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OBJECTIVE 

Study and contribute to the advancement of integrated optical circuits (IOCS) and 
fiber optics and their application in communication systems. Emphasize applications in 
Navy and other DoD programs in aircraft, shipboard, and other systems. 

Contribute to and evaluate the state of the art in material and device techniques for 
the fabrication of IOC devices such as couplers, switches, and modulators.  Determine the 
feasibility of employing fiber optics and IOC technology in military applications such as 
high-capacity (multi-GHz) telecommunications and secure (nonradiating and radiation 
resistant) communication systems. 

RESULTS 

1. Single and multimode optical fibers of specialized shapes for optical integrated 
circuit interface applications have been successfully drawn. 

2. Horn-shaped structures, for efficient coupling of light between fibers and optical 
integrated circuits, have been analyzed and samples fabricated. 

3. The mathematical theory of periodically distributed perturbations of optical 
waveguides has been developed and applied to distributed feedback lasers, couplers, and 
mode converters. 

4. The power requirements for the fabrication of channel optical waveguides in 
glass by cw laser heating have been characterized experimentally. 

RECOMMENDATIONS 

1. Develop masking and photolithography for the fabrication of single-mode chan- 
nel optical waveguides. 

2. Develop low-loss single-mode glass fibers, 1-3 km in length. 

3. Develop optical interconnections between waveguides, fibers, and lasers. 

4. Develop optical integrated circuit elements such as waveguide couplers and 
electrooptic modulators. 

5. Provide continued support to the development of continuous room temperature 
laser diodes. 

6. Develop electronic drivers for electrooptic switches, modulators, and detector 
amplifiers. 

7. Assemble an lO''" breadboard demonstration system incorporating the low-loss 
fibers, laser diodes, and integrated optical circuits developed in this program. 

ADMINISTRATIVE INFORMATION 

The work reported here was sponsored by the Advanced Research Projects Agency, 
Material Sciences, Arlington, Virginia, under ARPA Order 2158, Amendment 1; Program 
Code 3010: Contract F2I5.01; Hlement 611 OIK (NELC F2I5). Work was performed from 

1 October to 30 December 1973. Principal investigator was D. J. Albares of NFLC Flectro- 
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Hall. W. F. Martin. T. G. Pavlopoulos, and H. F. Taylor of Code 2500, H. II. Wieder of 
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INTRODUCTION 

The fabrication of miniature solid-state opiical components and thii.-film waveguides 
to interconnect them on semionductor or dielectric substrates is becoming feasible with tne 
advancement of such disciplines as the materials sciences, quantum electronics, and guided- 
wave optics.  Integrated optical components     sources, detectors, modulators, and various 
coupling elements    on one or more tiny substrates w 11 comprise systems much smaller in 
size   nd weight than optical systems employing discrete components. The new systems will 
be much less susceptible to environmental hazards, such as mechanical vibrations, extremes 
in temperature, and electromagnetic fluctuations, because of their small size and high pack- 
aging density.  In addition, wideband active components, such as waveguide electrooptic 
modulators, will be able to operate at very low power levels because of the small dimensions 
involved. 

Integrated optics will perform a number of functions in the area of optical commu- 
nications. They include rapid modulation and switching by guided-wave elements using 
applied fields to generate small electrooptic or magnetooptic index changes, coupling, filter- 
ing of signals, light detection by p-n junctions or other structures in thin films, and light 
generation by thin-film laser elements. 

Guided-wave optical components have found an important potential use in the area 
of optical communications because of the recent progress in the fabrication of single-mode 
fiber-optic waveguides with very low losses. Fiber-optic waveguides with losses as low as 
4 dB/km at 0.85-jim and 1.06-/im wavelengths (for GaAs and Nd-YAG lasers, respectively) 
and with single-mode fibers having anticipated bandwidths as high as 10 GHz for a I-km 
length immensely widen the horizon of optical communications. However, devices must be 
developed to couple energy efficiently with the fibers and to process the optical information 
efficiently at rates approaching the bandwidth capacity of the fibers. 

Another promising area is in fast, high-capacity, high-density multiport switches for 
interconnecting networks. 

Fiber-optic waveguide systems offer significant advantages for military information 
transfer, both immediately, with discrete components and multimode fibers, and in the 
future, with single-mode fibers and integrated optical elements. These advantages include 
freedom from electromagnetic interference (FMI), elimination of grounding problems, and 
increased security (no signal leakage), as well as the potential for large savings in size, weight, 
power consumption, and cost.  In addition to high-capacity point-to-point communications, 
a major interest in integrated optics from a military standpoint is the potential for imple- 
menting a fiber-optic-transmission-line, multi-terminal (data bus) multiplexing system 
through low-loss coupling and modulation elements. This will provide isolated-terminal, 
redundant information transfer, thus facilitating the truly modular (including distributed 
computer) command control and communications system. 

The objective of the program reported here is to advance the material and device 
physics of integrated optics for military applications, to establish in concert with other Navy 
and DoD programs a continuing assessment of systeir requirements and cost benefits for 
R&D investments in each application area, and to produce prototype optical elements and 
subsystems that are aimed at satisfying these requirements. The work on the program that 
was performed at Naval F.lectronics Laboratory Center (NFLC) and on contracts adminis- 
tered by NELC was in the areas of integrated-optical-circuit (IOC) applications assessment, 
materials for IOC devices and substrates, pattern fabrication, theoretical analysis, compo- 
nents, and system concepts. 

Preceding page blank 

____»_.     - 
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Experimentally, effort lontinued to be centered on the fabrication of IO compo- 
nents, such as optical waveguides and waveguide modulators. The reason for this concen- 
trated effort in novel fabrication methods for optical waveguides and derived structures is 
that the employment of lOCs will be of practical interest only after inexpensive fabrication 
techniques have been developed. 

1. THEORETICAL ANALYSIS OF DISTRIBUTION NETWORKS AND 
ELECTRICALLY CONTROLLABLE COUPLERS FOR INTEGRATED OPTICS 

Thin-film and channel-waveguide optical couplers will be important integrated optics 
components. Applications of these couplers in optical networks, modulators, and 
multiplexers/demultiplexers would be drastically increased if the coupling were dynamically 
controllable by an electric signal. Electrooptic substrates can be used to control the cou- 
pling coefficient between two waveguides, but such a scheme would be inefficient because 
of the upper limitation on the change of the refractive index of existing materials that could 
be achieved with a reasonable voltage. A study of the power distributions (in a network of 
N parallel guides) as a function of the distance from the input plane has shown that eltctri- 
cally controllabU' couplers are feasible. 

SYMMETRIC AND NONSYMMETRIC OPTICAL NETWORKS 

I at us consider N identical optical waveguides with K being the coupling coefficient 
between two neighboring guides. The field Hn in the n guide is determined by the system 
of equations: 

dEr 

d/ 

dE, 

"7i7 

dE \ 
di 

= - iKEn+1 -iKEn., for2<n<N-l 

= - iKE2 

I K EN., 

where we have neglected the direct coupling between nonneighboring guides.  If the input 
light is fed into the m    guide, then the normalized initial condition is: 

1  for n = m 
En(0) ■ 

0 tor n ^ m 

The above system of equations can be written in matrix form as follows: 

d 
„ E * M * E d£ ~ 

E(0) = c   , (1.1) 
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where { = Kz and 

E = 
I' 
''hi 

f \ 

m1'1 element 

li 
'0   1   o. ...o 

1     0    1 0 
M      -il 0     I     0" •     0 

[0 •o 

Equation (1.1) can be solved by determining the eigenvalues and eigenvectors of the matrix 
M.  For N -••«, the solution of equation (1.1) are the well known Bessel functions: 

cn      ' ,' J|n-m|,'-*' 

For N finite, the solution can be determined in a straightforward manner with a digital com- 
puter.  In figure 1.1 we present the power Pn = EnEn* for a number of configurations 
(N=2, 3, and 5) with different input conditions. These various configurations can be used to 
perform a number of functions in optical networks. Some of the possible applications are 
shown in figure 1.2 and discussed belojv. 

Figure 1.2(a) shows an energy transfer function configuration. Complete transfer 
occurs if the coupling length is an odd integer of 7r/2K (see fig 1.1(b)). Figure 1.2(b) shows 
an energy divider configuration. The input energy is equally and completely divided be- 
tween the two outputs if the coupling length is 7r/2K\/T(see fig 1.1(c)). An elementary 
logic system is shown in figure 1.2(c). The two inputs A and B are in phase, and the output is 
given by the truth table. Figures 1.2(d) and 1.2(c) correspond to energy transfer from two 
inputs to two outputs, where the useful information is the amplitude or the frequency of 
the signal (assuming that the two frequencies aj| and wi are not very different so that K is 
approximately the same for both). Figures 1.2(f) and 1.2(g) represent a possible configura- 
tion for an electrically controllable coupler or switch which is discussed in the next section. 
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Figure I.:.  Dltterent conCigurations of optic;., network which could be used 
in energy transfer, energy distribution, controlled switching    (see text). 

ELECTRICALLY CONTROLLABLE COUPLER 

The basic configuration for an electrically controllable coupler (ECC) is shown in 
figures 1.2(0 and 1.2(h). The two permanent channel guides are imbedded at the surface 
of an electrooptic substrate. They can be formed by proton bombardment, ion implanta- 
tion, diffusion, or other techniques. The two guides are so located thai the direct coupling 
is very weak. In the region between the two guides, a third channel of finite length is 
dynamically generated by applying a voltage to the two electrodes shown in the figure. 
The resulting electric field generates a local change in the refractive index. This control- 
lable channel plays the role of a bridge between the two permanent guides. The electrodes 
should be located so that the cross section of the dynamic guide is .similar to the cross 
section of the two permanent guides. 

MMM „—^^ 
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The power distribution as a function of the propagation distance in a three-guide 
system, where the energy is fed in the first guide, is shown in figure 1.1 (d) and is given by 
(from equation 1.1): 

P. (z) = ^-|cos(Kv^2z)+ ll2   , 

P2U) = ■£ [sin(K\/2z)|2   . 

and 

P3(z) = j (cos(Kv^:z)-ll2   . 

where we assume that the direct coupling coefficient K' between the iwo permanent guides 
is « K. Complete energy tiansfer between the two permanent guides occurs if the control- 
lable channel has a length L ■ TT/KN/T 

In the absence of the bridge channel, the power distribution in the two permanent 

guides is: 

P', (?) = cos2 (K'z) 

and 

Pi (z) = sin2 (K'z)   , 

and the energy transferred over the length L is 

Therefore, the dynamic efficiency of the coupler can be defined as: 

The analytic expression of the coupling coefficients wah derived by Marcatiili* as: 

K = 
s-S   exp |-5(D-a)| ">..- 

7 r   ' r + s- Ka 

and 

K' = 
■)c s-6   expl-6(2D-a)| 

s2 + 62 Ka 

where "a" is the width of each channel, D is the distance between the center lines, K and s 
are respectively the propagation constants along, and perpendicular to, the propagation 

•Marcatiili. t. A. J., •'Dielectric Rectangular Waveguide and Directional (ouplei lor Integrated Optics. 
Bell Sys. Tech. J.. v «4«. p 2071-2102. September l%lJ. 
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direction in the coupler plane, and 6 is the exponential fall off between the guides   The 
above expressions were derived from well-confined modes, but they may be used as a good 
approximation in the general use. Using the above expressions of K and K' we can express 
L and rj as: 

L = 
jr_ 

2V2 

3 T 
s- + 5- 
—:—Kaexp [6(D-a)| 

s-6 

and 

TJ = cos" :[-^exp(-6D)l. 

We carried out a numerical study of the simplified coupler scheme shown in figure I 3(a) 
where the gwdes are thin-film layers, r,, is the index of refraction of the substrate and yk 
the percentage increase generated when a voltage is applied. 7 is also taken as the percentage 
index increase in the permanent guides. In figure 1.4 q and L/X are plotted as a function of 
a/A tor a fixed value 01 D/a, where X is the optical wavelength in vacuum. It is clear that 
lugh efficiency (q > 90*) is possible at high frequencies, and larger values of qi or 7 lead to 
a wider region ot high efficiency. On the other hand, the value of L/X increases with a/X 
To dlustrate. let us choose TJ, = 3.5. 7 = 0.001. and X = 1.15/i.  For an efficiency of 909 
then. 

a ■ 2.3/i. D = 3.45A< and L = 304/i . 

An efficiency of 997, can be achieved if 

a = :.3/i. D = S.lp.and L = 920/i . 

For shorter wavelengths, the above numbers are proportionally smaller.  In figure 1 3(b) 
another scheme for an electrically controllable coupler is shown. 

II 
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CONCLUSION 

The above results show that some simple structures can be used to achieve efficient 
dynamic switching over relatively short distances. The dynamic coupler may play a central 
role in complex optical networks and multiplexers/demultiplexers. A scheme for a four- 
cliannel multiplexc'r/demultiplexer is shown in figure 1.5. 

INTEGRATED 
DETECTOR 

\ 1 

JT. 

EC GUIDE C 3 

1    2 

JUT-        

12   3   4 

JUITLTL MAIN CHANNEL 

3   4 

-TLTL- 

4 

JT_ 

Vigure 1.5. Possibk configuration for a four-channel optical demultiplexer. 
The dashed guides art electrically controllable. 
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2. THEORETICAL INVESTIGATION OF MODE CONVERSION IN 
PERIODICALLY DISTURBED THIN-FILM WAVEGUIDES 

Periodic structures have a wide range of application in active and passive optical thin- 
film structures. Their stop-band, pass-band characteristic can be used lor disturbed feedback, 
filtering, and coupling. Their space-harmonic characteristic can be mainly used for phase- 
matched nonlinear interactions and for coupling to drifting electrons in a thin-film 
semiconductor. 

The case of coupling between nonidentical modes has been analyzed for the effi- 
ciency of the mode conversion and its use for mode generation, filtering, and distributed 
feedback. This analysis is applicable to higher-order mode feedback in a DFB (distributed 
feedback) laser operating on a lower forward mode. Such a scheme is sometimes more effi- 
cient than when the feedback and direct waves are in the same mode. 

The three important types oi" periodic structures analyzed are periodically inhomo- 
geneous thin-film guides, periodically inhomogeneous substrate guides, and thin-film wave- 
guides with periodic surfaces. All these structures are technologically feasible. 

WAVE SOLUTION AND BRILLOUIN DIAGRAM 

Electromagnetic waves can be guided in a structure which consists of a thin-film 
dielectric of relative permittivity e] imbedded in a medium of relative permittivity o <e|. 
For a transverse electric guided wave the field expression ,s 

E = Cy C u(x) exp (i K Z) 

' cos (sx)/cos(sL) 

sin (sx)/sin (sL) 

exp(8L-6|x|) 

sign (x)exp(6L-6|x|) 

u(x) 

(even modes, |x| < L) 

(odd modes, |x| < L) 

(even modes, |x| > L) 

(odd modes, |x| > L) 

(2.1(a)) 

(2.1(b)) 

where 2L is the waveguide thickness, C is the field at the boundary, and s, 6, and K are the 
components of the wave vector. These wave vectors are related to the frequency cj/27r by 
the dispersion relations 

2 J.  2 i 2 K*- + s"   = Cik^ 

and 

S = s 

5- = e2k2 . 

tansL (even modes) 

- cotansL (odd modes) 

(2.2(a)) 

(2.2(b)) 

(2.2(c)) 

where k = a>/c. The above relations have multiple solutions which correspond to the differ- 
ent modes. 

If the optical guide is periodic, the field consists of an infinite number of space 
harmonics of longitudinal wave vectors 

V = ^p + n K (2.3) 

13 
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where p is the mode index, n is the space-harmonic index, K = Zir/A where A is the pertur- 
biition period, and KP is to be determined. The corresponding Brillm.in d.agram cons.sts ol 
an infinite number of "subdiagrams." each identical to the diagram of a homogeneous tinn- 
film waveguide. Strong phase-matched coupling occurs at the intersection points between 
different harmonics, leading to reflection or mode conversion. Two types ol coupling could 

occur 

1   Codirectional. in which the group velocities of the two coupled harmonics arc 
parallel (fig 2.3(l)). In this case the energy is transferred back and forth between the two 

harmonics. 
2. Contradirectional. in which the group velocities arc antiparallel (fig 2.3(b)).  In 

this case, there is a one way energy transfer. 

MODE CONVERSION IN A PERIODIC ALLY INHOMOGENEOUS GUIDE 

Consider the case of a periodically inhomogeneous guide imbedded in a homogene- 

ous substrate, where 
(2.4) edz) = e^l + TJ cosK/)        with     17 « I 

and 

e-, = constant  . 

Without any loss of generality, we consider the Interaction between the n - 0 space harmonic 
til mode and the neighboring n • ±1 space harmonics of the qin mode.   I he phase 

(2.5) 

of the p 
matching condition is 

icp k ICq - K . 

The ♦ and - signs correspond, respectively, to the contradirection. I and codirectional inter 
actions, let «„ be the frequency at which tins condition is ntiffLd. For r, small, all the 

other space harmonics can be neglected 

(2.(0 

To understand and formulate the co ipling mechanism, let us consider the p1 ' mode 
wave of frequency W = «„ ♦ Ao;. The cor.esponding electric field can be written as 

Epo ■ Cpou'poC^expdic'pi) . 

where .'  - ICp ♦ AK. and u'po (x) is given by equation (2.1(b)) with « and 6 replaced by 
«L - sn i As ' and 6'  = öp V A6(V respectively. The terms Kp. sp. and Äp correspond to tla 
lJomo?eiKous guide'and A*. Asp. and A», are small perturbations caused by the inhomo- 
geneity.  Due to the presence of the periodic component in the dielectric constant ( Z.3). I 
spatially periodic convection current Jc is generated; 

Jc = -icJTje0e| cot (Kz) I po 

■   - IWTJ ^SllCpou'   (x.Wx)|expU»c^ KU + cxpi(itp-KUl (2.7) 

where h(x) = i for |x| < I and h(x) - 0 for |x| > I . This current will excite the two neigh- 
boring space harmonics.  Let us consider the case of contradirectional longitudinal phase 

16 
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matching. Then a backward qth mode wave Hq _| will be exciied. However, to determin.- 
the effective excitation current for the new qth mode, the current J,- has to be expanded as 
a function of the transverse modes: 

uj,0(x)h(x) - ^a^Ujfx) , (2.8) 

and only the term a'pj has to be taken into account. This corresponds to transverse phase 
matching. The expansion coefficients a'pj are given by 

/+oo                                                       +L 

Up(x)h(x)uJ*(x)dx     /        u'p(x)u*(x)dx 

Zf J-l  
PJ       /• +00 - ~r7z  

Uj(x)uj*(x)dx /        Uj(x)u*(x)dx 

(2.9) 

( (x)dx 

Now the corresponding wave equation is 

fa2    a-       ^ 
"T'~7Cpoapql,q<X,C (2.10) 

for |x| < L, and for |x| > L we replace €[ by c, in the parentheses.  Replacing Ha   1 by an 
expression similar to equation (2.6), we get 

[• (sq + Asq)- + Uq + A»c) 2        w   1^. 1 
-e|—JCq.-1uc (x) 

. „w26!,       , HK'+K'-K)?. 

~ V~T !2CPOipqVx)e (2.11) 

for |x| < L and 

[-(•q + A6q)- + uq + A)c)--e,^ 2        ^J" L. 
-e2~2    q.-i V** 

~ ^~l(Poapquq(x)e (2.12) 

for |x| > L. Using the dispersion relation inn the unperturbed case (2.2). neglecting second- 
order terms (small term x u^ = small term x dq), and expressing Asq and A6q as functions 
of AKq and Aw by differentiating equations (2(a)-2(c)). equations (2.1 2) and (2.13) reduce 
to: 

["^t^K-,"',7(4jW m  p.o • (2.13) 
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where, tor the even modes. 

H. 

and 

/ 

+L 

UpUq 
-L 

apq /i +00 

UqUq 
oo 

= < 

28   cos-(SqL) 

(6p + 8q)(l+6qL) 

6  L + sin-(SpL) 

p^q 

p = q 

For the odd modes, the sines and cosines must be exchanged. 
At the same time, the q,h mode jienerates a convection current which excites the 

pth mode; therefore, the coelficients C"q _] and Cp Q are also related by 

»qp  q.-i 
(2.14) 

where Bp and aqp are equivalent to Bq and apt, with p and q interchanged. Thus, to satisfy 
equations (2.1 I) and (2.15), we must have 

X = (ap-aq)V ±\/{ (ap + aq)-Y--T,-7^ (2.15) 

where 

X+ = AKJK ; X- '   A»cq/K Y = ACJ/CJ pq 

a; ■ "^-Bj    with  i =  p. q 

Vl      '4\c j   K V \K   K 
w 

w 
and 

|Kq| 

The term X corresponds to the normalized change of the longitudinal wave vector when the 
operating frequency is equal to o^ (I + Y). The characteristic of the above solution is that 
the longitudinal wave vector is complex in a frequency band (called stop band) centered at 
u     and of total width 

n -^pqTpJföp + V 

and the imaginary component of the wave vector has a maximum equal to 

M  = T/K7 

(2.16) 

(2.17) 
pq 

18 

^ 



w^mmmmit     i   i    i i u JIM mmmm*m**imtmimili^ ii"i i>\iiimr^mmmm*v^*m^'** iiiinimn M.mm i    ■   11        '■MI.WP mil 

The corresponding Brillouin diagram is shown in figure 2.1(b). In figures 2.2 and 2.3 we 
plotted the two parameters n/cjpa and 1/MX as a function of L/X for mode conversion (or 
mode coupling) from the forward basic mode to the backward basic and second even (p = 2) 
modes. X is the wavelength in vacuum. 

As would be expected from physical reasoning, the value of 1/MX (attenuation or 
coupling length) is lirge near cut-off because most of the energy is in the substrate where no 
coupling occurs. As the frequency increases, more optical energy is enclosed into the peri- 
odic guide leading to stronger coupling (1/MX smaller). This trend continues for the 0-0 
modes coupling. However, for the 0-2 modes coupling, after a certain optimal frequency, 
1/MX starts increasing again because, at high frequencies, the overlap term apq goes to zero, 
leading to weaker coupling. The coupling bandwidth behaves in a reverse manner.  It should 
be pointed out that no coupling occurs between an even and an odd mode because apq 
vanishes. 

In the case of codirectional interaction, the solution for X is 

(ap + aq)Y±v/(ap-aq)2Y2 + T?27^ (2.18) 

and the corresponding diagram is shown in figure 2.3(a). In this case there is no stop band, 
but the energy is transferred back and forth between the two modes. The characteristic 
energy transfer length 1"     is given by 

Tpq ■ t/2ll   . 

which can be determined from figures 2.2 and 2.3. 
If only one boundary is perturbed, then the above results are still valid with rj 

replaced by TJ/2. However, in this case, even-odd coupling can also occur. 

19 
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MODE CONVERSION IN A HOMOGENEOUS WAVEGUIDE WITH A PERIODIC 
SUBSTRATE 

The same method used above can also be applied to the case in which the waveguide 
is homogeneous and the substrate has a periodic dielectric constant. In this case, the source 
convection current is in the substrate, and equations (2.16) and (2.19) are valid with 7, 
replaced by Jpq 

where 

pq 

pq 

/L f+00 

»Aj        Vq 
r +00 

/ l,qUq 
w— ft« 

28   cos2(sL) 

(6p + 6q)(l+6(1l.) 

(2.19) 

We remark th;;t for p ^ q: 

pq    e 1 7pq (2.20) 

This is an important result, because it means that for e-i very close to ei. the coupling be- 
tween different modes does not depend appreciably on"the fact that the periodicity is in the 
guide or the substrate. In figures 2.2 and 2.3 we plotted the corresponding values of n/u)pa 

and 1/MX. For the 0-0 coupling, 1 MX increases with the frequency, because the energy 
tends to concentrate into the guide leading to weak coupling.  In the case of the 0-2 inter- 
action, the coupling ;.. 'Iso weak (I/MX large) near the mode 2 cut-off, because its energy 
is very thinly spread into the substrate, and the overlap integral bDt] with the 0 mode is very 
small. 'H 

MODE CONVERSION IN A HOMOGENEOUS GUIDE WITH A PERIODIC BOUNDARY 

The coupling strength and bandwidth have been determined by using an excitation 
surface current to represent the surface perturbation. 

Consider the p,h mode wave of frequency CJ = CJ^, + Aw. From Maxwell's 
equations 

;pq 

/    H = -icQe, OJ/   F (2.21) 

The surface perturbation is equivalent to a surface current, Jj,, on a"straight boundary, which 
is related to (he fields by 

j   H = -ieoe2"/L + /js (2.22) 
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Figure 2.4. A surface perturbation could be replaced by a surface current. 

The above two equations imply that 

: - i CQUJ -e-Ocj 

JSAZ = -ifo(ei -e:,to Ax A/ l 

x = L 

which gives the value of Js(using Ax - 17L cos Kz) 

Js = -ic0i7 Ke, -e:itJCOs(KzKp0 

iK.y 
e   ' (2.23) 

Tins surface u.rrent could be phase-matched with the neighhonng space harmonics For the 
case of contr .directional phase matching ( 2.H). a backward q» .node is cxc.ted. I he bound- 

ary condition for this new mode is 

H/(x=L+)-Hz(x = L-) = Jsl    . {2:'i) 

where Jsl is the component in phase with the generated wave. The above equation gives 

|s' tants^l-ö;,!^..,   - n-^-[\-T)   Cpo 

for the even modes. For the odd modes, the tangent must be replaced by minus cotangent. 
At the same time, the qth mode excites the p« mode, leading to | relation sim.lar to equa- 
tion ( 2.25 Mwith p and q exchanged), which then implies that 

ls^L-«;,I^Un^L-»'pl  - (iV^)  W (2.26) 

Thts relation replaces the boundary condition ( 2.2(c))of the hotuogeneous gu.de. and couples 
the two modes through the perturbation of the boundary. The other d.spers.on relations 

P Mailand (2.2(b)) are still valid. 
Replacing s', 6'. and K' by their expressions and following the same method as pre- 

viously, we find that equation ( 2.16) is still valid with 7^, replaced by 

Vl '      :    \( 7 Ky^p^ql 
(2.27) 

24 

-   -   -   — ^ ■      - - 
- - - ■-' 



1 

where 

d;  = 
6jL cos" (SjL) 

I +6^ ' = p.q 

For an odd mode, the cosine should be replaced by sine. This result is identical to the one 
derived by using the exact F-loquet solution. 

In a symmetrically perturbed waveguide, only even-even and odd-odd couplings 
occur. Even-odd couplings occur in the antisymmetric case,  it only one boundary is nt'- 
turbed, all types ot coupling are possible. 

In figures 2.2, 2.3, and 2.5 TJ/MX and n/T?cOpq are plotted for the 0-0. O-l. and 0-2 
modes coupling. Near cut-off. where most of the energy is spread in the substrate, the cou- 
pling is weak. The san.   ' :ppens at high frequency, when most of the energy is inside the 
guide and the field is small at the boundary. The strongest coupling (and therefore feedback 
or filtering) occurs at an optimum frequency somewhere in between. 
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Figure 2.5. Norniali/ed interaction length and bandwidth lor the 0-1 modes 
interaction in an antisymmetrically corrugated guide. 
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APPLICATIONS AND CONCLUSION 

The results of this analysis can be applied to the design of integrated optic filters 
and distributed feedback lasers. The terms tj/Mpq and «pq describe the coupling, filtering, 
and feedback efficiencies. The coupling coefficient can be used to determine the gain 
threshold of a thin-film distributed feedback laser, it is clear that for an optimum design, 
the operating frequency has to be selected in a well specified region. It should be pointed 

out that the product 

(""JH X(ap + aq) 
(2.28) 

is the same for all three structures studied and depends only on the properties of the unper- 
turbed guide and the operating frequency. This implies that if a structure is designed for a 
large coupling coefficient, then its bandwidth will be very narrow and vice versa. 

The above results can be easily generalized to any »ype of periodicity which can be 
expanded in a fourier series if TJ is replaced by the coefficient of the Fourier component 
used for phase matching. 
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3. ELECTROMAGNETIC THEORY OF BOUNDED DFB LASERS 

Great interest has recently been generated in the use of distributed feedback (DFB) 
cav.ties in laser systems. Since the development of the first DFB laser in 1971   most 
mvest.gat.ons have been directed toward thin-film integrated optics sources.  However the 
use of the DFB cav.ty in other types of lasers can have major advantages because it would 
eliminate the need tor mirrors, which are one of the major problems in the design of hich- 
powerasers (because of mirror burning) and ultra-high-frequency lasers (because of mfrror 
low reflectivity). 

In this analysis we study the interaction of electromagnetic waves with transversely 
bounded, active, periodic structures which can be used for DFB lasers   We study the 
coupling between different guided modes and take into account their "effective" gain   The 
lasing threshold gain and the longitudinal Held distribution are derived and discussed for a 
number of different laser configurations. Specifically, thin-film lasers, diffuse lasers fiber 
lasers, and capillary lasers with inhomogcneous cladding (fig 3.1) are considered and'it is 
shown that there are optimum designs for which the gain required for self-sustained 
oscillation is at a minimum.  Periodic index and surface perturbation distributed feedback 

'fT'np« y We diSCUS" the aPP|ications "f the above structures and. more generally 
of the DFB concept in the fields of planar integrated optics, optic fiber communication 
high-power lasers, UV lasers, and possibly X-ray lasers. 

To avoid excessive mathematical derivations, we limit our study to the case of TE 

bleTo TM    .? PlaHnaJMand C.irCUla/ COn
i;

1f,ura,i0nS; h0WCVer-the aPProach is dir^'y applica- ble to TM, HE. and tH modes.  An e-'wt time dependence is assumed 

THRESHC LD AND LONGITUDINAL FIELD DISTRIBUTION 

In principle, a periodic structure supports an infinite number of space harmonics 
However, for the case of small periodic perturbations, the coupled-mode theory can be 
applied rear the Bragg frequencies where only the two phase-matched interacting waves have 
sigmfic .nt amplitudes. The first-order Bragg phase-matching condition for feedback is 

where (p and ^q are the longitudinal wave vectors of the coupled p^ and qth modes and A 
is the period of the perturbation.  Let cJpq be the corresponding frequency 

If the operating frequency co is very close to w^ (w = «__ + Ato), then the couoled- 
wave equations for the forward pth mode wave Pq       ^ men ine ^P'ed 

Fpt^P2 

and backward q^ mode wave 

Jfin* Bq (z)e'^ 

are: 

+ 1f-(Cpg + iA^)Fp = ixpqBq a2) 

27 

ÜM 



i^m^a^mm^m •iPF-ww»^'^"r^pBivpp( m*^**~^*^ ^m^m 

3W-1 

'2 

T "I 
81     i*       i 'i« 

Hi ll 

f2(2) 

(al 

I'll Jt ii Hi ilL 

i:  {  9! 

f2 

'1 

(cl 

Idl 

L «--, 

c1+1 
x/d 

M 

^ +ae .v'-w)/d 

V' 
2VV 

■ •■"^'%;.i       r--* 

\(7 

.■ ? 11■. ■. i J J i..     1-—-y 

i 

HI 

Figure J 1   Bounded DFB laser structures stud.ed. (a) Thin-film DFB laser with a periodic gu.de mdex. 
(bTrhto-fital DFB laser with a penod.c substrate tndex. (c) Thin-film DFB laser with a P<^ "^ 
corrugation. The cases of one-boundary and both-boundaries corrugation were constdered. (d) DhB 
fiber laser   The upper configuration can be generated by particle beam machining ot a fiber. The lower 
configurat.on is harder to achieve, however, it can be treated analytically and is equivalent to the upper 
one (see text)  (e) Diffuse DFB laser. The distributed feedback can be generated by corrugatmg the 
surface, and guidmg is achieved because of the inhomogeneity. (f) Diffuse capillary DFB laser. Only 

the planar structure is considered. 

and 
dB.. 

._J!-(Cqg + iA^Bt 
1 xpq FP 

(3.2) 

fficients (C    Cq < 1), g is the medium gain (see where ('   and C"   are the gain efficiency coe 
(lain Ftliencv ioeffictent). xpq is the coupling coefficient which takes into account the 
transverse phase matching (see Coupling Coefficient), and A,p and A0q are related to Au transve 
by 

and 

HP     ^P doj 

aßq 

OJ pq 

A(jj 

Aoi 

(3.3) 

CO pq 
where ^p and ^q are inversely proportional to the slopes of the Briilouin diagram (group 

velocity) of the unperturbed guide at ajp(, 
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The general solution of the coupled-wave equation (3.2) is of the form: 

FP ■ r, ey
z + f2 eV« 

Bq = b1eTz + b2eVz   , (3.4) 

and, as the DFB laser is self-oscillating, the following boundary conditions, in the case of no 
end reflections, must be satisfied: 

FD(-L/2) = Bn(L/2) = 0   , (3.5) 

where L is the laser length   Replacing Fp and Bq in equation (3.2) by their expressions in 
(3.4) and using the boundary conditions (3.5), we find: 

7. 7 = Y^ g + i       -,   M   Aoi 

7-7' _ .              .  .     7-7'   , 
— " 4 ' Xpq smh  -*■   L 

and 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

Equations (3.6) and (3.7) relate the coupling coefficient, threshold gain, and laser length. 
Equations (3.8) and (3.9) give the longitudinal field distribution. We remark that: 

^4(c-^-^M2^r 
7 + 7 ..SRIS _. ÜA —p^ - S — g + 1  ^-^- Aco 

(3.10) 

(3.11) 

In the case of coupling between two identical modes (p = q), we get 7' = -7 and 

= [(r      '     '^ KCpg-H^pAw^ + xJq] 
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We remark that the threshold condition (3.7) in the case of p # q depends on 

and 

^n+^ 
ACJ 

However, this is not true for the longitudinal field distribution, which is proportional to: 

Kz) [' Fp(z) + Bq(z)irFp(; 

= A cosh   l( 

+ 1 sinh fDi-Dyjl (3.12) 

where A is a nomiali/cd parameter which is a function of the transverse (or radial) 

coordinate. ,.. 
Both the p and q modes are excited in the forward and backward directions.   Itius 

usually there are two independent sets of coupled waves; forward p coupled to a backward 
q and a backward p coupled to a forward q. 

UM solution for equation (3.7» is multivalued, leading to different longitud.nal 
modes. These modes correspond to .he laser spectrum. As will be seen later, the tirst 
longitudinal mode does not oscillate exactly at the Bragg frequency because the rellected 
wave is Aifted by t/2 relative to the original wave, and the double-reflected wave .sout of 

phase with the original one. 

COUPLING COEFFICIENT 
The coupling coefficient Xpn can be derived by solving exactly the wave equation 

and takmg mto account all the space harmonics. However, in the case of a small periodic 
disturbance, a simple perturbation method gives the same results as the exact solution. 

Consider a guided wave propagating in the unperturbed guide. The normalized 

electric field can be expressed in the fonn 

E(x. z) = u(x)exp(ißz) 
(3.13) 

where u(x) is the transverse distribution, which is completely determined by the guide con- 
figuration and the transverse wave vectors in the guide s and the cladding (or substrate) 6. 
The wave vectors 0 s. and h are related to the operating frequency by the dispersion relations 
for the appropriate waveguide.  Let 6,. e: be the relative dielectric constants of the guide 
and the cladding, and :W the width (or diameter) of the guide   The dispersion relations 
usually have many solutions which correspond to the different guided modes 
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11 any of the parameters e |, e2> or w 's pcriodieally perturbed so that 

(e^ei. w) = (cpfi. w) | 1 + rjcos(2ffz/A)l (3.!4) 

with TJ « 1. then a p1'1 nuxle wave 

up(x>e   P 

would generate a displacement current Jc or surface current Js ot diflerent longitudinal wave 
vector: 

't! up(x^ 

| e2llp(x) h'' p/cüSW') 

Up(w)/ 

J^)\M') (3.15) 

Any ot the two components ot the perturhation current could be longitudinally phased 
matched with, and therefore be a source current lor. a backward mode q which satisfies the 
condition 

ßp±ßq = 2»/A (3.16) 

The ( + 1 sign corresponds to contradirectional (or feedback) coupling and the (-) sign corre- 
sponds to the codirectional coupling. Only the feedback case is considered in the rest of 
this discussion. 

Due to the presence of the source current, the wave vectors s, 6, and ß will be per- 
turbed and have to be written as s' = s + As. 6' = 6 + A6. and ß' = ß + Aß. Solving for Aß. 
we get the coupling coefficient 

Xpq = lmag(A/3)   . 

It should be emphasized that the presence of boundaries and guided modes has a drastic- 
effect on the coupling coefficient (see Numerical Results and Applications). 

The above approach is valid for e and TJ complex, thus l oth index perturbation and 
gain perturbation are covered. 

GAIN EFFICIENCY COEFFICIENT 

If the guide or the cladding is an active medium of gain ci efficient g. the effective 
gain coefficient will then be equal to Cg with C < I. This is because the optical energy is 
never completely confined to the guide or the cladding. The coefficient C can be deter- 
mined by taking complex dielectric constants and solving the dispersion relations for ß. 
which is now complex.  In the case of low gain, a first-order Taylor expansion gives: 

F ': C = e,/Mk//3) 
1 +F 

(3,17) 
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for an active guide and 

./             F 

C = e^/l{k|ß)  
I + F 

for an active cladding, where 

„    6  f+sdf/ds 
F = - 

(3.18) 

(3.19) 
s h + 6dh/d6 

In the case of an active slab or fiber (Th mode) guide, the coefficient can be deter- 
mined from simple physical reasoning as 

1 
C = (320) 

P0 + Pj   COS0 

where Pj and P0 are. respectively, the power inside and outside the guide, and O is the angle 
between the optical ray and the /-axis. Both equations (3.19) and (3.20) give the same value 
for C.  A number of plots for different cases are given in figure 3.2. 

HIGHER-ORDER INTERACTIONS 
High-order Bragg coupling can also be used for feedback.  In this case the phase- 

matching condition is: 

0p + 0q = n27r/A (3 21) 

where n is an integer. This could be achieved in two different ways. 
If the perturbation is not sinusoidal but a periodic function which can be written in a 

Fourier series form, then the nth component can be used for phase-matched coupling and all 
the results of this discussion are valid with rj replaced by the n,h Fourier coefficient. 

Ever if the perturbation is sinusoidal, higher-order coupling exists. However, in this 
case the coupling coefficient is proportional to 

_,«   . (3.22) 

NUMERICAL RESULTS AND APPLICATIONS 

All four configurations shown in figure 3.1 were studied in detail.  In the case of a 
thin slab, we considered the distributed feedback due to index sinusoidal periodicity in the 
guide and the substrate, and for all four configurations we considered the case of sinusoidal 
boundary perturbation. The major characteristics of interest are:  (1) the threshold gain 
curves as a function of operating wavelength for different longitudinal modes. (2) the 
longitudinal-modes spectrum, and (3) the longitudinal-field distribution. We first discuss 
the behavior of the gain coefficient and coupling coefficient. We then discuss in detail the 
thin-film case and finally present in a more .ondensed way the properties of the other 
siructures with emphasis on practical applications.  For simplicity, m the following discus- 
sion all the structures are divided into two regions:  In the case of ttgurei 3.1(a) and 3.1(b). 
the central region will be called "guide" and the outside region "daJdinf." In the case of 
figure 3.1(c). the lower half space will be called "guide" and the upper region "cladding." 
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Figure ^2. Gain efndency ootflkiMM. (a) Case of a thin film with active guide or substrate   (b) Case of 
a diffuse guide with active homogeneous or inhomogeneous half space. 

In the case of figure 3.1(d). the central region will be called "channer and the outer region 
•guide      This notation is so arranged that at high frequency all the energy is in the "guide- 
region. This is evident in the case of the slab and the fiber. In the case of the inhomogeneous 
structures the energy tends to concentrate in the high-index region next to the boundary 
but still in the "guide" region. 
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CAIN AND COUPLING COEFFICIENTS 

The simplest characteristic th it could be generalized is the behavior ot the gain 
coefficient Cq. In the case of an active guide. Cq increases from a value b < 1 to 1 as the 
frequc y increases away from cut-off, because more energy is concentrated into the guide. 
Only in the case of the slab and the liber, b = 0. In the case of an active cladding or 
channel, Cq decreases from b to 0 as the frequency increases, b' = 1 for the slab and fiber, 
and b' < I m the two other cases. This behavior is clearly seen in figure 3.2. 

In the case of a slab with guide index periodicity, the coupling starts at zero near 
cut-off. because most of the energy is in the substrate, and then increases with the frequency. 
If the coupled modes are identical, this coefficient levels off when almost all the energy is 
inside the guide. However, if the coupled modes are not identical, the coupling coefficient 
reaches a peak and then »oes to zero, because the overlap integral vanishes at high frequency 
(the distributions inside the guide are orthogonal). This behavior is clearly seen in figures 
3.3(a) and 3.3(b). This type of periodic struture coi.ples only modes of the same symmetry 
(even-even or odd-odd). 

In the case of a slab with a substrate periodic index, the coupling starts at zero, 
increases to a maximum, then drops down to zero when most of the energy is confined 
inside the guide (figs 3.3(a) and 3.3(b). 

In the case of surface corrugations, the coupling is small near cut-off because most ol 
the energy is spread in the cladding. At first, the coupling increases with the frequency. In 
the case of the slab and fiber (fig 3.3) it reaches a maximum then falls off. because the 
energy concentrates into the guide and the field at the snrface becomes very small. In the 
case of the diffuse guide, the energy tends to concentrate into the high-index region which 
is next to the perturbed boundary and the coupling continues to increase. At very high 
frequencies. r?w becomes > X. and our theory is no longer valid. This behavior is clearly 
seen in figure 3.3. A symmetric surface corrugation will couple only even-even modes or 
odd-odd. An antisymmetric corrugation would couple on'y even-odd modes.  If only one 
boundary is corrugated, then all types of coupling are possible. In this last case, the value 
of TJ has to be doubled in the figures. 

SLAB WAVHGUIDE DFB LASER GAIN 

In figures 3.4-3.6 we plotted the threshold gain GL required for oscillation and the 
wave-vector mismatch as a function of the operating wavelength for a number of cases and 
for different longitudinal modes. Some of these curves show that there are optimum regions 
where the gain is at a minimum. These regions would correspond to an optimum design. 
To illustrate, let us consider the case of a surface corrugated DIB laser with gain in the 
guide and 0-0 mode coupling (fig 3.6(a)). For X = 0.9 jim, 2w= 1.2 pm, L = I mm, and 
rj = 1.5 X 10"-. the threshold gain coefficients for the first three longitudinal modes are. 
respectively; 

0^20 cm-1   . 

G-, - 27 cm"1   . 

and 

G3 ■ 30 cm' 
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If we consider the 0-1 modes coupling (adequately change the grating period), the threshold 
gain coefficients drop down to 

Gl = cm  ■ 

G-^Ocm-1 

and 

G* = 25 cm •I 

For the 0-2 modes coupling, the threshold gains are even lower. These gains are well within 
the limit of available active materials (semiconductors, dye). 

It is clear from the curves in figures 3.4 -3.6 that the selection of the DFB laser 
parameter is critical. 

In figure 3.7 we {lotted the longitudinal intensity distribution in the case of 0-0 and 
0-1 coupling in a surface corrugated guide at different frequencies. We remark that the 
intensity varies appreciably as a function of z, suggesting the fact that, in the case of relatively 
high-power lasers, where saturation plays a role, the field distribution ha  to be accounted 
for in the original coupled equations leading to a nonlinear system of equations. 

FIBER DFB LASFR 

The configuration for a fiber DFB laser that we considered is the one siiown in fig- 
ure 3.1(d). The upper configuration can be achieved by particle ^  iir machining or other 
techniques.  For angularly symmetric TF modes, this configuration is equivalent to the 
lower configuration, which has a groove depth equal to 

rjw iL/_y_V/2 

which can be derived by Fourier series expansion. 
In figures 3.8 and 3.9 we plotted the threshold gain arH field distribution for a fiber 

DIB laser. The general behavior is similar to the case of a slab. To illustrate, let us consider 
the case where d/2w = 0.01, rj = ftlO^*. L/w = 6600, and X/w = 1.2. For >, = 1 /im. this 
corresponds to w = 0.83 um. d = 0.016 pm, and L = 5.5 mm. The corresponding threshold 
gain for the 0-0 mode coupling is (fig 3.8(a)): 

GL * 3 * total gain ■ 25 dB 

for the first longitudinal mode. This gain can be achieved with many active materials (for 
instance, dye or neodymium doping). A larger value of d/2w would lead to even lower 
threshold gain. 

Such a laser could be used as the light source in an optical network system, thus 
diminishing the need of coupling from a planar source to a circular guide. 

DIFFUSE AND CHANNEL DFB LASFR 

In figure 3.9 we plotted the threshold gam for the diffuse guide and channel fuidc for 
a number of cases. The diffuse guide is attractive because it is very simple to implement. 
The channel guide can be used in capillary gas lasers with the advantage that the cladding 
inhomogeneity allows waveguiding. However, it has the disadvantage that the active medium 
interacts with the evanescent wave only. 

I 
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•igure 3.7. Held distribution along a thm-fiim DFB laser with surface corrugations, (a) Distribution for different 
longitudinal spectra for 0-0 mode coupling, (b) Distribution for the first longitudinal spectrum but for different- 
moJ-s feedback coupling. 
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Figure 3.8. Threshold gain coefffcienl ((a) and (b)) and longitudinal Held distribution ((c) 
and (d)) tor a DFB liber laser. 
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Figure 3.9. Theshold gain for a diffuse capillary DFB laser for different-modes coupling and 
different values of x. 
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4.  LINEAR WAVEGUIDE AND HORN-SHAPED COUPLING STRUCTURES 

Efficient transfer of energy from integrated optical circuits to fiber transmission 
lines can be achieved by employing special transition fibers to provide the necessary geo- 
metric and optical properties for efficient coupling between the structures. Figure 4.1 
illustrates the coupling concept. A series of transition fibers that couple external fiber lines 
to individual waveguides in an integrated optical circuit (IOC) is shown. Interwaveguide 
switches and/or modulators are contained within the IOC. For purposes of optimizing band- 
width and power consumption properties, the waveguides are as thin and narrow as possible 
and may be expected to be fabricated of high-refractive-index materials. 

A transition fiber is mounted to each output waveguide. The mounting, which may 
be accomplished for all the waveguides in a single step, is performed under controlled condi- 
tions and may be considered a part of the fabrication of the overall integrated optical circuit. 
The other end of the transition fiber is connected to an external fiber transmission line. This 
connection process must be capable of being accomplished in the field. By physically sep- 
arating the transition fibers at the transmission fiber end. coupling adjustment jigs may be 
used to aid in affixing the fibers. The use of end coupling to optically connect the fibers 
appears to be the most attractive coupling method from the point of view of minimal 
processing of the transmission fiber. To accomplish end coupling with high efficiency, the 
geometric and refractive index properties of the fiber ends must be matched. 

With the method of coupling between the transition and transmission fibers estab- 
lished, there remain two conceptual problems. One concerns coupling between the inte- 
grated optical waveguide and the trai.sition fiber and the other concerns a method for pro- 
viding a circular output geometry compatible with the transmission line. Because of 
geometric and refractive index mismatches, distributed coupling schemes appear the most 
useful method for achieving waveguide to transition fiber coupling. Distributed coupling 
can be obtained by fabricating the transition fiber as an externally mounted waveguide 
of rectangular cross section in the manner indicated in figure 4.2. The coupling itself is 
obtained by placing a periodic or other layer on the transition fiber and clamping the tran- 
sition fiber to the waveguide as indicated in figure 4.3. 

The externally mounted fiber in figure 4.2 has a rectangular cross section at one end. 
The cross section gradually changes to circular at the other end. The figure is intended to 
be symbolic, since such a cross-sectional change would be difficult to fabricate. Geometric 
conversion to a circular output can be achieved in waveguides wide enough to be multimode 
with the use of lensing or. to some extent, with shaping methods employing material depo- 
sition. An alternative technique for providing a circular output is to use a second transition 
fiber of circular cross section that is optically coupled to the rectangular fiber. Both fibers 
may be drawn on the same support fiber or they may be drawn separately and clamped to- 
gether. The addition of a second transition fiber can only be justified if the insertion loss of 
the coupling region is low and if mounting a single circular or nearly-circular transition fiber 
of small diameter to a waveguide is found to be excessively difficult, it is expected that the 
transition fibers will exhibit low-scattering-loss properties and that high efficiency can be 
obtained with distributed couplers. 

TRANSITION FIBERS 

Externally supported glass structures have been investigated as transition fibers, 
rhese fibers consist of a rectan|ular glass section drawn on top of a larger rectangular sup- 
port fiber which is of lower refractive index. In this configuration the supported fiber is 
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Figure 4.1   Use of transition fibers in uptiial communications systems. 
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Figure 4.2. Transition fiber to integrated optical waveguide interconnect geometry. 
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Ctpablc of guiding optical waves.  It has the major advantage over cylindrically clad fibers 
that on the unsupported side the guided fields can be readily accessed to allow a variety of 
distributed coupling techniques to be employed. 

Preliminary structures of this type have been fabricated by hand-drawing to a length 
of several feet. Typical structures consist of a 17 by 6 /im fiber on a 350 by 70 pm support 
fiber. These were produced by a two-stage process:  a 3 by I mm scribed portion of a Corn- 
ing 7051) borosilicate glass microscope slide of refractive index np = 1.53 was first drawn 
down to approximately 250 fim by 90 ym; a small length of this fiber was then placed on a 
5 by I mm scribed Corning 2941 soda lime slide (np = 1.51) and the composite structure 
drawn down. A propane flame was used for heating.  In the second drawing process, the 
flame was applied to the back of the substrate in order to prevent distortion of the guiding 
fiber prior to softening of the substrate. Cross-sectional views of mirror-like fractures of the 
fibers indicate that a rectangular shape is maintained in the guide with slight rounding of the 
upper edges. 

Guided modes have been launched in the externally mounted fibers by end launching 
using a focused (>33-nm He-Ne laser beam. To obviate the requirement for a polished per- 
pendicular end to the fiber in order to obtain high input coupling efficiency, the fiber end 
was contacted to a vertical glass slide by means of an index-matching oil (fig 4.4). 

DESIGN OF DISTRIBUTED COUPLING STRUCTURES 

Two aspects of the design of distributed coupling structures have been studied: the 
first concerns minimizing the effect of uncertainties and variations in parameter values on 
coupler performance, and the second concerns optinu/ing the parameters when their values 
can be accurately controlled.  Achieving an effective coupler in a minimum length is an ex- 
ample of the design objective. 

For the case of coupling between two modes, there is one coupler design which is 
useful in reducing the tolerance requirements on the propagation constants. This model has 
the propagation constants, k(z). varying linearly in z but in opposite sense for the two guides. 
A constant coupling coefficient is assumed.  At some z the two k(z) will be equal and phase 
match will occur over a limited region. When the actual values for k(z) differ from the de- 
sign values for the coupler, phase match will still occur, but the location of this region will 
be changed. 

This model is amenable to analytic solutions, for the resulting second-order differen- 
tial equations for the mode amplitudes take on the form of classical equations for parabolic 
cylinder functions. 

The analytic solutions to this coupling problem were examined to evaluate the effect 
of coupling coefficient and rate of change in k(z.) on the coupling efficiency and necessary 
length of the coupler. 

The functional rate of change in k(z.) can be described by a parameter which is intro- 
duced by writing for the two modes: 

k|(z) = k0( I +Xz.) k^z) k0( I - Xz.) (4.1) 

Significant phase match occurs near z = 0. and over a distance inversely proportional to X.  A 
constant coupling coefficient C is assumed, |C| « k. The resulting solution can he ex- 
pressed formally in terms ot parabolic cylinder functions of noninteger complex order and 
of complex argument. No tables exist for these forms, but power series expansions and 
asymptotic forms are available if numerical results are needed. 
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Figure 4.3. Variable-period periodic coupling as a distributed coupling scheme. 
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Figure 4.4. Arrangement used to launch waves on an externally mounted fiber. 
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5. MECHANICAL PROPERTIES OF GLASS FIBER WAVEGUIDES AND 
FABRICATION OF SPECIAL WAVEGUIDE SHAPES 

The fiber pulling machine was approximately completed I January and has been in 
regular use since that time. The maximum length of liber which can be wound on the diaw- 
ing drum is 500 meters. The production of lunger lengths, it required, will necessitate some 
modification and installation of a take-up storage reel. 

At present the maximum available furnace temperature is I :50oC. This is just 
enough to permit drawing pyrex-tvpe (borosilicate) glasses. 

Feasibility experiments were conducted to make single-mode fibers of silica 
(n = 1.4571) clad with vycor (n2 = 1.4562). Some successful trials were made pulling a rod 
and tube preformed by hand in an oxyhydrogen torch.  Fibers of lOO-^m diameter with a 
I - 5-ßm core were produced.  Previous experience has shown that structures which can be 
pulled by hand in this way can also be pulled in the fiber drawing machine. 

In general, these are exposed guides on supporting substrates, and the shapes 
attempted to date have been rectangular (for example. 20 by 5 um) guides or periodic 
linear structures with about 5-Mm spacing. The general approach is to make an appropriate 
macroscopic structure and then elongate it with the fiber pulling machine while reducing 
the cross-sectional dimensions. 

For example, a 1-mm-thick by 5-n m-wide by 80-mm-long strip of Corning 7051) 
(nD = 1.53) was placed on a substrate of Corning 7740 (nD = 1.47) which was 6 mm thick 
by 20 mm wide and the same length. The two pieces were heated to 1 200ÜC and pulled 
together to elongate the central section by a factor of 4 X 104. The result was a waveguide 
of dimensions 5 by 25-Mm on a substrate of dimensions 25 by lOO-^m.  More than 50 
meters of this structure were produced in a single pull. A view of a fractured end of this 
waveguide is shown in figure 5.1. A waveguide 10 by 100-»im was pulled in a similar way 

and is shown in figure 5.2. 
A preform for a periodic linear structure was made by placing a row of saw cuts 

\,un way through a thick substrate. The saw blade made a 0.25-mm-wide cut. and two 
cuts per mm produced a regular array with 0.25-mm period. The channels shown in figure 
5.3 are about 1 pm wide and the glass spacers «re about 6 ^m wide. The reduction in cross 
section expected from the drawing should have produced evenly spaced channels and 
spacers which were 2.8 *im wide.  It is apparent from figure 5.3 that the glass has tended 
to decrease its height and spread into the channels as a result of flow under surface tension 
forces during pulling. With suitable adjustments to the relative sizes of the saw cuts and 
spacers in the preform, a structure with a uniform period of less than 5 ßvn could be 

produced. 
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Figure 5.1. Cross section ot externally mounted 5-hy-25fini rectangular waveguide (I30JX). 

h—H 10 ijfn 

Figure 5.2. Cross section of externally mounted KWiy-IOO-jiin rectangular waveguide (I .<0()\) 
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Figure 5.3. Cross section of the drawn structure from a glass slide with row of saw cuts (1300X). 

50 

■M 



6. POWER REQUIREMENTS FOR FABRICATION OF OPTICAL 
WAVEGUIDES BY CW LASER HEATING 

Practical application of integrated optics devices depends to a large extent on the 
development of convenient methods for producing single-mode channel waveguides which 
confine a beam in two dimensions. 

A major problem in the fabrication of channel waveguides lies in the size of the 
groove and in its dimensional tolerance. The width of a single-mode waveguide must be of 
the order of X, and wall roughness must be less than a tenth of X to minimize losses. A new 
technique has been developed for fabricating very narrow channel optical waveguide;.. 
These waveguides overcome this problem. This method allows fabrication of waveguide 
structures in both passive and electrooptic dielectric substrates. 

Originally, the grooves produced by the cw laser beam were filled with a liquid 
which had a higher index of refraction than that of the filter glass. Waveguiding was ob- 
served in the grooves. Howeve:, these experiments were discontinued after strong wave- 
guiding was observed under the grooves without any filling. 

WAVEGUIDE FABRICATION 

The apparatus for fabricating the waveguides is illustrated in figure 6.1. The 488-nm 
line of a Spectra Physics Model 164 argon ion cw laser is focused with a 20-power Bausch 
and Lomb microscopic objective on the surface of a 1-mm-thick glass filter,  in most of the 
experiments, a 2 by 1/4-inch piece of OG 550 JENA color filter was used. The color filter 
glass was obtair.ed from Fish-Schurmax Corp. Probably. OG 530 could also have been used. 
Grooves were also produced on OB 570. OG 590. RG 610. and RG 630. However, the 
RG 630 started to absorb the 632.8-nm line of the He-Ne cw laser which was employed for 
the waveguiding experiments. All these filters strong''/ absorb the 488-nm l.ne. 

The color filter was mounted on an assembly which consisted of three translation 
stages to provide precision motion in the X. V. and Z directions. The X and V stages al- 
lowed movement perpendicular to the focused laser beam. The Z direction was used for 
focusing. 

COLOR GLASS> 

MICROSCOPIC OBJECTIVE 

GROOVES 

-•-TRANSLATION STAGE Y 

I 

Figure h. I. hxpenmenial arrangeiiKni. The sample ismounied on an assembly consisting of three transla- 
tion stages for movement in the X. Y, and Z directions. Only the Y-direction translation stage is shown. 
As this stage is moved up or down, arrays of parallel grooves are produced on the sample. 
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Straight grooves were produced by moving the colored glass at constant speed in the 
X direction. This was accomplished by connecting the differential screw of the X  tage to :i 
variable-speed electric motor with the aid of a flexible cable. One motor could be   aried in 
speed between 0 and 17 r/min, resulting in a sample speed from 0 to 270 fim/wc. The other 
motor operated between 0 and 96 r/min, which corresponded to a sample speed from 0 to 

nOOpm/sec. 
The Y transition stage was a precision stage obtained from Lansing. It allowed 

moving the color filter up or down to fabricate parallel grooves and had an accuracy of 
0.13 ptm/div. One could also attach an electric motor to this stage as in the Y stage. This 
would make it possible to fabricate bends and related structures. 

Proper focusing of the laser beam on the surface of the sample for writing small 
grooves presented a major problem. Rough focusing was present when maximum reflec- 
tion of laser light was observed from the surface of the sample. This area covered a range 
of about 3 Mm. Fine focusing had to be i ccomplished by trial and error. The smallest 
grooves produced were about d = 2 prni wide. However, these grooves could be produced 
only with very close focusing, which was rarely achieved. Often, only the beginning or end 
of the narrow groove would show up on the sample. In addition, because of the low resolu- 
tion of conventional mi .roscopes. the width of these grooves could not be measured exact- 
ly. The waveguiding properties of the 2-»im-wide grooves were not good. However, grooves 
wider than 3 fun, possessing very good waveguiding qualities, could consistently be 

produced. 
To observe waveguiding, an experimental setup was employed consisting of a 1.5-mW 

He-Ne cw laser, two microscopic objectives mounted as translation stages for input/output 
coupling, and an observation microscope. One microscopic objective coupled the laser light 
into the guide in an end-fire configuration and the second projected the near-field pattern of 

the end of the waveguide onto a white screen. 
Finally, waveguides with corrugations (periodically varying thickness) can be fabri- 

cated by the partial insertion into the laser beam of a mechanical chopper. 

WAVEGUIDING OF A SINGLE GROOVE 

Figure 6.2 presents a photograph of a side view of a groove about 4 /im wide, pro- 
duced by about 320-mW power at a sample speed of 0.5 mm/sec (fig 6.2(a)). The pattern 
of the guided helium-neon cw laser beam (633 nm) is shown in figure 6.2(b). 

When the guiding groove is viewed from the top with the aid of a microscope, no 
scattered light line is observable. This indicates that scattering losses are low. The low-loss 
property of these grooves    indicating smooth edges - is not surprising, because of their 

thermal origin. 
Figure 6.3 shows a photograph of the end view of some grooves. Several interesting 

observations can be made; (1) The grooves have no surface ridges, suggestim, that material 
has disappeared. This leads to the conclusion that the temperature created at the focal 
point due to the st .ng absorption by the glass filter is sufficiently high t J evaporate some 
of the glass. (2) Around the grooves, especially under them, a considerable change in shade 
is evident. This indicates a change in the index of refraction of the glass in this area. Ob- 
viously, the occurrence of optical waveguiding in this region indicates that the index of re- 
fraction has increased. Heat generates strain in most glasses, and this strain must lead to 
the change of refractive index. The type of filter color glass employed in these experiments 
obtains its color from dissolved metal oxides. The high temperature created at the focal 
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point of the laser might also cause some composition changes in the glass, which could con- 
nbute also to the change in refractive index. Finally, the high electric fields present at the 

laser local point could also have a polarization effect, which would also cause changes in re- 
fractive index. (3) The grooves are rather deep with respect to their width. 

PARAMETERS WHICH DETERMINE GROOVE SIZE 

To determine the relationships between laser power applied, groove size, speed of 
sample, and efficiency of waveguiding, several experiments were performed. The results ob- 
tained need the additional precision of electron microscopy to measure groove width, d, 
accurately. The conventional microscope used in the experiments reported here allowed a 
determination of groove width to ±0.2-^m. Figure 6.4 presents groove width as a function 
ot laser power applied at constant translation speed. The power of the beam was measured 
with a meter positioned inside the laser. However, the power values shown in figure 6.4 
are high. Tf- laser beam, after passing through the spatial filter and the microscopic objec- 
tive, could have lost about 25% of its original value. 

From figure 6.4 it is apparent that the relation between applied power P and d for a 
certain speed v is a linear one: 

P = md + P,   . 

At different speeds, one obtains straight lines passing through the same point P0. 

P = m(v)d + P„ . 

(6.1) 

(6.2) 

200 260 300 350 400 
P(mW)- 

F.gure 6.4. Plot of groove sue d (/im) as a tunct.on of applied power P (mW) al lour dilfe 
translation speeds v (/im/sec). 

rent 
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This simple relation is difficult to understand. It would suggest that the same mini- 
mum power P0 is always required before a groove is produced, independent of translation 
rate v. Any power applied above P0 evaporates some of the material producing a groove. 
P0 represents power losses due to reflection of the laser light from the surface of the sample 
plus losses from heat convection. The losses resulting from reflection should be more or 
less independent of translation speed v. However, power losses from heat convection should 
be dependent on speed v. Possibly, losses from heat convection are small. 

The slope m(v) does not change much, even if the speed is changed over a wide range. 
This may suggest that the slope m(v) depends logarithmically on the speed v. Figure 6.5 
seems to confirm this assumption. Indeed, plotting the speed v on a logarithmic scale as a 
function of the slope m yields a straight line. Consequently. 

P = a log v d + P0 (6.3(a)) 

1000  — 

Figure 6.5. Plot of the four different slopes mi (©). mi (Of. mj (•!, and 
m4 (®t as functions of the different translation speeds v. 
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It was felt that the validity of relation (6.3(a)) should be tested further, because it 
rests on only four points (slopes m). A large number of grooves were produced at constant 
power (P = 320 mW) but at many different speeds. P = constant implies: 

P-P0-alogvd (6j(b)) 

or. 

d = -M log v + N (6.4) 

This equation is indeed confirmed by the experiments. Groove size plotted as a loga- 
-ithmic function of speed (fig 6.6) yields a straight line with negative slope. 

Figure 6.6. Plot of groove size d (pm) as a function of translation speed v 
(Mm/sec>. v is presented on a logarithmic scale. All grooves were written 
with the same power (P ■ 320 mW). 
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WAVEGUIDING PROPERTIES 

Of more importance than the above relations between cw laser power applied, speed 
Of writing, and groove size, are the waveguiding properties of the grooves. For example, one 
would like to know how applied power, translation rate, and waveguiding properties are 
interrelated. To obtain information on some of these questions, several grooves were fabri- 
cated at constant power (P = 320 mW) but at different speeds v (translation rates). 

Two sets of grooves were fabricated at the same power and translation speeds. To 
measure the intensity of the guided light (relative power out), the second microscopic 
objective was adjusted to project the collected light of the chopped laser light on a PIN 
diode. The relative power out was recorded with the aid oiTa lock-in amplifier. Maintaining 
constant input coupling into each of the two different sets was difficult. In order to obtain 
comparable results, the s-imple must be moved exactly perpendicularly to the focused laser 
beam. The amount oi relative power out also depends critically on the focusing itself and 
at what point under the groove the light is focused. Although it was not possible to find the 
exact alignment which would have produced the same power out for the two different sets 
of grooves produced, the experimental results presented in figure 6.7 are informative. Good 

200 400 600 800 1000 1200 1400         1600 

TRANSLATION RATE v(»im/«ecl  

Figure 6.7. Relative power out of optical waveguides (grooves) fabricated 
at different translation rates v(/in)/sec) but the same power (P = 120 mW) 
The figure shows measurements on two identical sets. 

58 

MMM  m 



'«~-^*im*mm WH I»IIUWII " --—.-..■■        ■       -     M 

waveguiding seems to be present over an exceptiomlly wide range of translational speeds 
(from 100 to 1600 pm/wc). Although this amount of relative power out decreases steadily 
with increasing speed, this does not necessarily imply that the waveguiding quality of the 
grooves gets poorer. With increasing speed, the grooves become narrower, which means 
that the guiding area would also become smaller, resulting in a simpler mode structure ol 
the guided light. However, with smaller guiding area, the difficulty of coupling light 
efficiently into the waveguides also increases. This may explain the small decline of relative 
power out with larger speeds. No electric motor was available which could be driven at 
translation speeds greater than 1600 /im/sec. The highest translation speed employed 
(1.6 mm/sec) is actually very high. Consequently, grooves with good guiding properties can 
be fabricated at fast translation rates. This fact should be significant for mass production 
of cl' mncl waveguides and derived structures by the method described in this article. 

FREQUENCY-SELECTIVE WAVEGUIDES 

Waveguides with periodically varying thickness should be frequency selective in their 
waveguiding properties.  If one employs a chopper having 16 plates which is driven by an 
electric motor at 3000 r/min, and the sample moves at a translation rate of v = 160 /im/sec. 
periods as small as 0.2 fun can easily be obtained 

Figure 6,K shows a photograph, obtained with the aid of a microscope, of a wave- 
guide fabricated at v = 154 fim/tec, cutting off 3/16 inch of the 5/8-inch-wide laser beam. 
The 16-plate chopper was driven at 4C) r/min. 

An important problem in integrated optics circuitry is the coupling of guided light 
from one waveguide into another. One solution to this probK-m may be to use a center wave- 
guide and two parallel waveguides, the waveguide on the left side of the center waveguide 
having a period of X|/n and the one on the right a period of X2/n   '• t'11',wo waveguides 
are positioned at the proper distance and have the proper length, frequency-selective coupling 
between these channel waveguides should take place. 
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Pigureh.N   Waveguide with petiodw structu e   Rie top waveguide was produced wilh.nu 
inserting the mechanical choppei   Both ?r.H.ves were labricated with a powei P    .^0 mW 
and a translation rate v = l<>n>iiii sec   Pie lopgioove isaboui d = S »im wide   Fhc 
periodic groove is also 5 pm in thickness al its widest pail    Hie period is about I I pm 
md »as produced with a l(.-bladech<ipper. rotating al about 4»i i mm 
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