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ABSTRACT

Recent progress in the fabrication of low attenuation optical
fibers raises the attractive possibility of optical communications via
these waveguides. Integration of different optical functions on one
substrate in the form of optical circuits will form ideal terminals
for such a communication network. We shall discuss the theory,
fabrication and performance of a few "building stones” of such optical
circuits. Optical directional couplers capable of coupling light from
one channel to another will be described and their use as switches will
be discussed. Distributed feedback for integrated lasers will be
analyzed. Laser action in a GaAs waveguide, in which distributed
feedback was supplied by corrugations fabricated on the surface, will
be described. Longitudinal and transverse mode control of such a laser

will also be discussed.
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I. INTRODUCTION

4.4 Optical Communications
One of the first exciting applications envisioned for the

laser a decade ago was optical communication, The enormous information
carrying capability of laser beams can be well understood by noting

° Giz.

that at 2 wavelength of 1lu the frequency is 3-10

This application has not materialized yet, largely because at
the high optical frequency the laser beam is greatly attenuated in
passage through a cloudy and rainy atmosphere. Optical waveguides in
the form of small diameter (2-3 thousandths of an inch) glass fibers
have been available for quite some time. However, the attenuation of
the light ovropagating in those flexible fibers was so great that their
use as "optical cables" was ruled out.

Recently low loss optical fibers have been fabricated. The
fibers can be used for short distance communication systems like the
ones between a computer and its peripheral equipment, or for medium
and long distance communication systems with a repeater every several
miles, They combine small size and light weight together with large
bandwidths (several G bit/sec for a single mode fiber and ceveral
M bit/sec for a multimode fiber). Interference and pick-up problems
are eafrily eliminated by coating the fiber with opaque material, and
ground loop problems do not exist in fiber optics systems,

A review of the principles of' operation of thesc fibers, their

properties such as attenuation and bandwidth, and their input and




Lt

output devices is given by S. Somekh and A. Yariv(l). The enormous
advances in the fabrication of low loss fibers can be appreciated by
considering the spectral attenuation curve (Fig. I.1) for a multimode
fiber fabricated by researchers at Corning Glass Works(z). There are
two important low loss attenuation spectral regions with loss as low as
4 dr/lon around 0.85u (aluminum gallium arsenide laser and ligki
emitters) and 1.06u (neodynium YAG laser).

The low attenuation in these fibers together with their large
bandwidth, revive again the hopes that optical communications will play
an important role in the telephone network and in other types of
communication networks such as the ones on aircrafts and ships, and the
ones between a computer and its peripherals. Another potential appli-
cation for fibers may very well be cable television,

These applications of the optical fibers call also for small,
rugged and inexpensive terminals in which light will be generated and
detected, and in which information will be imposed and extracted at
high rates. It is also reasonable to believe that features such as
switching and filtering of optical signals will have to be carried out
at these terminals, These requirements have stimulated the work in

the field known as "Integrated Optics.”
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1.2 Integrated Optics

A typical conventional "optical circuit" is described in Fig. 2.
It consists of a light source, a modulator, an electronic driver for

the modulatar, polarizers and a lens. It is bulky, heavy, very often

unreliable and expensive. In addition the interface between the solid

state electronics and optics is complicated and usually limits the
performance, The desire to overcome the same kind of problems as the
ones faced by electronic circuits a decade ago hzs led to the development
of a new research field called "integrated optics"(3'5). The idee is

to incorporate on a small substrate all the optical components required

to make up the various optical circuits., Lasers, modulators and detectors,

along with waveguides (the "optical wires") and the analog components
to lenses, prisms, mirrors, polarizers, etc. are to be fabricated on a
single chip yielding smell, rugged, reliable aiad inexpensive optical
circuits,

Let us examine, for example, some of the things that can be
fabricated on a chip of GaAs. This material and its alloy Aleal_an
are highly suitable for integrated optics purposes(’h). Waveguides can
be easily constructed in GaAs; injection lasers are made of this material
and a p-n diode when reverse biased is capable of detecting light.

The electrooptic effect (change in the index n with the applied
electric field) in GaAs is among the largest, thus allowing the use of

efficlent modulators. Finally, the possibility of incorporating fast

~ electronic circuits together with optical circuits on the same chip would

ease the interfacing problem,
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Since the field of integrated optics is in its first stages,
most of the work in the field is concentrated on providing the
building stones of the optical circuits. These building blocks include
components and devices such as guides, directional couplers(l6),
modulators(7), detectors(s), surface lasers and cavities(g’lo) mirrors,

(12) and 80 on,

polarizers

Chapters II and III deal with the theory, fabrication and
performance of some of these components and devices, Figure I.3
describes two types of dielectric channel waveguides to be discussed,
The one on the left is an embedded guide while the other is a ridged
guide, When two guides are closely spaced so that the mode profiles
overlap, optical coupling or tunneling occurs., Figure I.4 describes
such a case, If the interaction length is appropriate, light entering
the device in one channel will completely tunnel into the other channel
and will emerge from there., This device is known as the directional
coupler, and we shall describe the first experimental demonstration of
the effect in embedded and ridged channels. Controlling the tunneling
or the coupling between the two channels by applying electric field
turns the device into a switch, capable of steering light pulses from
one channel to the other on demand, This may find an important use in
optical switching and multiplexing systems. We shall discuss this
possibility in detail and point out a way of performing it with lower
electric fields,

In our treatment of the theory we shall attempt to avoid

elaborate solutions of Maxwell equations, but rather resort to
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Embedded and ridged dieloctric channel waveguides.
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approximations that will enhance the physical understanding.

In Chapter III we shall concern ourselves with the linear
applications of periodic structures in thin films. Our main interest
will be in the formation of a suitable cavity for an integrated
laser. The conventional GaAs laser is cleaved on both ends. The
cleaving forms two distinct partial mirrors which have sufficient
reflection to sustain the oscillation. This however is not compatible
with the concept of integrated optical circuits, and alternatives will
be examined. We shall describe a novel alternative which uses Bragg
reflection from a mechanical corrugation on the surface of the wave-

guide as shown in Fig. I.5. When the corrugation period A satisfies:

o
]
o>

where A 1is the wavelength of the guided propagating mode 80 , the
Bragg condition is fulfilled and backward reflection occurs. The
intensities of the forward and backward propagating modes along a
distributed mirror of length L are shown in Fig. I.5.

For CaAs (Ao = 0831, n=3.6) a corrugation with a very
small period of A = 0.1150u 1is necessary and a method was devised to
fabricate it. If the corrugation extends along the whole le~gth of
an amplifying medium a distributed feedback laser(g) may result., The
frequency of oscillation of this laser is related to the corrugation
period as in the last equation and can be varlied by changing A ,

This effect is potentially useful for a frequency multiplexed communi-

cation networs.

okl
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substrate

L

Fig. 1.5 Bragg refiection from a distributed mirror, made of
corrugation on the surface of the waveguide. The

input beam decays as a function of 2z , giving rise

to the reflected bean,
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We shall describe the first observation of a distributed

feedback laser in GeAs(lo) and elaborate on longitudinal and transverse

T

mode cantrol,

I.4 Fabrication of Integrated Optics Components

We shall devote a2 whole chapter (Chapter IV) to the fabrication
of the devices we have discussed earlier, tecause, in our opinion, the
fabrication problems will determine the rate at which *he new field of
4 integrated optics will develop. The dimensions of the channel guides
1 are, as in their microwave counterparts, of the order of the wavelength.
This means that structures with dimensions of a few microns have to be

fabricated with high quality edze smoothness. As another example we

recall that for a distributed feedback laser in GaAs a corrugation with
a period of 0,1150u has to be fabricated on the surface of GaAs,

In collaboration with Hughes Research Leboratories (Malibu, CA),
we have employed ion beam milling and ion implantation in the fabrica-
tion of the different devices. We have also devised new techniques,
such as holographic exposure of photoresist combined with ion milling(lz) 5

for the fabrication of the small periocd corrugation.
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II. OPTICAL DIRECTIONAL COUPLERS

II.1 Introduction

The optical dicectional coupler, analogous to the microwave
element(l) of the same name, consists of parallel channel opticcl
waveguides sufficiently clos=ly spaced that energy is transferred from
one to another. For this coupling to take place cumulatively over a
substantial length, the light must propegate with the same phuze
velocity in each channel, The fraction of the power coupled per unit
length is determined by the overlap of the modes in the separate channels.
Thus, it depends on the guides' separation, the mode penetration into
the substrate, and the interaction length, Figure II.1 is an example
of a multichannel directional coupler, It shows a diagram of a large
number of coupied channel waveguides (produced by proton implantation)
and typicel intensity profiles of the guided lignt. The incident light
is focused into a single channel at z = 0 , but is coupled into the
adjacent guides as it propagates.

A theoretical analysis of the coupling between dielectric
waveguides usually involves a formal solution of Maxwell's equations(z).
We shall attempt here to derive an expression for the coupling coefficient
and its sign from an intuitive physical point of view without resorting
to an elsborate mathematical solution. We shall also derive the power
distribution as a function of propagation distance for two coupled

guides and an infinite number of coupled guides.

Experimental results of a dual channel directional coupler

and a multichannel coupler will be given. These channels were embedded
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at the surface of GaAs by proton implantation. A different type of
directional coupler suitable for ridged waveguides is also described.
We conclude with an account of the different applications of these
devices in an integrated optics circulil, such as couplers, modulatore,
multiplexers and polarizers.

I1.2 Coupled Mode Formalism

Let us consider the two waveguides shown in Fig, 1I.2a, The
waveguides can have an arbitrary cross section; however, for the sake
of simplicity, we consider only guides with rectangular cross sections.
The electric field of a propagating mode in a guide is described by
the complex amplitude A(z) which includes the phase term eiaz , and
by the mode E(x,y) solved for in the absence of the other guide,

We thus have:

E(x,y,2z) = A(z) €(x, (11.2.1)

The mode profiles £€(x,y) are always normalized to carry one wunit of
pover; the power carried by El(x,y,z) (where the subindex 1 denotes the

guide number), at a given z is
P,(z) = |A (z)|2 = A, (2z) A*(z) (11.2.2)
1l 1 1 1

Employing the coupled mode formalism(l), we write the general coupled

mode equations for the amplitudes of the two modes

dAo(z)

dz

= 1B A(2) 1 KA, (2) (11.2.3)

. v
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,é = 184, (2) + K A (2) (I1.2.4)

Z

BO and al are the propegation constants of the modes in the two
guides (an imaginary part in B descr.bes loss or gain that may exist
E in the guides). Kol and K . represent the coupling betwean the two
Y modes, and a great deal of the theory in this chapter will be devoted
to their derivation. Before going into that, let us consider a

theoretical and an experimental example of the coupled mode behavior.

11.3 Dual Channel Directional Coupler-Theory and Experiment

Consider the guides shown in Figure II.2a. We assume that
the guides are identical and that both have an exponential loss constant

of a . Thus the propagation constant of the guide is given by

p=p,-15 (I1.3.1)

As we shall see later the coupled mode equation for this case can be

} written as:

i o(2) 4 AL(2) - 1K (2) (I1.3.2)
2 dz
Z dA;:z) = <18 A (z) - iKA(2) (I1.3.3)

where K , the coupling coefficient, is & real quantity, We also

assume that at z = O 1light i3 coupled into guide O s0 that the
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Al DA

A€ (xyz) = O elsewhere

Fig. II.2 (a) Sketch of two adjacent rectangular waveguides and their

propagating modes,

(b) Detfinition of the dielectric discontinuity Aeq (xyz).
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boundary conditions for the problem are given by
Ay(0) = 1 A (0) =0 (11.3.4)
The solution is described by:
Ay(2) = cos Kz &' (11.3.5)
A (z) = -1 sin Kz &P (11.3.6)
The power flow in the guides therefore is
¥* A 2 -0z ’
P.(z) = A.(2) A(2) = cos“Kz e (II1.3.7)
0 0 0
Lo
P (2) = A,(2) A](2) = sin’kz &% (I1.3.8)

From II1.3.7 and 1I.3,.8 we learn that the power will oscillate back and
forth between the two guides as shown in Fig., 1I.3. Because of tne
losses present in the guide, the power will also decay exponentially as
a function of the propagation distance. The length necessary for a

camplete transfer of power from cne guide to the other is given by
L = Eéﬁ (11.3.9)

Such a directional coupler that allows the transfer of light
from one channel to another is one of the building blocks of optical

integrated circuits. We chall describe in what follows the first
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Fig, I1.3 Sketch of a dual optical directional coupler showing

flow of light energy between the guides.
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operation of such a device in the optical regime.

The dual channel directional coupler was fabricated by proton
implantation in Ga.As(3 ) in a fashion dzccribed in detail in Chapter IV,
The chanrel guides were formed by implanting the protons through a
gold mask with the appropriate slit openings in it. Bombardment causes
defect centers in the material, which trap the free carriers, This
compensation of the free carriers eliminates their negative plasma
contribution to i~ index of refraction, and thus increases the index
for the samples used here (Ns ubstrate © 2 X 101‘8) by 4&n = .005 .

The cross section of the gold mask on top of the GaAs substrate is shown
in Fig. II.ka, This way the guides embedded at the surface have a
crose section of about 3 x 3u , an index discontinuity of about
An = ,005 , and a separation of 3u between the guides.

~ Fig. IL.5 describes three pair of such directional couplers,.
On the left is the input )lane of the device and the black dot indicates
the point at which the input light was focused. On the right is a
series of scans of the light distribution at the output plane taken dy
the set-up described in Ref. (3). Let us confine our attention to
the directional coupler at the center. The second row from the top
shows that when the input light is coupled into the channel on the
right, it emerges at the output plane from both channels., Similarly,
the second row fram the bottom indicates that the light also emerges
from both channels when it is coupled into the left channel. Since the
intensity of the emerging light from both channels is about equal, we

can write for this sample,

o
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Fig. II.4 Scanning electron microscope photograph of the gold mask on the
GaAs substrate used in the fabrication of the (a) dual
directional coupler, (v) multichannel directional coupler. The
remains of the photoresist can be seen on top of the gold stripes,
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L=1m = K>0.79 mt

By increasing the length of the sample by about a factor of two, a

complete transfer of power should be observed because

a
u
la

This is shown in Fig. I1.6. The second row fram the top des~ribes a

situation in which light coupled into the left channel emerges from

the one on the left, and the second row frar the bottom shows the

3 T T e

transfer of power from left to right.
This device can be turned into a switch by controlling K,
the coupling coefficient, with the application of an electric field

through the electrooptic effect. This exciting possibility will bve
discussed in detail later.

Let us go back now and derive theoretical expressions for the

value of the coupling coefficient.

II.4 Derivation of the Coupling Coefficient

We consider again the coupled mode equations:

dA (z)

gz = -1B A (2) + K oA, (2) (11.2.3)

dAl(z)

= '15151(2) + Ky o(z) (II.2.4)

dz
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We also recall that the electric field in a guide is given by
E(x,y,2) = A(z) &(xy) (I1.2.1)
and that the power carried by El(x,y,z), for example, is

Py(2) = [A,(2)]% = A(z) A(2) (I1.2.2)

. Next we obtain the rate of power growth in mode 1 due to the coupling

from mode 0. (For this purpose we assume that B is resl.) To do

this we multiply Ii.2.4 by AI(z) and the complex conjugate of II.2.4
by Al(z) . This gives

* dAl(z) * *
Al(z) - = -iBlAl(z) Al(z) + KlOAO(z)Al(z) (I1.4.1)

aA (z)

A, (2) = 18)A1(2) Ay(2) + K A(2)A(2)  (11.k.2)

dz

Summing the two equations thus yields

ala,(z) A(z)]
L — LRy RelA, (2) K7 Ag(z) ] (1I1.4.3)

Using II.2.2 gives

dPl(Z) 2 * %
—— = * RefAl(z) Ko1 Ao(z)] (1L.h %)

s b e
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We shall now obtain a different expression for the rate of
power growth in guide 1 from a simple minded physical point of view,
in the following mamner. Guide O in the absence of guide 1 supports
a mode with a mode profile given vy 8O(xy) . This mode, in spite of
having a long tail in (e x and y direci.ons, suffers no loss, and
propegates with a constant power. When gnide 1 ic intyoGuced, the teil
of 8o(xy) penetrates into guide 1 and generates additional polarization
because of the higher index inside the guide, This perturbation ian the
polarization in turn drives the mode in guide 1.
The net power per unit volume expended iy an electric field
on the electric polarization is given by the vell known relation

5—?5% - E -a—stl (1I.4.5)

where E is the field, P 1is the polarization, and the horizontal bar
denotes time averaging.

We can thus express the power generation, due to the perturba-
tion in the polarization at a given point in guide 1, by changing the

sign on the right of equation II.U.4 yielding

- =-El(xyzt)° R T — (II.l&.6)

where PJ.O is the driving polarization caused by the mode in guide O,

This perturbation in the polarization can be approximated by multiplying
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the electric field of mode O by the disturbance of the dielectric

constant caused by the introduction of guide 1,

Protare) = Ejaz) - acy(xyz) (IL.k.7)

Over the cross section of guide 1, Ael(xyz) has a constant value,

independent of z , of

2 2
be = €p=€y = Eo(n2 - n3)

and is zero elsevhere a8 shown in Fig, II.2b. Using II.2.3,

II.4,7 and time dependence of glut , II.4.6 becomes:

4

IP1 - (2% (xy)ae, () iah (2)e e (xy) (115
1 o 1 1 0 o\ XY s
é

Performing the time averaging yields

dPl *
T = RefA, ()8 (o) -1, (yeg (ag(2)]"}  (11.4.9)

The growth of the total power Pl carried by the mode in guide 1 can

now be derived by simply integrating over x and y . We obtain

dpP (2) »* »*
iz = #Re{Al(Z)[in' Cl(xs')Ael(xy)eo*(xy)dxdy]Ao(z)}

(I1,4,10)
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This can also be written as:

ap, (
dz

z) * * *
- #hedn, (2)[-10f €] Corie; (v)egOo)axayl"ag(a)}  (21.4.12)
A comparison of II.L.4 and II.4.11 immediately reveals that

Ko = 2 [ €](x)ae, (xy)€y(xy)axdy (I1.k.12)

Similarly one obtains

Koy = 52 [ &5(xy)ae (xy)e, (xy)axdy (11.4.13)

where Aeo(xy) as opposed to Ael(xy) , 18 equal to 8¢ over the cross
section of guide O , and is zero elsewhere.
From II.4,12 and II.k,13 it is evident that as long as A¢

is real and the guides are similar,

»*
Ko = -Ko3 (II.4.14)

As shown in Appendix II this is a general property of lossless co-
directional coupling. It is interesting to note that this relation
holds also for lossy propagation in which B 1is complex but Ae 1is
real (such a case may occur when the absorption in the guide and in the
substrate are the same, or when the losses are caused by scattering).
In the cases we consider Ae 1is mainly real, Ip general a cumplex

Ae will modify, for example, the solutions described in Fig. II.3 for
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two modes, by causing the two modes to carry the same power when 2z
is sufficiently h.rge(h).

Bquations II.U.12 and II.4,13 are identical to those obtained
by Marcuse(h) who solved the Maxwell equations using perturbation
theory. They are independent of the guide geometry and can be applied
to various cross section guides once the profile of the propagating
mode is known,

The problem of coupling between the guides can be approached
fram a different point of view, in which the coupling coefficient is
derived by solving for the propagation constants of the two eigenmodes
of the two guide directional coupler, as shown in Fig, II.7, The two
modes of a symmetric coupler are a symmetric one é‘s and an anti-
symn. tric one Ca , with propegation constants as and Ba . If at
z = 0 light is coupled into the 0 guide only, the two modes are
excited equally in such & way that they add on the O guide side and
cancel over guide number 1 side, Since B # B, the two modes drift
out of phase as they propagate along the z direction. At a distance L

which is given by

8L = (B, - B,)L == (II.4.15)

the two modes are 180° out of phase, cancel over guide number O and
add over guide number 1, as shown in Fig, II.7. The net result is a
complete transfer of power from guide O to guide 1. From a compariscon
of II,4.15 and II,.3.9 we find that AP 1is related to the coupling
coefficient by

k=32 (II.k.16)
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guide O guide |
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Fig. II.7 The symmetric and antisymmetric eigen modes of a dual
directional coupler. Power is transferred from one
channel to another because of not identical propegsation

constants,
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Iet us obtain an expression for K by deriving 4B . We
consider again the geometry shown in Fig. 2a. We recall that the modes
in the individuel guides, 60(xy) and Cl(xy) are given by the wave

equation
2

vieo(xy) + & nle (xy) = B2, (xy)
c
2 2 , . (11.4.17)
Vtel(xY) + “:—2 n el(XY) = alel(m)

where
2L,
2

v +
% oy

3 (I1.4.18)

a.ndno

guide 1, while n

is the index of refraction distribution in the absence of
I is the distribution in the absence of guide 0. For
effective exchange of power between the two guides the propagation
constants must be similar., In section II.10 we shall treat, from a
coupled modes point of view, a case where they are not similar. Ilet us

therefore confine our attention now to a case where
Bo = 31 =8 (I1.4.19)

As will be discussed in section II.6 we can assume that the modes have
one main component of the electric field, say in the y direction, and
therefore a mode can be normalized to carry one unit of power by

imposing (see Appendix I):
-3
2
-zl%_ilei(xy)l dxdy = 1 i=0,1 (I1.4.20)

We now approximate the modes of the two guide directional

coupler by the sum and difference of the individual modes.

i wwm
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(a° + p°)B - , SR
(Ir.b.21) - . : .
1 - | 3
e (xy) = (b€ (xy) - a& (xy)] | :
0 1 o
= (a2 + bz)i i

To ensure the orthonormality of these two modes we have to assume & 7 :
small overlap of the individual modes,

Jle ey xy) faxay << | |e,(xy)|Paxay (IL.b.22)

The orthogonality of € and £  1s important because it ensures the
conservation of energy, once a combination of these modes is excited
and propegates in the 2z direction,

To find the propagation constants of the above modes, Bs and

ﬁd We insert them into the appropriate wave equation,

w2 _ ad
Vil :? arrls = B
(I1.4.23)
V28 + QE nz = 528
t c2 II'a aa
where Nyq is the index distribution when both guides exist and is

shown in Fig. II.2a.
let us consider the equation for es . With the aid of

II.4,17 and II.4.21 we can write the upper equation in II.4,23 as
‘.‘tz.(nz - n%)ak_ + “’z(nz - n®)be. = (B - pZ)(al. + bE,) (II.kh.24)
cznoo:fnxl's;001"

We recall that (niI - ng) and (n§I - n%) are actually the perturba-
tions in the dielectric constant we have discussed earlier, We can thus

write




2

nu - no = Ael/io
2

1 = 8epfeg

is shown for example in Fig. II.2b ard €o is the free

(11.%.25)

=
= N
]
[~}
"

where Ac¢ 1

space dielectric constant., Next we obtain two expressions by multiply-

*
ing II.4.2k by €, or 8; and integrating over x and y . Using

0
2=-%— ve get
P

I1.4.25 and ¢

@ pr eer Jaxdy + oPuafelne e dxdy = (5:-62)j8;(a804-b81)udy

= == (II.4.26)
™) pa‘[e b¢e, € d.xdy + W p.oJe Aeoeldxdy = (B J (a.C + l)d.xdy
- - «® (II.‘-I».Z'?)

The second integrals on the left are second order terms because Ag, ,
for example, is different from O only where It’lol2 is very close te
zero, Thus using II.4.22 we can write II.L4.26 and II.U.27 as

I pre Ae € dxdy = a(ﬁ2 BZ)J €nEodxdy (11.4.28)
-t «®
2 .2
oPunjebe e dxay = b(aE-6%)[e]e axay (I1.4.29)

Taking the ratio of the two equations ve get

2 Je Ae €, dxdy
(I1.4.30)

c‘m' o

![e Be (£ i

In a similar fashion, starting with the equation for € in 1I.4.23,

wve find
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2 e Ael €,dxdy
. 'L (I1.4.31)
o2

-0
From II.4.30 and II.4,31 we can conclude that for the existence
of a solution in the form of 1i.u4, 21 we must require

. .
jeer Laxdy = 81Ar_060dxdy (II.4.32)

vhich yields
a=m b (II-ho33)

We can now obtain ﬂs by adding II.4.28 and II.4,29, We also
assume that §_-p << p and with the help of II.h.zo we get

BB = 3'[j8 be € dxdywj& Ae,€ dxdy] (II.4,34)

In the same fashion we obtain for Ba

B, = - Bljecae e € dxdys [€ac @ axdy]  (IL.h.35)

-® -®

The coupling coefficient can now be obtained from II.4,16,
II.L.34% and II.4,35

BePa (Tt E

The value of K 48 in agreement with the expression derived earlier,
It 48 reasonsble to assume that II.L.36 yields a good appraximation
for K also in a case where the guides are not identical and II.4,32

is violated.

B
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It is interesting to note that from the above point of view it

ElE i s a e ARl At i I SR b L0 bl el 4

is possible to easily obtain an upper limit for the value of the

Kl

coupling coefficient K . Clearly, this value reaches its upper limit
as the two guides are brought closer and closer together. Eventually

they form one guide with twice the width. The symmetric mode turns

into the lower order mode of the wide guide and the antisymmetric mode

turns into its higher order mode. The calculation of the propagation

TR TR T T T N

constants of the new modes 1s straightforward and yields the upper

limit for 4B .

II.5 Coupling between Planar Guides

g EapTE T T

As a first example we apply our result to the planar waveguides
shown in Fig. 11.8., The mode profile of a single planar waveguide can
be derived analytically (see Appendix I). We consider a TE mode which
has its electric field in the y direction, carries a unit power per

unit length in the y direction, and is given by(h):

Co(x)=#u%—)- coshxx,lxls%’-wSyg-m
W 4 —
& (I1.5.1)
% o (lx]- ¥
ey(x) = ——-lt-w-g—- cos hxter(Lﬁl 2)’|x|23’2.,-msys-m
Blw+ =—) |-
Py

where ko is the free space wave number and

Lhdatl i d

634 - o0
(11.5.2)

p = (8” - ngkg)t

P e " m 2w i lyatise b oo S IR, 15 VR TORLE S R 2 TVt W WY i 3 ke
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Sketch of two adjacent planar guides and their

propagating modes.




A e g

< e

o

-38-

In addition, the eigenvalue equation imposes the relation for the mth

order mode (m+l is the number of extrema)
hxw = (m+ 1) - 2 t;a.n'l ;5 (11.5.3)
x

A similar profile describes the mode in guide number 1, the only
difference being that the center of the mode is at x = w+s rather
than x = 0.

Knowing the mode profiles we can cobtain the coupling coefficient

between the guides with the help of equation II.L.12, We note first that

Ael for this case is given by
=, - ¢, = ¢ (nln’ ¥ bL]
Ael(xy) =€, -gy = co(nz-n3) for s+zsx<8+ 3 ,

(I1.5.4)

-QSyS-m

]
o

Ael(xy) = , elsewhere

We thus obtain the following expression for the coupling coefficient;

znipx ~Pys , )

& I1.5.5
L \(h2, o
3(W+px)(hx+px)

Kjo = Koy = ~1K= -1

In the derivation of this expression, the y integration is performed

over one unit length and we have assumed that

-pxw
(11.5.6)

w W W W
- 2| > L ol
|p.cos h 5 h sin h 2' >> |p_cosh 5 - h sinh 2Ie

A i




which is always true for welil confined modes.

Equation II.5.5 is the same as approximate expressions for the
coupling coefficient between planar waveguides given in Refs. 4,5,6.

In Ref. 5 a comparison of this expression to the exact solution

of the problem is made and a good agreement is shown,

I1.6 Coupling between Channel Guides

A rigorous solution for the mode profile at a rectangular
cross section channel waveguide requires a computer(7). However, once
the mode profile is known, II.4,12 can be applied for the calculation
of the coupling coefficient, Marcatili(z) has shown that it is pnssible
to introduce a drastic simplification in the derivation of the mode
profile which enables one to get a simple solution. Consider the

waveguide shown in Fig. II.9. Most of the power propagates in the hizh

index region and the fields decay exponentially in the x and y directions.

Consequently, for a reasonably confined mode only a small part of the
power propagates in the four shaded areas. This means that in matching
the boundary conditions the field along the edges of the shaded area
can be ignored,

The solution of the simplified problem yields modes that are
essentially of the TEM kind and can be grouped in two families, f':m
and Ezn . The first family has most of the electric field in the x
direction and the magnetic field in the y direction, while thc second
family has most of the electric field in the y direction and the magnetic

field in the x. Our notation is such that m+1 and n+l indicate

P .;.\..,d
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Fig. I1.9 Mode profile of a rectangular channel guide.
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the number of extrema of the fields in the x and y directions.)
Furthermore the solution of the problem indicates that mode profiles in
the x and y directions are actually given by two equations, each of
which is identical to the eigenvalue equations one obtains for a one-
dimensional (planar) waveguide. For example, we consider an o

mode in the guide shown in Fig. II1.9. The eigenvalue equation for the
x direction is identical to that of a TE mode in a symmetric planar

guide (see Appendix I). It is given by

h

hw = (mel)x - 2 e X (I1.6.1)
P
X

where

A 2 24,2
he + "fc = (n-n))k;

The eigenvalue equation for the y direction is identical to

that of a ™ mode in an asymmetric planar guide (see Appendix I) and is

given by
2 2
n_ h n; h
ht=(n+l)r - tan™t —,Ll - tant 2 (11.6.2)
y na P n2
2 'y 2 Yy
where
2 2 2 _2,,2 2 2 2 24,2
hy + p& = (nz-n3)ko 3 hy +q - nz-nl)ko (I1.6.3)

The propagation constant along the z direction is therefore given by

[aV]

2 2
g- = ano

N

2 2 !
5 hx s hy (11.6.4)
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We can therefore epproximate the propagating mode by regarding
only the main components of the fields and using the mode profiles as
given by II.6.2 and II.6.3. The validity of this approximation can be

determined by comparing the value of the expression

2 2 Zaxe . u2 042
B -23#0 _ (na-nB)ko - b - hy

(11.6.5)

eywel 2,2 2 2\,.2

nak.o-n3kO (nz-nB)kO
with that derived by computer calculation(7). For
2 8.2
B“-n_k
(3O » o3 (11.6.6)

nzkz_nzkz

270 30

according to the figures in Ref. 2, the approximation is within a few
percent of the exact value. Equation II.6.6 also indicates what modes
are supported by the guide, because only modes for which the expression
is positive are above cutoff.

Figure II.9 shows thc mode profile of the ego mode. This
moce profile after the appropriate normaslization can be used in
conjunction with II.4,12 to calculate the coupling coefficient.

We shall attempt to get a good estimate for the coupling
coefficicnt without going through the above process. We note that the
profile of the mode in the x direction is the same as that of the planar
guide we have dealt with before, The major difference is that the planar

guide and its propagating modes are independent of y. This bvasically
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means that ucl(xy) (which is defined for the planar guide case by
II1.5.4%) has the same value for any value of y to which the modes of
the guides extend. This would also be the case in a channel waveguide

if the modes were very well confined in the y direction L 45— <<1l}.

y
In this case Acl(xy) is defined as
. @ 2 w o W
Asl(xy) =, - £y = ¢O(n2 n3) for s + = E% 28 2
~-tZy=<0
(11.6.7)

L1}
(@]

Ael(xy) elsewhere

Thus if the mode is very well confined in the y direction it extends
only from y = 0 to y = -t which is the region at whick &¢(xy)

hes a constant value. For this case 11.5.5 can be used to express the
coupling between the two channels. We can modify 1I.5.5 to include
coupling between modes that are not very well confined, btut satisfy
11.6.6. This is done by multiplying II.5.5 by a factor which is the
ratio of the mode power propagating between y = 0 and y = -t (the

region where Asl(xy) £ 0) and the total mode power. This factor can

be roughly approximated by

t
2 (11.6.8)
t+ sin“h t
( /)
3l 1 ’
where Er->> —~— the penetration depths of the modes into the

y
upper and lower boundaries satisfy. The expression for the coupling

coefficient between two channel guides thus becomes:

T i -ﬁd
" -4} ; Dot b A - G R s : R b i S
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K]. = s <3K & -1 (11.6.9)
0 xOl 2 2 2 .2
t+s8inh t —)(h
(4 + sta'nt/p) v + BT
For a very well confined mode
t >> l— and w >> 2—.
Py P,
and II.6.9 reduces to
-p B
Zhipke x
Klo = Kol = -1k = -1 —-2—-2—' (11.6.10)
Bw(b+p,)

which, aside from its negative sign, is the expression derived by
(
Marcatil1(?)

Before comparing the theoretical expressions for the coupling
coefficient with the experimental results, let us consider a geometry

which allows an accurate measurement of the coupling coefficient.

I1.7 Multichannel Directional Coupler - Coupling Coefficient Measurement

In Section II.3 we have considered a directional coupler made
of two channels in which the power oscillates back and forth between

the channels as a function of propagation distance, We consider now &n

s ¢ 2 . S e ar e e Byt S T g L
i . vl kgt ¥ iy i
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infinite number of identical guides each coupled to its adjace..t

guldes, as shown on the left of Fig. II.1. When light is coupled into
& central channel (defined as n = 0) it will leak to the sides.

Beceuse of the large number of channels, it is clear that the full power
will not appear again in the central channel, but will constantly flow
to the sides.

The coupled mode equation for the nth cnannel is given by:

dA_(z)

& -iea (z) = BA ,(z) - 1KA ) (2) (3.7 A1)

where B is the propagation constant which includes th:: guide attenuation «
B=p_ - 1% (II°7°2)

n is the guide number (n=0, %1, %+2,...), and K (a real number) is
the coupling coefficient between two adjacent guides. (The coupling
coefficient between non-adjacent guides is negligibly small)., When

light is coupled into the O channel only, the boundary conditions become
= =0
Ay(0) =1 Ano(0) (I1.7.3)

The solution of II.7.l is

-1z

A (z) = (-1)" g (2Kz) e (I1.7.4)
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and tke power flow in the guides therefore is:
: + 2 -0z
Ph(z) = Ah(Z) An(z) = Jn(zxz) e (11.7.5)

where Jn represents the Bessel function of nth order.

A multichannel direction coupler(a) was fabricated by proton
implantation through an appropriate gold mask on the surface of the
GaAs substrate as shown in Fig, II.4b, The width of the embedded channels
can be estimated by the width of the notches in the mask to be about
2.4y separated by 3.9u . Their depth is determined by the lmown
penetration of the 300 KeV protons in GaAs which 18 3u . The index
discontinuity as measured in a fashion described in Chapter 1V, is
about .005 at 1,151 and about 10% larger at 1.06u .

Figure II.l describes the multichannel directional coupler
with the input light coupled into a central guide and the output light
scanned at different sample lengths., The argument of the Ressel
functions at each of the scans was determined by fitting the square
root of the normalized intensities of the light in the different channels,
to a plet of the Bessel functions as shown in Fig, II.10. The experiment
was performed with light having a wavelength of A = 1.,15u (from a
HeNe laser) and A = 1,06u (a Nd:YAG laser). The coupling coefficient
can be deduced quite readily and accurately now, simply by plotting the
argument of the Bessel functions against the distance of propagation,

and measuring the slope.

I e S R A b
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Fig. I1.10 Sketch of various orders Bessel functions to which the

square root of the amplitudes in Fig, II 1 are fitted.
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Using II.7.4 the coupling coefficient is thus given by:
K = slope/2 (11.7.6)
A series of measurements at 1.15n and 1.06u is plotted in Fig, II.11,
By measuring the slopes we find that for the same directional coupler,

1 1

K = 0.52 £ 0.01 mm

1,15u (11.7.7)

Kl 061 = 0.30 + 0.01 m-

It has also been found that different polarizations (EX or EY) of the
input beam had no noticeable effect on X .

Only a qualitative comparison between theory and experiment
can be made with these samples., The modes in these guides are not well
confined modes, to which the theory of Section II.6 pertains, Besides,
the dielectric discontlinuity may not be uniform across the guide's
cross section and the accuracy in measuring it is not high. However,
the coupling coefficients calculated on the basis of the dimensions
given earlier in (II.6.9) are quite close to the actual values, The
theoretical resulis are (for both polarizations):

1

K

-J. =

(11.7.8)

Considering the limitations mentioned above, these results are

in good agreement with (II.7.7).
The absorption of the propagating light is relatively high in
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Slope = 2K

WY T

£ [mm]

Fig. II1.11 Plot of the arguments of the Bessel functions

against the distance of propegation,

—
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these ion implanted waveguides. It amounts to about 5 cmt

vwhich is
the same as the absorption of planar ion implanted guides(3). It is
caused by the absorption of the defect centers created by th. implanta-
tion and by the free carrier absorption in the substrate. Other
methods for fabrication of directional couplers will be discussed in

Section II.9.

I1.8 The Sign of tue Coupling Coefficient

Let us consider again the dual directional coupler shown in
Fig. II.3. The amplitude of the fields in the two guides are given by
1I.3.5 and II1,3.6 as:

ipz

Ao(z) = cos Kz e (11.3.5)

-1 sin Kz eiBz (I1.3.6)

A,(z)

From these equations we learn that a distinet phase diffarence exists
between the two guides. We also find that the phase of the guide in
which the power is increasing will always lag 90° behind the phase of
the guide in which the power 1s decreasing. Formally this is a direct
correspondence of the sign of the coupling as given in II.k.12,
Physically the reason for the time lag is the necessary phase relation
between the polarization (caused by the field in guide zero), and the
field in guide 1, if power is to be generated in guide 1. It is well
known(g) that power dissipation in a dielectric occurs when the polari-

zation lags the fileld, Therefore, in our case, for power generation
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in guide 1 the field there has to lag tne polarization, which is caused

_rare P

by the field of guide O and has its phase. This reasoning thus gives
the same result as the above equatioms,
§ The phase relation between the two guides might be of

importance in an optical circuit in which the phase of the light as

well as its amplitude may be used to carry information, In Ref, 2

AT T T T e

the coupling coefficient appears to have an opposite sign to the one
in II.k,12, Such a sign will cause a time lead in guide 1 rather than

time lag. The following experiment was carried out to find whether the

O e T Y T Uy Jaeay L

phase difference is time lead or time lag.
Phase information can be acquired by interference. In this

case the interference was performed in the fashion described in Fig. II.1l2.

WA W, R T RS TUTYLR Y RN T

Drawing (b) describes a geametry in which the input beam is focused

with an objective into the central channel of the multichannel directional
coupler. The input face at the channels is in the focal plane of the
objective and the spot size of the beam is small enough to couple into

one channel only. The distribution of light at the oufout plane,

caused by the coupling effect, is shown at the top of the drawing.

By moving the objective in or out, the focal plane will not
coincide with the input plane of the sample, the spot size will increase
and light will be coupled into the adjacent guides as well as the central
guide. When the lens is moved toward the sample, the curvature of the
phase fronts of the beam is such that the light coupled into the side

channels at the input plane has a time lead (as shown in drawing a).
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On the other hand, when the beam is moved away from the sample (drawing ‘
4 ¢) the light coupled into the adjacent channels suffers a time lag.

This input light ~ill interfere, as it propt:\.gates with the light
coupled into the channels from the central one. The intensity of the
light in the output plane, with respect to the central guide incicates
vwhere this interference was a constructive or destructive one. For
example, in Fig. II.1l2a we find that the intensity of the light in the
adjacent channels is close to zero, while in (¢) it is very strong.

This indicates that there is a constructive interference in case (c)

and the light coupled via the directional coupling effect suffers a

3 time lag.

II1.9 Ridged Channel Waveguides and Directional Couplers

A variety of thin films suitable for optical waveguiding has
been reported so far, These films include epitaxial layers of high

resistivity on low resistivity GaAs(lo)

, composite structure of GaAs-
caatas(12) camposite structure ADP-KDP('Z) and single crystal garnet
films(l3) . These layers can be grown with a high degree of purity and
offer the attractive feature of modulation(lo’ 4, lh).

] All these layers are planar guides which confine the light in
i one dimension only, and therefore as such are not campatible with the

concept of optical circuitry. To form a channel waveguide in which the

radiation is confined in the two dimensions perpendicular to the
direction of propagation, it is possible as shown earlier, to use ion

implanatation or aitfusion’’®). 1t is interesting to investigate the
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possibility of fabricating a channel guide by a removal of the super-
fluous sections of the epilayer (as shown in Fig, II.13)., Because of
the large dielectric discontinuity the scattering losses in this guide
are very sensitive to the smoothness of its walls as well as its top
surface, For example, a 3u wide waveguide in GaAs will suffer roughly
a loss of 4 em™l when the roughness of the walls is 5008 rms .
This rough estimate‘l®) based on the Rayleigh criterion indicates that
special care has to be taken in the fabrication of these guides. An
extreme case of rough walls and top surface is shown in Fig. II,lka.
This guide (3u high, 7u wide) scattered away most of the propagating
light in a sample less than 1 mm long.

Smoother chamnels were fabricated by exposing the photoresist
with a better mask, and ion polishing the sample after the ion machining
(details are given in Chapter IV). Figure II.1lb shows a channel
(1.4u high, 2 p wide) with much smoother walls,

The number of modes supported by a ridged guide, as discussed
in Section II.6, can be controlled for a given dimension by choosing
an appropriate guide substrete dielectric discontinuity or by covering
the guide with an appropriate index material,

We have discussed earlier directional couplers rnade of single
mode waveguides embedded in the surface of GaAs. In that case the
coupling between two adjacent guides is caused by the overlap of the
propagating modes as shown in Fig. II.15a. Figure II.15b shows single
mode ridged waveguides in which the modes are very well confined in the

x direction (becavse of the large dielectric discontinuity) and two
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f epi layer

/

substrate

channel guide
t“"""l'4_""“‘“\

Fig. 1I.13

substrate

Channel waveguide fabrication by removal of

superfluous sections of an epilayer,
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Fig. II.14 (a) An extreme example of a guide with rough walls and
top surface. (The guide is 3u high and Tu wide,)

(b) Good quality channel waveguide fabricated by using

holographically prepared mask and ion polishing.
(The guide is 1.hp high and 2y wide.)
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substrate substrate

(a) (b) (c)

Fig. I1.15 Directioral couplers fabricated in GaAs.
(a) Single mode embedded guides directional coupler,

(b) Two single mode ridged guides with no coupling,

(e) Ridged guides with increased degree of coupling.
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closely spaced guides will thus have a negligible coupling. To increase
the coupling betwecr the guides, ox;ly a partial removal of the epilayer
between them was performed as shown in Fig. I1I.15¢. Fig. 1I1.16 is an
indication of the coupling., It shows the cross section of a high
resistivity GaAs epilayer (about 8u thick) that was machined down to
the substrate topm a large number of isolated channels. Lignht
coupled into one channel emerges at the other end of the sample from
that channel only (bottom photogreph). However, when the same epilayer

is only partially machined (Fig. II.1l6b), light coupled into one guide

emerges from three guides.

II.10 Directional Coupler—Switch Modulator

As mentioned earlier, one of the most exciting applications of
the directional coupler is the switch modulator in whick the amount of
light coupled from one channel to the other is controlled by electriec
signal applied to the gulides., Such a device can be used to modulate
the light propagating in one guide or to switch light from one channel
to another. The latter property is an important mean for multiplexing
(or demultiplexing) two signals into one, or for switching light in
an opto-electronic switchboard of an optical communication network.

The merit of a modulator is determined by two factors: the
speed at which it can impose the information on the light beam and
the electrical power it consumes in order to do so. The speed of the
crystalline electrooptic modulator is determined by the response of the

electrical circuit, and this response is limited by the capacitance of
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MULTIMODE DIRECTIONAL COUPLER

Output Plane

(a) (b)

Fig. II.16 Directional coupler fabricated by ion machining in s

GaAs epilayer,

(a) Isolated channels, (b) Coupled channels,
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the device. The capacitance of a 3 x 3p rectangular guide, 1 cm
long, is about = 10 pF allowing subnano-second response. We shall
thus limit our attention to the relative magnitude of voltage neééssary
for deriving different schemes of modulation. First we recall that for
the linear electrooptic effect

SnxE = bneV (1I1.10.1)

where 6n is the index of refraction caused by the applied field E
and wvhere V is the applied voltage. We also recall that for
polarization modulation(g) (in which the polarization of the propagating
light is rotated by 90" as a result of the applied field) the change

68 1in the propagation constauts of the TE and ™ modes must be such
that:

(6Bpg ~ OBy, )L = x (11.10.2)

where L 1is the length of the modulator.

For the sake of simplicity we assume
and that BBTE can be written as

Gﬁm = 6n-ko (II.lO.h)

Using II1.10.4 and II1.10.2 we can write that:




R R A

-61-

T’

'k—o:“b (II.J-OQS)

én =

Our task now is to compare this 6n which is required for g 100%

modulation in the polarization modulator (as well as mode conversion

modulator(l7) ) with the one needed for & directional coupler modulator,

Let us therefore consider a typical example, It is the

diccetional coupler whose cross section is shown in Fig, II1.17.

The
Because of the relatively

S Wt e e R T e e T Lo g SO L R Ty
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material is assumed to be GaAs (n = 3.5).

large dieleciric discontinuity (An = .01) the modes are well confined,

yielding (with the use of I1.6.9 for the 3 x 3u guides) the following
value for the coupling coefficient at ) = 1.15

K = 0.155m" L (I1.10.6)

1 We choose the modulator length to be the length Decessary for complete
transfer of power, According to I1.3.9

L l‘é"l ~ 10mm (I1.10.7)
Thus light entering the device at the left channel will emerge from the

one on the right. In order to turn the device into a switch modulator

has suggested changing the coupling coefficient (by changing
the dielectric discontinuity,

Marcaliti(?)

through the electrooptic effect) to a

= X
17 L

new value Kl such that

(11.10.8)
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Fig. II.17 Example of a directional coupler modulator.
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According to II.3.7, this will cause the light to be coupled back to

ST RVENT e

the original channel resulting in a 100% switch modulation, The coupling
coefficient can be varied by applying field to the section between the

two guides (schematically via electrode b in Fig, I1I1.17), or alternatively
by applying the field to the guides (electrodes a and c). To obtain

the above value of K1 the dielectric discontinuity of the guide has

to be reduced from An = .01 to An = .007. Thus the change in the

index of refraction required for switching is:

6n & .003 = 52 flt-f (1I1.10.9)
0

The omornclusion drawn from this extreme example is very disap-
pointing. It indicates that the electrical power necessary to drive
this directional coupler modulator is 2500 times larger than the driving
pover of a regular polarization modulator 11.10.5. A smaller 6n can
be achieved for a given length geametry by decreasing the dielectric
discontinuity and increasing the separation between the guides. This
however reduces the cont'inement of the propagating modes.

In arder to devise a new scheme that will allow directional

coupling switching with less drive power, let us consider again the
coupled mode equations (II.3.2 and II,3.3), but this time allowing for
different propegation constants BO and Bl for the two guides,

dAg(2) -18Ay(2) - 1K A (z) (11.10.10)

preceding page blank
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aa, (2)

= -iﬂlAl(z) - iK Ao(z)

Using the regular boundary conditions

AL0) = 1 A (0) =0

we obtain the solution:

(1I.10.11)

(11.10.12)

A
AO(Z) = |:cos(l(2+(éze)2)é z - i.(K2 r_éz sin (K2+(_§)) z] : e'i(BO'?E)
: (11.10.13)
-1(8+32)z
A (2) = "—A_g_)255 sin x2+(ézé) )é e (11.20.14)
where 4B 1is
48 = B, - B, (I1.10.15)

This solution becomes identical to II.3.7 and II.3.8 when AB =

Going back to our previous example, where with two identical

guides (4B = 0) we had a complete transfer of power in a length L

A, (L) = 1), it is possible by applying field to one of the guides
l 3

only to destroy the identity between the guides so that 4B £ 0 any

more, According to II.10,1k4 if

(k% + (%Q)a)ﬁ B =

(I1.10.16)
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we will get

|
o

i
[

This means that for such a AP there is no power transfer, and thus a
100% switch modulation is achieved. Equations II,10.16 and II,10.7
give the value of AR needed for destroying the coupling between the
wuldes:

8BL = V3 x (11.10.17)

and the necessary change 6n is thus

6n x 1.73 k—;i - 1.207 (11.10.18)

This 6én is much smaller than the previous one II.10.9 and is approaching
the value required for polarization modulation, It is interesting to
note that II.10,18 applies to the ridge directional couplers described
in Section II.9 as well as the embedded ones,

A directional coupler can be made polarization sensitive by
choosing an appropriate guiding plane (for example 100 in GaAs) in
which application of field causes a certain 6n for TE modes but
6n = 0 for ™ mode (or vice versa), Thus in our example, before the
application of the field, TE as well as ™ modes are coupled from one

guide to the other. However with the application of the field, the

R L e s
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coupling of the TE mode is destroyed while the coupling of the ™ mode
remains the same. Such a device with a D.C. electric field is capable
of separating the two polarizations of an incoming optical signal into
two different channels., As such it can turn a polarization modulator
(or a mode converter) into a directional coupler switch, as shown in
Fig. 11.18a. This composite device will have a low modulating power
together with a directional coupler switch capability. Reversing the
pulse’s direction of propagation (Fig. II.18b) enables the devices to
combine (multiplex) into one output channel pulse, with the appropriate
polarizations from two input channels,

We can apply electric fields in a semiconductor(la) guide by
back-biasing a metal-semiconductor junction (Schottky barrier). The
field is supported in a depletion region which is swept free of carriers
to a depth d, given by d = ¢E/eN, where N 1is the free carrier
cancentration (assumed independent of depth) and E 1is the peak value
of the electric field. 1In this depletion region the field falls off
linearly with depth. The maximum depth to which a field can be applied
in such a junction is given by the field at which the material breaks
down., In GaAs the breakdown field is roughly independent of doping
level, and has & value Ej =5 x 10°V/en, This means that the maximum
depletion width is inversely proportional to the carrier concentratiom,
Numerically the maximum depth dm in microns is related to the carrier

3

concentration N in cm ~ by

d =3.5x 1016/N (11.10.19)
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polarization polarization
modulator sensitive
(or mode directional
convertor) coupler ™
[
™ 4™ | ATE Am =
modulation
(a)
polarization
sensitive
directional
QTM coupler
-AE—— ] Jre Atm
{(b)

Fig. I1.18 (a)

(v)

Combination of a phase modulator and a polarization
sensitive directional coupler,

Polarization sensitive directional coupler as a

multiplexer.
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This indicates that in order to penetrate about 3u into the guiding

layer, its concentration must be lower than

N < 10%%n™3

Unfortunately the free carrier concentration of the proton implanted
waveguides after the anneal (which is necessary for low optical

attenuation) is about 107 cn™3

, thus preventing the penetration of
the field into the bulk or the guide. GaAs epitaxial layers with low
carrier concentration have Leen grown(lo), but are not yet readily
available. A ridged directional coupler (Section II.9) made of such an
epitaxial layer may be a suitable candidate for a modulator.

In a GaAs guide in the (.00) plane ™ modes are unchanged by
the applied field. TE modes, however, experience a change in refractive
index

6n = % n e (1II1.10.20)

where R is the electrooptic coefficient and n 1is the index of

refraction. Substituting the value of n, and r we get:
sn = 3°107°.E (II.10.21)

where E 1is the applied field in V/cm,
To achieve a &n = 1o'h which is necessary for the directional

coupler switching, we need an average electric fleld of:

-




by
E = 3.3-10 g = 33

o
T

and voltage required for a 3u thick guide is thus
VvV = 10V

In the next section we shall discuss the use of this switch

and a similar device for multiplexing and demultiplexing of optical
pulses,

II.11 Light Multiplexing by Directional Coupling

The high optical frequency of the laser radiation enables it
to carry large amounts of information. However, imposing a high rate
of information on a laser beam is a difficult matter., One of the ways
around this difficulty is to modulate the information on a number of
beams at a relatively moderate rate, and then to multiplex these beams
into one beam as shown in Fig. 1I.19a, We shall assume for the following
discussion that the laser radlation is in the form of very short pulses
with a period T , and that they appear in the different channels with
the appropriate shift in time so that they can be multiplexed with no
overlap between them. Such pulses can be generated, for example, by
mode locking(g)an Nd:YAG laser, and the appropriate shift in time between
the channels can be achieved by coupling the pulses to the channel via
optical fibers with different lengths, Another method is to have an
array of injection lasers on the same substrate as part of an integra‘ed

optical circuit, where each one of these lasers ls pulsed at a moderate
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rate but with an appropriate shift in time,

Let us examine the operstion of the cirectional
coupler switch deseribed in the previous section as a two channel
multiplexer., Figure II1.19b shows the channels into which the two
already modulated (pulse code modulation-PCM) beams are coupled, In
order to combine the two beams into one that will propagate in the lower
guide, we have to see to it that when a pulse appears in the upper
guide it is completely coupled into the lower guide, but a T/2 seconds
later when a pulse appears in the lower gulde it is not coupled into
the upper one but keeps propagating in the lower guide. This can be
accomplished by choosing the coupling coefficient and the length of
the two guides to be such that with no application of electric field a
complete transfer of power from one channel to the other is possible
(KL = %) . On the other hand to prevent the coupling of pulses from
the lower to the upper channel, we have to apply field with the appro-
priate strength for destroying the coupling whenever a pulse in the lower
guide is due. This can be done by driving the directional coupler with
a sinusoidal wave whose period is exactly T as shown in Fig. II.19b.
To perform multiplexing the same configuration can be used but the

direction of propagation of the pulses is reversed,
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(b) Directional coupler multiplexer.

=
NFF

Fig. 11.19 (a) Multiplexing scheme for a higher rate of
information modulation,
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III. PERIODIC CORRUGATIORS IN OPTICAL WAVEGUIDES

II1.1 Introduction

The interaction of radiation with man-made periodic structures

is of great importance in the microwave and optical regions. The

traveling wave tube is a good example of a device in the microwave

region which is based on this kini of interactions. In the optical

region one finds devices such as the diffraction grating, the aconsto-

optic modulator and deflector, and the hologram,

In this chapter we shall discuss the interaction between periodic
corrugations on the surface of a dielectric waveguide anud the wave
propagating in the guide. In Chapter V we shall describe methods
which were devised to enable us to fabricate these periodic structures,
with periods as low as 0,1l (11008).

In general a wave propagating in a periodic structure consists
of space harmonics, These space harmonics have the same frequency as

the original wave but a different propagation constant B .

Considering
the first order space harmonics only, we can write
B = B 2 (1I1.1.1)
space harmonic N o

where A 1is the corrugation period. The space harmonics are thus

shifted in k space by the length of the k vector of the structure -1
n =2 (III.1.2)
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If the propagation constant of the space harmonic happens to coincide
with the propagation constant of a different mode, coupling of power
from one mode to the other becomes possible,

Let us consider the guide shown in Fig. 1I1.la; the o-B
diagram is shown in Fig. III.1b, The guide (which is discussed in
Appendix 1) is assumed to support two guided modes O and 1., The propa-
gation constants of these modes at a given w , are BO and Bl .

As can be seen from the diagram (we have assumed ng > nl)

ko > By > By > B3k, (11I.1.3)

The B's are less than nzko in order to allow the cosine or sine
variation of the modes inside the guide along the thickness direction.
Outside the waveguide the mode profile should fall exponentially for a

guided mode. This is taken care of by requiring f > n where n k

3k0 30
is the free wave propagation constant in the substrate,
In this waveguide it is possible to cause coupling between the

two guided modes(l) by having a corrugation whose period satisfies
T=N=8,-8 (II1.1.L4)

This ccndition is illustrated on the right branch of Fig, II11.1lb by
T]l . The value of the coupling coefficient which depends on the

corrugation depth, the modes' profiles and so on, will be discussed
later. If we decrease the corrugation period and thus increase the

value of its vector 7, it becomes possible to couple light from a
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Fié. II11.1. (a) Periodically corrugated dielectric waveguide,

(b) Mode dispersion and possible interactions in the
above guide.
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guided mode, say the O mode, to & continuum of radiation modes(l).
These radiation modes have a propagation constant in the z direction

which is

Br < n3ko (111.1.5)

This means that they do not decay exponentially in the x direction and
are able to carry power away from the guide. The case is illustrated

by nz in Fig. IIi.1b. The coupling fram the O order mode will be to

a cluster of radiation modes whose propagation constant in the z direction
is close enough to

B, =8y - 1 (I11.1.6)

This effect can be used to couple light in and out of a waveguide and
is known as the grating coupler(2’3).

If A 1s further decreased so that

= =7 =28, (II1.1.7)

coupling occurs between a forward propegating mode and the same backward
mode, This effect is illustrated by n3 in Fig., III.1b. It results

in a distributed mirror whose behavior was described by Fig. I.5 and
will be considered later. The use of two such distributed mirrors
instead of two cleaved faces may help in extending the lifetime of
semiconductor injection lasers in the case where catastrophic mirror
damage is the dominant failure mode. When the corrugation extends

along the whole length of an amplifying medium, a distributed feedback
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laser(h) may result, In these lasers there are no discrete mirrors
and this makes them very desirable for an optical integrated circuit.

In this chapter we shall focus our attention on a laser geometry
in which the distributed feedback is supplied by surface corrugation,
elaborate on its modes, and conclude with a description of the first

observation of such a laser in GaAs(s).

I11.2 Theory

The problem of coupling by surface perturbation between TE
modes in a dlelectric waveguide can be treated in the same fashion as
the time dependent perturbation in quantum mechanics, The solution for
the perturbed guide can be expanded in terms of the modes of the
unperturbed guide., Assuming that the zero order mode enters the
perturbed section of the waveguide at z = O (as shown in Fig., III.2a),
one can calculate "transition rates" or coupling coefficients to dif-
ferent guided modes, to radiation modes (modes of the continuum) and
to the backward going mode. This approach was used by MarcuSe(l) to
calculate mode conversions and radiation losses in waveguides.

We shall apply the same approach used in Chapter II for the
calculation of the coupling ccefficlient between the modes of two
adjacent guides. We start by writing the caipled mode equations for

forward (+) and backward (-) going zero order modes:

aag ()

(1) -inz, (-) ;
= (1. . a) AV /() - 1ke™t'Bp III.7.1
e (-ip, - @) Ay “(z) e o (2) (111.2,1)
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. Bo, guide np
y ==t /
substrate N3
. 2=0 z=L
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N _.l/
[ (n2-nd) for 2

Ae(xz)/eq = An?(xz) = ~(ng~=n?) for

(b) 0 elsewhere

-

Fig, III.2, (a) Distributed mirror of length L .

(b) Definition of the perturbation in the
dielectric constant caused by the corrugation,
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d—A-‘(’—)-(-z-) = (18, - @) Al )(2) + 1xe'TE A () (111.2.2)
dz
vwhere 50 is the propagation constant of the mode, a is the gain of
the medium, and ¥ 1is the coupling coefficient between the modes.

K appears with different signs in the two equations because the modes
carry power in opposite directions (see Appendix II). In addition,

K is multiplied by a phase term e*mz which represents the spatial
variation of the coupling perturbations. As we shall see later, 1)

is exactly the k vector of the perturbation, Ac(;)‘ and Aé') are

the amplitudes of the modes

2" )(y,2) = Al N2)e () (111.2.3)
Eg')(y,z) = Ag’)(z)ﬂo(y) (II1.2.4)

The mode profile 80(y) is normelized to carry one unit of power, so
that the power P((>+)(z) carried by E((;)(y,z) is given by

Pc(>+)(z) _ |A(()+)(2)i2 (II1.2.5)

The rate of growth of P((;) (z) because of the coupling can be derived

from III.2,1(we assume @ = O for this purpose)

dpg’)(z)

pak ? Rc{A((,' )(z) [—1Ke'mzAg')(2)]*} (IIL.2.6)
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We shall derive now an expression for the power growth from a physical
point of view, and by a comparison with I11.2.6 find expressions for
K and 7.

In a similar fashion to what we did in Chapter II, we use the
perturbations in the polarization of the backward going mode, caused
by the index disturbance at the surface, to drive the forward going
mode. Coupling can take place only between TE or ™ modes but not
from TE to ™, because the driving polarization is in the same direction
as the field (we assume isotropic media). The driving polarization

caused by a TE mode is given by:

(P, (5,5 0], = beln, 28§ )y, 2,00, )

where A4e(y,z) 4is the perturbation in the dielectric constant and is
given in Fig, III.2b. Power generation for the (+) mode in an

infinitesimal volume dV 1is given by:

(+) ) (y, &
o = = E((;)(y,z,t) P—"t(y =% (1I1I.2.8)
av 3t

where the horizontal bar denotes time averaging. Using III.2.4 and

time cdependence of eimt , II1.2.8 becomes arter the time averaging:

(+)

dp

—5\%— =% R, A,(f)(Z)CO(y)L-hmc(y,Z)ﬂo(y)Aé')(z)]* (111.2.9)
the growth of the total power Pg") can now be derived by simply

integrating over x and y . We obtain
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(+)
dP
°dz( -%R, ;A‘*’(z)[no IJ e (y)oe(y,2)e (y)dxdy] Al )(z) §
(1II.2.10)
Compering III1.2.10 with III.2.6 we find:
ke ™11 . T4 J | e oly)ae(y, z)axay (111.2.11)

The integral in III.2.l1l can be simplified if the perturbation is small
enough (a << 1) 80 we can approximate eo(y) by 80(0) . We ignore
for the time being the integral over x because we consider now a
planar guide. (The x integral will be used when we cwmsider a channel
laser.) With the help of the mode's profile expression from Appendix I,
we get after simple manipulations:

2

ke~ 1M2 _ h-a sgn [cos(%ﬂ z)] (111.2.12)
2B.(t + LF +T—
0 P q
vhere
1l for argument > 0
sgn[argurent] = (111.2.13)
-1 for argument <0
Using Fouwrler expansion we can rewrite III1.2.12 as
2 T
Ke~iM2 _ L [— cos( z) - — cos(3 Tz) +] (i1T.2.14)
28 (t+ =+ = L
0 P Q

Only one term from the left side of III.2,1k will give synchronous
contribution when substituted into the coupled modes equations. For

-) 21 ..
first order coupling from A((;) to Aé ) which occurs when T= 250

i e DB i b s iy i e mayict el i
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we find

=5 (1I11.2.15)

and the coupling coefficient for this case is

2
K= 2 £ (II1.2.16)
- 1 1 wile

ﬁﬁo(t+3+a)

On the other hand, for third order coupling which occurs when
3 -ZK’E = 2&0 , the synchronous term is the one for which

n=33 (1I1.2.17)

and the appropriate coefficient for the third order compling is

hza

= i
3“50(t + '5 + E)

K

(111.2.18)

These expressions can be further simplified for a well confined zero

order mode for which

h =~ % (111.2.19)
1 1
t> =+ = II1.2.2
P aq ( 0)
We can thus rewrite I1II.2.16 as
T
K= B % (111.2.21)

SN | P ST gy
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] An additional contribution to the coupling coefficient may arise in a
case where the gain (or the loss) a of the medium varies periodicmy(e).

The A¢ which represent gain variations is imeginary, and the combined
Ae becomes complex:

1
be(y,2) = Aecorrugation(y’z) + 1 T:; sa(y,z) (111.2.22)
where ko is the free space propagation constant and Aa(y,z) 1is the
variation in the gain, Using this expression for Ae¢(y,z) one has to

go back to equation III.?.1]l and evaluate K . This coupling coefficient

* will have the following form
' = Kcor;mga.t:i.on G 1Kga.1n (111.2.23) 1
!

where Kcorruga.t:lon is the one given by II1I.2,16, |

Now that we have obtained the value of XK and T 1let us

return to the coupled mode equations, To eliminate BO from the

equations we redefine A(()*)(z)

-1i(p.-4
T O L
(III.2.24)
i n i(B.-4B)
A7) (z) —=al ) (2)e O
where Af 1is the phase mismatch constant ;
g = B, - % -27’% (111.2.25) J
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Substituting all that into IIX.2.2 and III.2.2 we get:

aalt)(2)
dz

= (a-iAB)A((,*)(z) - 1K A(()')(z) (111.2.26)

@) (-) (+)

—_— -(a-iAB)Ao (z) + iKAo (z) (I11.2.27)
dz

This pair of coupled equations will be our starting point in the next

sections, We recall that X (for a well confined zero order

mode and a << A) and AB are given by:

k=2~ ; p=p, - & (111.2.28)
Bot

I11.3 Distributed Mirror

We consider now the geometry described in Fig, I1I.2a., The
(+) zero order mode propagating in the guide from lef: to right

enters at 2z = 0 a corrugated section of length L. If ?.Bo 4 %E

reflection occurs. The (+) mode decays while the (-) mode grows
as indicated in Fig. I.5. Our aim now is to find how strong the
reflection is as a function of the guide properties, and how
selective the reflection is for different frequencles that propagate
with different propagation constant -Bo . To do that we consider

again the coupled mode equations III. 2,26 and III,2.27, taking o =0,

Lot el A e

s
3
§
3
]
]
3
i
!
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(+)

dA, “(

_.od_zf.). = <188 A((;)(z) -iK A(()')(z) (111.2.26)
(-)

dA, ’(z)
?dz = iAB Aé')(z) + 1K Aé+)(z) (111.2.27)

The boundary conditions that describe the case under consideration are:
A(()*)(o) =1 Ay -0 (I11.3.1)

The solution is given by:

al-Yigy o __ZiK eizh y(I-z) (111.3.2)
Y Y cosh yL + 1A sinh YL
Y cosh y(L-z) + iAB sinh y(L-2z)
A(()+)(z) = (111.3.3)
Y cosh yL + 1AB sinh YL
where
y = (K - (88)%)2 (T11.3.4)

Under phase matching conditions (48 = 0) the Bragg condition

2By = g% (1I11.3.5)

is fulfilled, and we have the strongest reflection:

(-) sinh K(L-2z)

A = =i o (I111.3.6)
cosh K(L-z)

SN 1o o
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A plot of the mode powers for this case is shown in Fig. 1.5. The
curves of IA(()")I2 and |Aé+)|2 are plotted for KL = 1,84 .
According to III.2.21, it represents the reflection of a well confined
mode in a guide with t = 3p n2=3.6 A=0.8: a=500 and
L=0m,

The selectivity or the filtering properties of the mirror can

be described in terms of AR . We recall

48 = By(w) - ?AE (1I1.2.23)
it can be approximated by
n n,
88 & (o ~= - B2 -0 2 (1II.3.8)
(o] (o]

Thus its value represents deviation from the exact frequency for whizh
the Bragg condition III,3.5 is fulfilled (“’Bra.gg) . Figure III.3a des-
cribes the reflection properties of a mirror with a fixed K and the
phase shift associated with it, The different curves represent
different lengths. As can be seen, the longer the length is, the
narrower the reflection band is, For a finite mirror length the peak ‘
reflection is less than unity, but the peak is relatively wide, 1Its

width Aarefl is given approximately by

2
BBy = 20 + i'?)f (111.3.9)

An infinitely long mirror has a flat total reflection band withk & width

S

A of 2K . This total reflection band is the stop band of this




a b A

reflection

-3K -2K -K 0 +K +2K +3K

(b)

:
|
|
|
|
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12 B (w)
— 4 o

Fig, 111,3, (a) Reflection intensity and phase shift from a distributed
mirror as a function of A8 for different values of KU .
(b) A stop band in the mode dispersion caused by the corrugation
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periodic structure, and is analogous to Bragg scattering of Bloch
electron wave in a crystal, from one edge of the Brillouin zone to the
other by the crystal periodicity(6). The dispersion (w - B) diagram
of the waveguide thus has a stop band and is modified at its vicinity
as shown in Fig, III.3b. The midgap frequency is the Bragg frequency

for which

e e ot LA o

Bo(@hragg) = % = (III.3.10)

The height of the energy gap is the frequency region over which the

propagation constant becomes complex, and thus the propagation is

3
% forbidden, (The wave is not absorbed but reflected.) The gap region
is given by 5
_j‘:lli
A8 = 2K II1.3. :
: B ap (111.3.13)

3 and if we take Bo(w) , the non-perturbed propagation constant, a
r’ approximately:

Bolw) » T, (II1.3.12)

we get:

EC

gap -y (II1.3.13)

%]

In the gap the real propagation constant is fixed and is equal tu
3 %’1 . Outside the stop band the propagation constant is real, but is
modified somewhat to accommodate the gap, as shown in Fig, III,3b.

Two Bragg reflectors can form a laser cavity(7). Two corrugated 4

mirrors can, for example, be used instead of cleaved faces to form a
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semiconductor laser cavity as shown in Fig. III.ka., The reflection of
the mirrors can be controlled by changing their length or the depth
of the corrugation to supply the appropriate feedback for oscillations
even for a low gain medium, We assume that the mirror's properties

dc not change much in the presence of a iow gain, and that its length
is much smaller than the laser's length (a different case where the

nirrors extend all over the laser is treated in the next section).

L <L (I11.3.14)

This means that the spectral reflectivity of the mirrors is much wider
than the spacing between the longitudinal modes of the laser. We
recall that the width of the reflectivity in  space is given by
I1I11.3.9

2
88 4 rer 2(K + i-,z)* (1I1.3.15)
m

For a mirror reflectivity which is close to a urisy e can assume that

KL, x2 (III.3.16)
Thus a lower limit for ABmivror i
T
8By ror > 2 -L; (II1.3.17)

On the other hand the spacing of the longitudinal modes is given

approximately by: (we ignore dispersion hecause of the gain in the

PP
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Fig., III.L, (a) A laser, formed by two distributed mirrors,

(b) Longitudinal mode spectrum of the above laser,
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medium, and dispersion in the phase of the reflected beam from the
mirror which is shown in Fig. III.3a and can be ignored for L < I‘L) .

L8

%P1 ongitudinal modes = T,

(111.3.18)

The longitudinal modes distribution is shown in Fig. III.bb,
The location c¢f the modes with respect to the center of the mirror
reflectivity, which is important for longitudinal mode discriminationm,
depends on the exact distance between the two mirrors. According to
I11.3.6 the reflected wave from the mirrors suffers a phase shift of
-90° . This means that for a longitudinal mode to coincide with the
peak of the reflection, the distance between the mirrors has to be

such that it compensates the -90° phase shift for the Bragg frequency.
This requires that

A
L, = (2mvl) -‘2'-355 = (2m+1) 12‘. (III.3.19)

Another way to state this condition is that tﬁe relative phase of the
two corrugations has to be 180° . This requirement may be found
difficult to fulfill especially when the propagation constant under
the corrugated section may not be exactly the same as the one in the
bulk of the guide. In addition the flatness of the reflectivity curve
close to the center, reduces the ability to discriminate between
close longitudinal modes,

When the corrugation is extended over the total length of the

laser, a distriduted feedback laser(k) results, and a better control
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of the longitudinal modes becomes possible,

III.4 Distributed Feedback laser

We consider now the geometry shown in Fig, III.5a. The

RPN S T X %

corrugation extends from z = -fL. to z = $L and we assume that the
wavegulde has a gain of a . In the previous section we have discussed
the reflection properties of a corrugated structure., In this section
we shall discuss its lasing properties and inquire about the modes of
oscillation, their frequencies and threshold gains,

Our starting point is the coupled modes equation derived in

Section III.2.

(+)
dA )

o =Y (a-12)8" ) (2)- 108" (2) (III.2.26)
dz

aal~)(z) -

-9 ' _(a-18)al )(z) + m((’*)(z) (111.2.27)
dz

The corrugation is responsible for the coupling mechanism and the

coupling coefficient was found to be (for a well confined zero order

mode and corrugation depth a << \)

_ na
K = _350 ; (III.2.21)

where t 1is the thickness of the guide., We recall that AR 1is the

deviation of the unperturbed propagation constant of the guided mode

from n/A .
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Fig. IIL1.5. (a) A distributed feedback laser of length L ,

(b) Plot of the amplitudes of the propagating modes
in the laser,
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88 = By(w) - 2—1(‘- (1II.2.25)

From this point on we follow the original discussion of the
distributed feedback laser by Kogelnik and Shank(a) . We start by

T VIR TS Y. T

imposing the appropriste boundary conditions. Since this is an
oscillator we assume that there are no incaming weves. Thus the 3

boundary conditions are:

Ac()“)(-éL) =0 , Ac()‘)(igL) =0 (III.4.1)

RS SRTT”

A solution with such boundary conditions exists only when the following
relation is fulfilled(s)

R
'

iAB = vy coth(yL) (111.4.2)

where

[ - 18)% + K12 (IIL.4.3)

<
W

oo i

The complex equation III.4.2 which can also be written as

-y + (a-14B) 2L _

1 (III.4.4) j
Y + (a-i88)

determines for a given K and L the eigenvalues of 4B (the shift
in the modes frequency) and *he corresponding «a (the threshold gain)
for which oscillations can take place. The solution for Ao(z) is

given by

AC()+)(Z) = sinh y(z + 3L) (111.4.5)
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Ag')(z) = sinh v(z - 3L) (1I1X.L4.6)

and is shown in Fig, III.5b. As can be seen in the fi guwe, each wave
starts with a zero amplitude, at a different side of t=he .aser, The
wave grows as it propagates because of the energy cont= inously fed
into it by the other wave and because of the gain vhicchexists in the
medium,

In the experimental cases to be discussed latber & > K so
we confine our attention now to this high gain situati on, Thus, v,

which is given by III.4.3, can be expanded as

x?
Y a- i88) + ce— III. L,
© o - )+ X (1L.b.7)
and Equation III.bL.U can be written approximately
2
_ B Aoa (ILT.b.8)
o - i8p)?

The phases of this equation give us the phase <ostants and
thus the frequencies of the modes of oscillation (by q wantizing 4B) ,
while the absolute value of this eque.tioﬁ gives the th—xeshold condi-
tions for the different modes (by solving for «) , TIhe distinct

values of (AB)m for which oscillations are possible amre thus given by:

2ofag),  K(ap),L
og08);  ofe(p)]

2(aB), L - arctan = (Ll n (III.Lk.9)

where m 1s an integer which denotes the longitudinal mde number.

T T A T+ 1
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This equation is not in a closed form because Oy has not*Béen

determined yet., However, if we assume that K, 4B << a we immediately
1 get we 2ob

(Ars)m = L—-i (111.%.10)

Using III.3.8 we find that for such a laser, the spacing of the

longitudinal modes is approximately the same as the spacing of a regular
two-mirror laser of length L . We have

Frequency spacing of longitudinal modes = Eﬁzg‘f. (IIL.4.11)

We also find that we do not have a mode for which 4B = C . This means

o
et b S et ks il D -4 et

N o

that the laser will not oscil’ate with a frequency which is exactly

the Bragg frequeancy. A physical explanation of this effect will be i
discussed later. L;

The threshold gain for the mth longitudinal mode can be derived i
from III.L.8 by taking the absolute value of the equation. It yields i
20 L

e L
= o - = (III.4.12)
2 z
of + (8p): K

The value of the gain can be found either by using the approximatz value
of (AB)m (I11.4.9) or, more accurately, by solving III.L.12 in
conjunction with III.L.,9 for (AB)m and a . The broken line in

Fig, II1.6 describes a specific example of a distributed feedback laser

of length L=1mm and K =72 en™* . It shows the required threshold

e | e R
o P it
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gain and the deviation of different longitudinal modes from the Bragg
frequency. Since Af is not much smaller than a the modes do not
coincide with the ¢/2nL spacings, but are further pushed to the sides.
The selectivity of the device is evident from higher threshold gain
needed for the higher order modes.

As we have observed, the laser does not have a mode for which
48 = O . This can be explained in the following manner, We recall
that according to III.3.6 the reflected wave from a distributed mirror
suffers a phase shift ot -90° , when its frequency is exactly
“’Bragg(AB = 0). Thus, if we consider as an example a wave propagating
to the right, the fracticn of it which is reflected backward and then
reflected again f rward will suffer a total phase shift of -180° . This
meé.ns that it will interfere destructively with the original wave, and
prevent oscillation at that particular frequency.

It is interesting to note that this problem does not exist when

the coupling mechanism is provided by periodic gain variation, According

to I1I.2.22, in this case K is imaginary, giving rise to a zero phase
shif¥, and oscillation exactly at the Bragg frequency is a.llowed(e).
This mode, for which 4P = 0, wnuld clearly have the lowest threshold

gain,

We have noted earlier that a corrugated waveguide has a stophand

of frequencies (Fig. III.3b), in which propagation is not aliowed, The

e bt . it i i AN

gap increases with increasing K . When it becomes comparable to the

¢/enl specings, it starts pushing the longitudinal modes to the sides,

LA e it

preventing oscillations inside the stop band. A small amount of pushing

is evident in the second example in Fig, III.6. The solid lines
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describe the modes of & laser with X=6cm> amd L=1m . Also

evident are the lower threshold gains and the better selectivity of

the laser. A

I11.5 Distributed Feedback laser in GaAs - Experiment

Fundamental Bragg coupling of a waveguide laser requires a

corrugation with a period of ~ AO/an where A, is the free space

0

oscillation wavelength and n_, the index of refraction of the waveguide,

2
For n, ~ 3.6 and A = .82p the requisite period is ~ 0,1l .

A technique for the fabrication of such small period gratings
in solid substrates was developed. It consists of ion milling a
photoresist grating into the substrate, which is GaAs in this case,
The grating in the photoresist is formed by exposing it with an inter-
ference pattern of two laser beams. In order to achieve the small
period grating U.V. laser (HeCd Ay = 32508) was used and the wavelerngth
was further reduced by sending the beams through a prism (n > 1,5)
(the prism is attached to the photoresist with index machining oil
between them). A scanning electron microscope photograph of a corrugated
GaAs crystal is shown in Fig, III,7. The period is 0.115: . Further
details on the fabrication are given in Chapter V.

In this section we shall give a short description of the first
observation of a distributed feedback laser in GaAs(s). A more
detailed description of the experiments is given in Ref, 5.

Tke GaAs dielectric waveguide used in the experiment was
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produced by growing an undoped Ga, AL As (x ~0.3) and a GaAs double

TR TR R PR

layer on a GeAs substrat:., The thickness of the guiding GaAs layer was
24 . The samples were pumped optically at 77°K using a pulsed dye-
laser (Rhodamine B) tunsd to hp = 63008 , The individual pumping

pulses had a duration of 7 x 10 sec and a peak power of ~ 2KW.

i Cylindrical lenses were used to pump a rectangular strip 0.33mm wide

erepe- v

and of a variable length, as shown in Fig. II1.8. The output beam of
the laser emerged through a side surface and was guided into a spectro-
meter.

A spectrum of the laser output is shown in Fig. III.9, The
punping intensity was 1.1 times the threshold intensity Ith and the
length of the pumped region was 15Qu .

The width of the oscillation spectrum of Fig. II1.9 is less than i
11 and is within the resolution of the spectrometer. I% corresponds to ‘4
a single longitudinal mode oscillation., By increasing the pumping
intensity and the length of the pumped region, multi-longitudinal-mode 1
oscillation was observed as shown in Fig. III1.10. The length of the
pumped region was 700w , and the pumping intensity was 1.k Ith 3

The existence of only one longitudinal mode in Fig. III.9 :

rather then the two symmetrical lowest order longitudinal modes about

5k apart, predicted by the theory (Fig. III.6) for a corrugated

structure, may indicate that there exists some sort of periodic gein

variation in the sample, which contributes te the distributed feedback.
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In addition the fact that close to the center of the spectrum in Fig.

I11.10, the modes' spacings are smaller than at the edges of th: spectrum
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Fig. 111.9. The oscillation spectrum of a GaAs waveguide laser. The

length of the pumped region was 15Qu and I/Ith = 1,1
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Fig., II1.10, The emission spectrum of laser oscillation, The length

of the pumped region was TOOu . I/Ith = 1.4
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supports the above assumption,

s discussed in the previous section the spacings between the
modes are quite similar to those of a regular laser of length L .
For a regular laser, because of index dispersion, the longitudinal mode

spacing A\ is given by

)‘2

Oy —t
2(n - A L

(1I11.5.1)

vwhere A 1is the vacuum oscillation wavelangth, n is the guide's irdex
of refraction, and L the length of the pumped region. If we take

n-\sr=1L4,5, a value obtained from a Fabry-Perot laser using a

dn
dA
similar waveguide, we obtain A\ ~ 18 ., This agrees with the spacing
in Fig. III.1O.

As we have seen earlier, in a distributed feedback laser the
wavelength of the oscillation is determined by the period of the
mechanical corrugation

A = 2nA (II1.5.2)

where A 1s the period of the corrugation and we have assumed
(t > /nz) :

By varying A it is possible to tune the frequency of oscillation.
A number of waveguldes were thus prepared with a different ccrrugation
period. The measured oscillation wavelength A of the samples is
plotted as a function of the period in Fig. III.1l, The tuning range

shown is about ’45& . The mechanical period in this experiment is

three times larger than the one required by III1.5.1 and the Bragg
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reflection is provided by the third order Fourier component of corru-
gation. Fig. III.1l indicates that the laser feecdback is indeed caused
by the corrugations and that their use leads to a stabilization of the
output wavelength,

I111,6 The Merits of Distributed Feedback Semiconductor Lasers

The previous section describes the operation of an optically
pumped GaAs distributed feedback laser, It 1s evident now that the
fabrication of such = ia‘er is much more difficult than that of the
conventional one (which uses two cleave faces as mirrors). Furthermore,
it seems as if the fabrication of a distributed feedback injection
laser would be considerably more complicated.

The heterostructure GaAs lasers, which combine low threshold
current at room tempwrature(g) with relatively long life time(lo), are
multilayer structures. The propagating mode is confined to the inner
layers and does not reach the surface, It is thus quite difficult to
perturb the mode by corrugating the surface, and another mean would
have to be found. Corrugating one of the inner layers by performing
the epitaxial growth of the layers in two separate steps is a posai-
bility. However this solution may tamper with the not so well understood
life time problem of these lasers,

Because of the above reasons we would like to conclude this

chapter by discussing the advantages of the distributed feedback lasers.
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The first advantage is the capability to predetermine the
wavelength sround which the laser will oscillate. As we have discussed

earlier the laser wavelength, ) , is given approximately by:

i e et | e < bl wil P

A2 n, A (1I11.5.1)

where A 1is the corrugation period and n, is the guide’s index of
refraction. It is thus possible to vary the laser wavelength by
varying the corrugation period.

The second advantage is the discriuwination of the distriduted
feedback mechanism between different longitudinal modes. Figure III.6
describes mode spectrum and required threshold gain for a corrugated
distributed feedback laser. There are two symmetrical longitudinel
modes with the lowest threshold gain. The differences in the required
gain between the modes is a function of the parameters of the laser
and can be enhanced. In a laser where the distributed feedback is
supplied by gain variation tne discrimination is even better, because
there is only one mode wi  the lowest threshold gain.

The limited number of longitudinal modes of the laser is
important for optical communications via optical fibers. The dispersion
which exists in these fibers tends to limit the information rate
capabilities when the bandwidth of the radiation is not narrow enough.
In a waveguide laser the width of its radiation depends in addition to
the number of longitudinal modes on the number of lateral modes., Let

us therefore, devote our attention to these modes and their control.
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The lateral modes of a rectangular waveguide were discussed . %
in Chapter II. As an example Figure III.12a describes the (0,0) (1,0) :‘ ]
and (2,1) modes of a rectangular laser (the mode's nctation (m,n)

1 is suck that m+l and n+l denote the number of field extrema in the

E x direction and the y direction respectively). The thickness (t)

E of the guide is usually lu or less, while the width (w:' is a few

tens of microns or more, This means that the phase constant in the

T

y direction is much larger than the one in the x direction. In the
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