge shif t wi th app lied reverse bias. It is possible to

achieve wavelength shifts of 700 A with less than 20—V reverse bias.
It is also possible for the photodetector to have edge spacings of
200 to 300 A between adjacent sections with incremental voltages of —3
to —6 V. As the reverse bias voltage is Increased the absorption edge
gets less steep; the zero bias 10 to 90% absorption edge bandwid th can
be made to less than 150 7~ wi th proper fabrication . At Bell—Northern
they have found that as the length of the junction waveguide gets
longer the absorp t ion edge bandwid th gets smaller. •For examp le , a —3 V
reverse bias with a junction length of 0.5 mm has a bandwidth of 170 R
and a —3 V reverse bias with a junction length of 1.3 mm has a band-
width of 130 A.

Th e response speeds of these devices are limited mainly by device
capacitance and series resistance. Dyment has developed a proton bom-
bard men t techn ique t’7 to decrease the junc tion area , which should enable
multiplexing rates greater than 1 Gbit/sec to be achieved.

In conclusion , it has been shown bo th theore tically and experimen—
ta]ly tha t the color multiplexing scheme proposed earlier in this report
is en tirely feasible . Both the modulator and pho tode tec tor have been
demonstra ted experimentally, the experimental results agree well with
those predicted theoretically. Extinction ratios greater than 30 dB
and absorption edge shifts of 700 A have been achieved. It has been
shown that pho tode tec tors in ser ies can successfully detect several
channels of information imposed on a single LED emitter. If the system
is to consider temperature fluctuations then a study needs to be per-
formed with the waveguide having different alloy concentrations. It
has not yet been determined how well these devices will work if they
are alloyed.

In view of the analytical and experimental results achieved at NWC,
it is recommended that  NWC pursue the color mul t i p lexing scheme. Also ,
as has been presented here , personnel at Bell—Northern have demonstrated
the i r  capabi l i ty  to grow the proper materials to perform the modulating
and detecting functions needed for the multiplexer , and have denon—
strated an expertise in the 10 field. They have also expressed a desire
to cooperate and work with NWC.

~~~ Dyment , J. C., and others. “Proton—Bombardment Formation of
Stripe—Geome t ry Heterostructure Lasers for 300°K CW Operation ,” PROC
IEEE , Vol. 60 (June 1972), pp. 726—28.
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