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_ _ _ _ _ _ _

Introduction

In tegrated optical techniques hold promise f or providing

modulators with bandwidths in excess of those available with con—

ventional bulk devices . In this report we review aspects of the

elect r ical p roperties of d i f f r ac t ion  modulators . Estimates are

obtained fo r the capacitance and figure of merit with particular

emphasis on the range of geomet ric characteristics in which the

modulator electrode width and spacing is of comparable dimension

with the thickness of isolation layers used to reduce optical

absorption by the electrodes.

Realization of wide bandwidth operation is dependent on

material proper ties in both the optical and microwave modulat ion

frequency range. In that regard we also discuss in brief aspects

of the absorption properties of polar liquids and methods for the

introduction of microwave signals into modulator configurations.

1
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I. Electrical Properties of D i f f r a c t i o n  Modulators

The development of wide bandwidth electro—optic modulators is

dependent on achieving device designs that result in low voltage, low

capacitance structures. In general, the smaller the device the greater

is its potent ia l  bandwidth . In this section we outline properties of

th~n film diffraction modulators that are fabricated with interdigital

fingers and that employ low index isolation layers to separate metal

fingers from the waveguides. Pr incipal interest lies in the capacitance

of the device and in the electric field in the active medium . A range

of geometric parameters is treated that is consistent with the idea

that a practical modulator should have dimensions as small as possible.

The mechanism of modulation in the diff r action modulator is

conversion of guided wave energy from one spatial harmonic to one or

more others. The width of the device must be sufficient to accommodate

the incident beam with some appropriate safety factor. Although the

first thin film diffraction modulators2’3 have contained many finger

electrodes , the same concepts of interdigitation and spatial conversion

of guided wave energy apply down to linear waveguide structures that

are a wavelength in width and contain only two or three fingers . Thus

with generally small corrections due to end effects the results that

are presented in this section apply to a wide class of thin film

elect ro—optic  modulators . 

—- ----—— - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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a. Approximate Solution for  the Electrode Field

Our interest lies in obtaining approximate solutions for the

electric field generated by an interdigital structure immersed in a

multilayer dielectric medium (Fig. 1). The problem is treated as a

two—dimensional one through neglect of the fringing fields at the end

of the fingers. Knowledge of the potential distribution ~(o ,y) between

the f i ngers is tantamount to a full  solution of the problem . Our

approach to the determination of capacitance and field parameters is

to start with an approximate expression f or ~(o,y) obtained on the basis

of physical arguments . Aspects of the error in the approximation will be

di scussed in a later report under this contract .

The equipotential surfaces about the fingers of the interdigital

structure have an expected appearance resembling that shown in Fig. 2.

The fingers themselves may be modeled as elliptic surfaces with major

axis approximately equal to the finger width 2b. Near the fingers the

equipotential surfaces will also have an elliptic appearance. Our

approximate solution for (o,y) is obtained using the concentric elliptic

configuration illustrated in Fig. 2(b) in which the outer ellipse has a

major axis of length 2a equal to the distance between finger centers.

The solution for  the potential distribution within confocal

ellipses is well known4 and may be deduced from the conformal napping

z = (y + i z )/b  = cos W = cos(u + iv) = cos u cosh v—i sin u sinh v

(1)

In (1) v = constant defines the equipotential surfaces. The solution for

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the pote ntial dist r ibution is

= (V /2)v/cosh~~ a/b (2)

with

v = sinh~~ [ (y
I 2 

+ z ’2 
- l)/ 2  ± ((y ’2 

+ Z
I 2 

- 1) 2 /4 + ~ t 2j½j½ ~~

and y ’ = y/b , z ’ = z/b . The plus sign in (3) yields zero potent ia l  over

the inner ellipse (z=0 , Iy I b) and is the desired solution.

The electric field between the electrodes at the interface z0

is of primary concern and is found by differentiation of (3) with the

plus sign to be

E = -(V 0/ 2 cosh 1 a/b ) ( y 2 
- b

2
Y~ ~~( y / j yj )  (4)

Note that the dimension b in (4) is properly half the distance between

foci of the inner ellipse rather than the semi major axis and that the

singularity in ~~ is removed for electrodes of finite thickness.

The charge per unit length on the inner conductor may be found

from the capacitance of confocal ellipses
4 

to be

Q = -(v /2 )  2~ c/cosh~~ a/b (5)

This expression may be verified by integration over the charge density

on the inner conductor. The charge density is found to be

P =
s z=O

= -(V c/2b cosh~~ a/b ) (l - y
2/b 2)~~ (6)
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Use of the subst i tutuion (y/b) = sin 0 perm .its ready integration of (6)

The interelectrode potential and field distribution represented

by (3) and (4) respectively are sketched in Fig. 3 for  the case in which

the gap and electrode width are equal . The relatively broad region of

nearly uniform potential gradient is consistent with intuition . Note

tha t  the electr ic f ield is only about a third of V /gap width.

b. First Harmonic of the Field

In examining the diffraction effects of the interdigital structure,

we limit our interest to the first harmonic of the applied field. This

componen t extends deepest into the waveguide and provides the principal

electro—optic interaction . In this paragraph we describe the relationship

between the first harmonic term and the geometrical and electrical

properties of the structures. -

The elect r ic f ield i l l u s t r a t ed in Fig. 3 may be represented by

a Fourier series with period 4a. The odd behavior about x = 0 assures

that a sine series may be employed and the even behavior about x = ±a

indicates that only odd terms in the series are nonzero. Thus (4) may

be expressed

E = EA sin(n + 1/2) lTy/a (7)

where

A = (2/ a) ( V
0/2cos

_l
a/b)f(y

2_b 2)
_
~st n (n+1/2)~ y/a dy (8) 

——~~~- - — — —  ~~~~~~~~~ V-~
- - —- .V.-

L
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To obtain an approximate closed form for (8) when n = 0 , the sine

function will be modeled by the constant plus ramp function

sin ~y/2a sin iib/2a + (1—sin rrb/2a)(y—b)/(a—b ) (9)

This model yields the correct value for the sine function at the

singularity of the integrand , provides the same peak value of 1 at

y a, and generally underestimates the integral. Using the relations V

f(x
2_b2)~~ dx =

fx(x 2_b 2) _½ 
dx = (X

2_b2)½

integration of (8) yields

A0/V /2a 2[sin 7Tp/2_p+(1_p 2)½ (l_sin ~p/2)/cosh~~p~~J/(l-p) (10)

where p = ab/2a = finger width / distance between electrode centers.
Equation (10) expresses the first harmonic of the electric field at the

electrode plane normalized to the app lied voltage/2a. The parameter

A /V /2a as expressed in (10) is shown sketched in Fig. 4. The

underestimate provided by (10) may be expected to be significant only

at small values of p.

The Fourier components of the electric field beyond the electrode

plane exhibit an exponential behavior as may be deduced from Lap lace ’s

equatfon using the Fourier component of ~~ . When the modula tion freq uency

permittivities of all the layers are the same the solution for the

electric field takes the form

--  — —-V--~——— —-—~~~~~~~~~ —- — - - - .~—- V.- V - V - - - --.-- ~~~~~~~~~~~~~~~~~~~~~~~ - -~ - -  -~-—. --~~~~~ - -~- — - — - — --.~-~-- - -
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E =
~~~

Arfexp - (n+1/2)jzI/a)[sin (n+l/2)iiy/a±cos(n+1/2)~ y/ a  ~
] (11)

Note that each component of E satisfies the equation V~E=0 when the V

appropriate ± sign is taken in (11). By approxima ting the aperture

field we have isolated the regions above and below the electrodes. The

An 
bo th above and below the electrodes is expressed in (8).

In the presence of layers with differing permittivity the general

e.xpression for the electric field includes both increasing and decreasing 
V

exponentials in the form

E =~~~(C~ exp_ (n+l/2)z/a + D exp (n+1/2)z/a)sin(n+l/2)lTy/a ~

÷ (—C exp- (n+l/2)z/a + U exp (n+1/2)z/a)cos (n+l/2)~ y/a ~ (12)

The coefficients in each region may be determined by matching the

boundary conditions which are expressed

E = A - E and cE continuous (13)
)‘
nlz O ~

‘n 
Z

Our interest lies in determining the solution for the first harmonic - 
-

term inside the waveguide. Under proper design conditions the amplitude

of the first harmonic will be small at the waveguide face opposite the

electrodes . A simplified approxima te solution to the linear boundary

matching equations may therefore be obtained by app lying (13) to the

elec trode interface and to the waveguide interface nearest the electrodes.

This procedure results in the folio~ ing expression for the first harmonic

of the electric field in the waveguide

E A ’ (exp—iiz/2a) (sin iiy/2a — cos Fy /2 a ~
) (14) 

a ~~~~~~~~~~~~~ —--~~~~ —--~~ -.~---- —— p
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with

A ’0/A0 = 2/ [1+c 2 / c 1)e xp i r t/2a + (l—c 2/c1)exp —vt/2aJ 
(15)

In ( 15), ~~ is the permittivity of the isolation layer, £2 
is the 

V

permittivity of the waveguide and t is the thickness of the isolation

layer.

The parameter A . \ Q represents the loss in electric field

intensity due to the presence of the isolation layer. When the-

waveguide itself has a high permittivity , as occurs with materials

that exhibit the strongest electro—optic effects , there is a diminution

of electric field intensity due to both the exponential decay and to

the dielectric mismatch. Figure 5 shows a sketch of A ’
0/A0 as expressed

in (15) for two cases. In one the permittivity of the waveguide and

isolation layer is the same , in which case the field decay is independent

of the permittivity . The other curve shows the field decay for a

nitrobenzene waveguide (c
1 = 35.7) and a quartz (C  = 3.78) isolation

layer. This decay is a moderately rap id function of the ratio of the

layer thickness to the finger separation because of the large dielectric

mismatch .

The parameters A / V /2a and A 1
0/A represent the amplitude of the

firs t harmonic of the electric field at , respectively, the electrode

plane and the waveguide interface nearest the electrodes . These p ar ameters

are functions of the geon~etric and electrical properties of the strt:cture

and enter into the evaluation and design of the diffraction modulator as

will be further discussed in paragi aph d.

- _ _ _  ~~~~~—--- - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-— V -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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c. Equivalent Circuit of the Diffraction Modulator

From the input electrical point of view , the diffraction modulator

is principall y a charge storage device and represents a capacitive load

to an electrical system . A typical device length necessary to achieve

f ull energy convers ion of the op tical signal might be a few millimeters.

Within a factor related to optical and modulation frequency refractive

indices , this length also represents the wavelength of the modulating

signal at the frequency that corresponds to the optical transit time of

the device. At modulation frequency wavelengths longer than a few

mill ime ters , therefore , the diffraction modulator can be treated as a

lumped element. A typical transit time is on the order of i0~~~ sec.

and the freq uency b elow which the device may be considered to be lumped

may be es timated as 1010 
Hz.

The capacitance of the interdi~ ital st ruc ture can be de term ined

as the ratio of the total positive charge on the electrodes to the applied

voltage. The total positive charge is equal to the product of the number

of f inger pairs by the charge on each finger. Equation (3) expresses the

charge per unit length on one finger when the permittivity of all the

regions is the same. Under the assumption that the regions above and

below the electrodes are isolated , the charge on each electrode is one

half the sum on either side ‘nd the capac i tance  may be expressed

C = 
~
r / 2 ( l ±c / c b ) (cosh

~~ 
a/b )~~ N Q C

b 
(16)

where N is the number of finger p~tirs , 9~ is the length , and c and

V - — - - - - - - - - ~~~ -- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
-
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refer to permittivities above and below the electrodes. Sample numerical

values obtained for (16) when a = 2b are (O.O8pf/min)N2. with quartz on

both sides and (0.42pf/mxn)Ni with quartz on one side and nitrobenzene

on the other.

The effect of an isolation layer between the electrodes and a

high permittivity waveguide is to reduce the capacitance of the structure.

To evaluate this effect the charge on an electrode may be recalculated

from the electric field obtaine d upon solution of the boundary matching

equations (13). As an approximation to this tedious procedure we may

assume that the isolation layer is sufficiently thick so as to include

the decay distance of all but the first harmonic of the electric field.

As justification , recall that the next harmonic term decays at a rate

three times as fast as the first. Referring to equation (12), the

increase in charge on an electrode containing positive charge due to the

presence of the waveguide may be expressed

= e~fiEd~ c
1

(C
1
_D
1
_A
0
)[cos ~y/2a  dy

= c
1

(C
1
—D
1
--A )(4a/ir) sin rrb/2a (17)

where c
1 

is the per mitt ivi ty of the isola tion layer , A is the amp li tude

of the first harmonic of the electric field when the isolation layer is

inf in i tely thick (eq./O) , and C1 and D1 are the c o e f f i c i e n t s  of the

exponent ia l ly c’.ecreasing and inc reas ing  e lec t r ic  f i e l d  components ,

respectively ,  in the presence of the waveguide.

To evaluate  (17) the approximate  boundary  ma tch ing  equat ions

ob ta ined  from (13) b y neg lec t ing  the e f f e c t  of the waveguide boundary

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ - _V ~~~~~~~~~~~~~~~~~~~~~~~~ —~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ — ~~~~~~ 
V.—V

~~~~~~ V— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~~~~~~~~~~ - -—
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more dis tant  from the electrodes may be employed as in the previous

pa ragr aph.  The coeff ic ients  C1 and D1 are solutions of the equations

C + D  = A1 1 o

C1 exp —it t /2a  + D1 exp irt/2a = A’0 (18)

The resulting expression for (17) is found to be

t~Q = A
0
(8a/n)(sin ~ib/2a)(c2—c 1)(exp rrt/2a)/[l+c2/c1

)exp ‘r+(l—e 2/c 1)exp — ‘rJ

(19)

where t = iit/ 2a .

When the permittivity of the isolation layer is the same as that

of the medium on the other side of the electrodes, the capaci tance may be

found as the sum of (16) and ~Q/V
0, 

i.e.,

C’ = [ii/cosh~~ a/b + (2/ir)(c 2/c1—l)(sin ~b/2a)(A
’
0/A )(A /V /2a)exp —TJ N ic 1

(20)

The parameters A ’0 /A0 and A ’ 0 /V 0 /2a are shown in Fi gs. 4 and 5. The variat ion

of the capacitance as expressed in (20) wi th  the thickness of a quartz

isolation layer and with finger separation is i l lust ra ted  in Fig. 6.

Results for guides of nitrobenzene and glass are shown . Equation (20) is

not valid when the isolation layer thickness is small in comparison with

2a/~ sLn ce  the ef f e c t  of the waveguid e on the h ighe r  harmonics has been

neglec ted .  The curves in Fig. 6 are nevertheless  continued into this

reg ion of isolation layer thickuess.  When the i sola t ion layer is th in ,

equat ion ( 16) may be emp loyed for  the capacitance .

L - 
:-.-~~~~--- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The equ ivalent  ci rcu i t  of the interdigital st ru ctu re is very

nearly a simple capacitor shunting the input terminals to the interdigital

st ructure .  The capacitance is expressed in (20) . When the loss tangent

of the waveguide material is not negligible , however, the equivalent

circuit is more complex. It must account for the fact that all electric

field lines that pass through the waveguide first pass through the

isolation layer. The observable consequence of this phenomenon is a

low frequency cutoff for the modulator .2 To generate an accurate

equivalent circuit requires an extensive field analysis, and because of

the geometrical arrangement the resulting circuit may be expected to be

quite comp lex and to contain elements that are frequency dependent. In

the interest  of developing a simp le equivalent circuit that illustrates

the basic features of the frequency behavior we present the circuit

shown in Fig. 7.

The equivalent circuit of Fig. 7 is based on physical arguments

that may be described in terms of the electrode configuration that is also

illustrated in Fig. 7. If we identify equipotential surfaces such as the

dotted ellipses of Fig. 7, the regions inside ellipse 1, outside ellipses

I and 2, and inside ellipse 2 are in series and result in series elements

in the equivalent c i rcui t .  We assume that the ellipse with minor axis

of half length t is an approximate equipotential surface. From equation

(3) we deduce that the major axis is of half length 2~~b~ + t
2 

and

from (2) and (3) that the potential of this surface is

V cosh
1
~ Ib

2+t
2
/b ~o sinh~~ t/b

2 cosh a/b 2 cosh a/b

_ _ _ _  _ _ _
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From equation (5) we deduce that the capacitance per unit length that

is denoted Ca is

(2rr c ) —

sinh t/b

In series with the capacitance C
a 

is a set of parallel elements.

Cb may be determined by noting that the series combination Ca
_C
b
_C
a

provides 1/4 the capacitance expressed in (16) with C C
b 

= 

~1
Thus

C 
+ 

C 
+ 

C 
= 

[4 cosh~~ a/b 
C
lJ 

(23)

The other parallel elements C
c 
and Cd are intended to represent

contributions from the portion of the field which passes through the

isolation layer and the waveguide , respectively. Since the field lines

do not pass parallel to the interface at t , the subdivision into C and

Cd is clearly only an approximation. The parallel combination of

and Cd may be computed by identif ying the series comb ina tion C
a~

(C
c jIC d

)_C
a

with half of C ’ expressed ip (20) less the contribution to (20) from the

region below the electrodes . Thus

+ 
~ 

+ = 

{~~~~ 

(c
’ 

- ~i/2 c i)J 
-1 

(24)
a c d a cosh a/b

The f ina l  equation required f o r  d c t e r in L n a t i o n  of the c ip . i c it a n ces

of the equi valent circuit  may be obtai ned in approxim ate  fashion by

equating Cd with the energy s tored in the waveguide reg ion of the

structure normalized to half the square of the potential difference

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -- -.--.-
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between the dotted electrodes. In accordance with our assumption that

— 
only the lowest order harmonic of the electric field significantly

penetrates the waveguide we may express Cd as

Cd 2 
£
2 J(E

2 
+ E

2
) dV
/
4(V — 2~l)

2

2c
2ffA~~

2 sin
2 
~y /2 a e

_
~~1a/ (V

0 
- 2~ l) 2

c /A \
2 

A 
2~ —2

~ ~~ (v~~~a) 
(~l - sinh~~ t/b cosh~~ t/b )

(25)

Equations (22) — (24) define the capacitances of the equivalent

circuit of Fig. 7. The bold assumptions made in generating the circuit

render the circuit only a rough approximation. To complete the

equivalent circuit , the conductance Gd, which represents the absorption

due to the finite conductivity of the waveguide , material may be

expressed in te rms of the capacitance C
d 
as

G = C = w —
~

-j —- c = w tan ~ C (26)
d c2

d £2 d d

where u and tan 6 are the conductivity and loss tangent of the waveguide

material , respectively. The behavior of the loss tangent for  nitrobenzene

will be discussed in Chap ter 3. At low frequencies the value of ~ for

pure nitrobenzene is O (3x10 10 
V/cm).

d. Frequency Behavior of the Diffraction Modulator

The spectral  behavior  o f the d i f f r a c t i o n  modulator  is character ized

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --V~~~~~~~——--—~~~~~~~~~~~~~~~~~~~ -.V-
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by a low frequency cutoff  due to the assumed f in i t e  resistivity of the

waveguide region as well as high frequency cutoffs due to either

relaxation effects in the waveguide material or circuit effects that

arise as a result of the presence of matching elements. Relaxation

effects are discussed in Chap . 2. Our concern in this section lies

V 
with evaluation of the cutoff frequencies and device figure of merit.

The low frequency cutoff of the modulator corresponds to a

situation in which the modulating electric field in the waveguide

reg ion is reduced to low values because of the presence of induced

charges at the interface between the waveguide and the isolation

layer. At dc the modulating field is zero in the guide. The

approximate equivalent circuit shown in Fig. 7 provides an estimate of

the frequency at which substantial electric field appears in the

waveguide . The field in the waveguide is propor tional to the vol tage

across the conductance G
d 

and this voltage reaches 0.707, its midband

range, when the impedance relation

[jw(C +C ) + Gd]’
= 0.707 (27)

(j wC / 2)~~ + :jw(cc
+c

d
) + G

d]
1

is achieved. For thin isolation l~-i~ers the canacitance C is large in
a

comparison with G+C
d
. The low frequency cutoff expressed in (27) is

therefore approximately

G C
f = = (~8)L.F.C. nC C LCa 2 a

The f requ en cy indica ted by (28) can lie in the range from a few liz to 

-~~~~ -.~~~~~-
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V values in the Kllz range depending on 0/c2 for the waveguide material.

Beyond the low f requency cuto f f the modu lator may be modeled

as a capacitor of capacitance C ’ , at leas t to frequencies at which G

becomes app reciable due to relaxation e f fe c t s .  To achieve a certain

depth of optical modulation we require a prescribed voltage, denoted

V . betw een the f ingers  of the in terdig i ta l  struc ture , i.e., across

the capaci tance C’. The bandwidth of the modulator is dependent on

the voltage transfer function of the amplifier including associated

matc hing elements that is used to excite the modulator . It is

customary5’6 in evaluating the performance of optical modulators to

consider simp le circuits of the kind illustrated in Fig. 8, in which

the amp lifier is characterized by an output resistance R .  For

experimental purposes R is frequentl y taken to be 5011 for purposes

of matching to available coaxial cables.

Def ining the cutoff frequency of the lumped circuits of Fig. 8

as the frequency at which the voltage transfer function reduces to l/..f~

its peak value , the baseband modulato r is readily found to have a cutoff

f r equency

~HFC = l/2iiR C ’ (29)

whi l e  the tuned modulator  has a bandwid th

BW/f (BW) 2:f R C’ (30)
o 2ii a s

V1 11, .~~~ . equations indicate  that  to achi ~ ’.’c b an d w i d t h s  of about 3 C11~ when

5O~ , baseband modula tor  c a pac i t a n c e  mu s t  ~e a p p r o x i m a t e l y one

_ _ _ _ _ _ _
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p icofarad and the tuned modulator capacitance at a center frequency of

3 GH must also be one p icofarad . On the basis of the capacitance

values indicated in Fig. 6, wide bandwidths can only be achieved if

the number of finger pairs is kep t small and if the lengths of the

fingers do not exceed a few millimeters.

More elaborate matching networks can be used to extend the

bandwidth of the voltage transfer functions. These matching networks

can include sections of transmission line as indicated in Fig. 8 and

as discussed , for example, by Reeder and Sperry .7 For device comparison ,

however , it is customary to employ the lumped models of Fig. 8 and to

describe a Figure of Merit as the ratio of the power delivered to the

resistor R at the cu tof f  (or midban d) frequency to the cu tof f  frequency

(or the bandwidth). When the voltage across the capacitor C’ is V the

power delivered to R for the parallel or series circuits of Fig. 8 is,

at any frequency u , respectively

1 2 1 2 ,2 2P = — V /R or P = — w C R V (31)R 2 p s R 2 s p

The value of R is expressed in terms of the bandwidth in (29) and (30).

Evaluating u at Wc or c , the resulting Figure of Merit is found to be

(or ) = rC ’V~
2 (32)

VIhe expression (32) i nd icat e s  t h a t  a device t h at  has only a few p i c o f ar ad s

of capacitance and requires only a fe~ volts  to e x t i n g u i s h the optical

signal can provide a bandwidth of io lO liz it  modula t ion  pow er i  below a

i~VII
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—I

Evaluation of the Figure of Merit requires specification of V ,

the voltage we take to be that required to fully extinguish the

undiffracted beam in a diffraction modulator . In linear waveguides

V
P 
would be the voltage required to convert from the wave from one

mode to another or from one polarization to another. In a thin film

diffraction modulator there is generally present both spatial

diffraction and TE—TM mode conversion. A full analysis of conversion

effects in these structures has not been published as yet , but is

under investigation in our laboratory. To estimate the value of V

we may follow the procedure of Polky and Harris2 which consists of

neglecting the polarization rotation and assuming that the spatial

index variation is a sinusoid whose peak value is half the difference

between the peak index change induced by E and by E in the waveguide.

For Kerr liquids this procedure yields a sinusoidal index variation of

the form

1 ,2 — i l z / a
= -

~~
- KAA Q e s Lil l ry/a (33)

whe re K is the Ke rr const ant  of the liquid and A
0
’ is the peak amplitude

of the modulating field in the waveguide.

The wave index variation provided by (33) c~ay be estimated as

the average of (33) through the waveguide and if we assume that the

decay dis tance is comparabl e to the f i lm  thicknes s t
f ~V~e find

-r KAA :~1n 7ry/a a a sin ny/a (34)

Note that the averaging factor (a/-t
1) must never be taken greater than

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- 
_ _ _ _ _ _ _  -- — -— - -- 
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unity. When the wave is incident on the modulator at the Bragg angle

the relative intensity of the undiffracted wave is expressed

i = cos
2(k czL) (35)

where L is the length of the modulator. Complete extinction of the

undiffracted beam therefore occurs when k cxL = ii/2 or when
0

ITt
— 

f ~
k L  (36)

0

Multiplying (36) by the unit factors (V~ /2 a)2/ ( V~/2a)
2 
and (A~ /A0)

2 
we

obtain an expression for V~, in terms of previously defined parameters ,

viz . ,

22 
= 

(2 a) (37)p (2a /iT t f ) (A ’/A ) 2 (A /V /2a) 2
KL

The Figure of Merit obtained b~’ placing (37) in (32) and

identif y ing the number of f inger  pairs as N = W/4a where W is the

width of the device is

P j , VR R C Wa

c ~ ( 23/ t f ) (A ’/A ) (A /V/ 2a) K

The parameters (C’/nL), (A ’/~\), and (A /V/2a) are depicted in Figs.

4, 5, and 6 as func tions of the device parameters . To obtain an estimate

of the F i~~i re of Merit when the Kerr liquid is nitrobeuzene (K = 3.6xlO~~
’2)

we may assume that th e various factors in the denominator of (38) are

unity, with the exception of K, and take (C ’/nL) 0.2 p1/mm = 200 pf/in.

The resulting Figure of Merit is

_ _  --~~~~ - -
-~~~~~~ --V- - ~~~~~~~~~~ -- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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0(100 W(2a)} (39)

Note that when the finger separation is on the order of a micron

(2a 10
6), the Figure of Merit is on the order of (lO5W) watts/GH

and device widths of a few microns are required if it is desired to

modulate over a GH bandwidth using powers of less than a watt.

For a non—polar liquid like CS
2 the Kerr constant is approximately

1/100 that of nitrobenzene. Taking into account the lower

associated permittivity , the Figure of Meri t for  a CS
2 

device would be

grea ter than tha t of a ni trobenzene device by a factor of 10. It

should be noted that the Figure of Merit for Kerr liquids is independent

of device length. The maximum voltage that can be app lied to the device

is limited , however , by breakdown considerations . The extent to which

the large fringing electric field at the edges of the electrodes limit

the voltage is uncertain at present and must be considered an outstanding

design question. Equation (37) relates the device length to the applied

voltage and may be used to establish the necessary device leng th once

the maximum allowable voltage is established. Since the Figure of Merit

is independen t of the devi ce leng th , appropr ia te design would f i x  the

length of the device to the maximum allowed by transit time considerations

in order to minimize V
p

- - ~~~~~~- - -~~~~~~~~~~~~~~ -— —V - - - -- -~~~~~~~~~~----- --~~~~~~~~ -V. - - V - - - ~~- V -



~~~~~~I!JUII V 
~~~~~~~~~~~ ~~~~~~ ~ V~ V-pVV~ V? ~V-V~ V ~~~~~~~~~~~~~~~~ — ~V-V.’_VVV.V~~.’W —V~~~~~~ -—~ =- V— ’~~~:.’ 

V~-V-V_~_ V’?_V__ -VVV-V
_ - ?!V.~VV.VVV ~V~ ~~

_. i- ’-*4V .’~.r, —- _
~~___. ,___ _ ~~~~~~~ V

21

II. Dielectric Properties and Kerr Constants of Fluids

The dielectric properties of fluids at microwave frequencies

have been studied extensively and appear to be well understood. An

ex tensive body of literature is available on the subject ,8~~
3 and

nitrobenzene is well represented in the experimental data. The

literature i~ primarily concerned with the properties of dielectrics

and the molecular structure of liquids.

For polar liquids the perrnittivity , polarization , dielectric

constant , etc. are nearly all the result of dipole rotation and

alignment. In a great number of cases the dipole moment of the molecule

is much larger than any induced moment , and the dipole may be considered

rigid. With increas ing f requency the dynamics of the dipole

reo r i en ta t ion  eventually p lay a role .

By its size, shape , and dipole strength , the molecule interacts

with  its neighbors ; and the s t r u c t u r e  of the f lu id  determines the

dynamics w i t h  which the di pole reor ien ta t ion  occurs . Deb yc ( e . g . ,  see

Hill
8
) found that in most materials the dispersion could be character ized

by a simp le relaxation process with a single time constant. Such a time

constant ranges from the high audio fo r  some vulcanized rubber to the

10 p sec range for many simple polar organic liquids. Relevant equations

that  c h a r a c t e r i z e  the Deh ye model are presen ted  in Table 1 and sample

ro~~p lex d i e l e c t r i c  c o nst a nt s  are pre~ eated  in ~i ;. 9. Many m - i t e ri a l s  do

depar t  f r o m  this  model ;  some have an appa ren t  spread in the t in .e  c o n s t a n t ,

‘r , and o the r s  may have two or more d i s t i n c t  t i r e cons t ant i .

For our purposes this model aJcqriat~ ly des c r i b~-~; the behaviour

_ _ _ _  _ _  _ _  
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of most polar fluids likely to be used . Non—polar fluids , on the other

hand , do not shcw this relaxation behavior , but will certainly show

resonance absorption and dispersion at molecular spectral frequencies .

These frequencies are generally much higher than those of polar

relaxation in fluids (and higher than frequencies of interest for light

modulation).

Several researchers have reported measurem en ts on n i t robenzene.14 17

Their data is in general agreement although some differences appear .

Fig. 9 shows the basic f ea tu re s  of the comp lex die lec tric cons tan t for

nitrobenzene. The curves are only slightly sty lized. They are drawn

assuming a pure Deb ye model , the pa ramete r  values are rounded o f f , and

they represent the curves in the t en p e r at u r e  range 20_ 250 C. For higher

temperatures the time constant becomes shr~rter and the loss peak moves

to somewhat higher frequency . Clark
14 repor ted a charac ter istic frequency

of 5 .7  GHz for  55 deg. C.

From Fig. 9 we may derive views of how n i t r o ben z e n e  wil l  behave

at f requencies  of interest  in connect ion wi th  opt ical  modulat ion . The

per~iittivity decreases dr ama tically in the 1 to 10 CHz range and the

loss tangent  approaches and exceeds un i ty . In accordance wi th  equation

(26), the conductance of the modulator rises to values on the order of

and there is rap id associated heating of the device.

Data is also available for other polar fluids.
14 19 

The general

s i t u a t i o n  is tha t  most po lar  li quids have time constants not  too dU f e r en t

from that of nitrobenzene. As for the electro—optic properties of polar

liquids in the microczave . ran~ e , the change in permittivity with frequency

_ _ _ _- -V -~~~~~ —- — - — 
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I

may be expected to represent an associated reduction in Kerr constant.

This is because the Kerr constant reflects the anisotrop ic op tical

polarizability of the molecule , which for polar moelcules is invariably

greatest along the axis of the dipole . The Kerr effect and the dielectric

constant have a common source —— the reorientation of the molecular dipole.

Thus we may expect that all materials which have a large Kerr constant

because of their polar nature will have that constant decrease rapidly

with frequency in the dispersion region . Kerr constants available in

20-24
the literature are intended to be for static fields (even though a

pulsed IiV may have been used). There do not appear to be reports of

e f f e c t i v e  K er r  cons t a n t s  at  hi gh frequencies .

It appeara likely tha t polar f lu ids will not be usef ul for

di ff r a c t io n  m o d u l a t o r s  at  microwave f r equenc ies, even though these include

th csti of aLhest Kerr constant. Only a casual survey has been made of

about si:-: r aterial ‘-~-ith the highest Kerr constants——all have a large

di pole mo ent .’9 A :ore systematic search may be j us tif ied to suppor t

t h i s  coi~clusion.

Liquids of useable Kerr constant at microwave frequencies do exist.

Carbon disulfide is the t r i e d  and proven one. 25 28 
It has zero dipole

uorent and is es:~e~itiaily loss
1 ess to beyond 10 CFIz . It  is likely that

other  u sef u l  liquids  could be found .

_ _ _ _ _ _ _ _ _ _ _ _ _ _  -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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III. Excitation of Modulators

The e f fec t ive  use of optical integ rated circuits arises when

a communication system involves several channels requiring gigahertz

or near gigahertz bandwidths . At lower overall bandwidth requirements ,

LED—multimode fiber bundle and space duplexed versions of these systems

can s u f f i c e .  When the required bandwidth is s u f f i c i e n t  to j u s t i f y use

of in tegrated optics , the associated e lec t ron ic  modulat ion scheme will

involve emp loyment  of micros t r ip lines to carry electron ic signals to

modulators or from detectors .

Of the various micros t r ip designs 29
, the slot transmission

line is probab ly the one most d i rec t ly app licable to in t eg ra t ed  optical

systems . Fig. 10 is an illustration of how the slot line might be used

in a two channel i n t eg ra ted  optical  system . Associa ted  with the slot

line will be m a t c h ing res i s t ive  or combined induc t ive—res i s t i ve  com-

ponents. The matching components can be deposited on the isolation

layer as Is the slot line . Further integration of the electronic com-

ponents is, of course , desirable , bu t is a pr oblem whose solu tion must

await future developments in the design of integrated optical components.

The c o m p a t i b i l i t y  of the i n t e g r at e d  op t ica l  and e l ec t ron ic  subs t r a t e s  is ,

of course , of concern i n that  regard . In the present  experimental  stage

of integr-ited optical modulator development , the use of slot m .Lcrostrip

coup led to coaxial inputs appears to be a u~;efu.L technique fo r  a p p l y i n g

high frequency electronic signals to devices .

-~~ -- ~~~—-V—~~~~~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ - V- - V  —-
~~~~~~~~~~~~ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- - ‘  - - - - -~~~~~

25

Conclusion

The design of wide bandwidth electro—optic modulators requires

minimization of the dimensions of the active waveguide and associated

electrodes and isolation layers. As each of these dimensions approaches

the wavelength of light , careful design is required to avoid diminution

of device effectiveness. The potential for using low—cost liquid guides

as hybrid modulator components is limited by polar relaxation effects

to the sub—gigahertz frequency range. Development of solid—state thin

film modulator components is clearly warranted .

I L 
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FIGURE S

Figu re 1. Cross section of d i f f r a c t i o n  modulator .  Electrodes shown
as dark strips are of width 2b and are a distance 2a between
centers . The isolation layer is of thickness t and the
waveguide is shown shaded.

Figure 2. (a) General shape of the equipotential surfaces near one
electrode of the diffraction modulator. (b) Concentric
elliptic model used to estimate the clec~ric field between
electrodes in the plane of the electrodes.

Figure 3. Approximate potential distribution -
~ and electric field

component E in the p lane of the electrodes of a diffraction
modulator.

Figure 4. Approximate amplitude of the first harmonic of the Fourier
expansion of E~ and E 2 in the plane of the electrodes,
A0, normalized to the ra t io  of the app lied vol tage V0 to
the distance between adjacent electrode centers vs. relative
finger wid th p = 2b/2a.

Figure 5. Apprcx ima te amp litude of the first harmonic of the Fourier
expansion of E~ and E

~ in the plane of the waveguide interface
nearest the el~ ctrodes vs. normalized isolation layer
thickness r 1.57t/a. The permittivity of the isolation
laye r is c

1 
and that of the waveguide is £2.

Figure 6. Approximate  capaci tance of a d i f f r a c t i o n  modula tor normalized
to the number  of l inger  p a i r s  and the length and axpressed
in p i c o far a d s /m m  vs.  normalized isolation layer thickness
r l.57t/a and relative electrode width p = 2b/2a.

Figure 7. (a) Cross section of d i f f r a c t i o n  modula tor  wi th  e l e c t r ic
c i rcui t  components  used to e s t ima te  m w  frequency cutoff
properties shown supe rposed .  The ~:avcau idc  is the  shaded
area and the d o t t e d  ellipses are ap p c c x in . a t e  equ i p o t e n t i a l
sur faces  tha t  sur round  LPe e lec t rodes  and ex tend  to the
surface of the i-~avo 6utdi . (b) Aupro;J n~;to e lu iv a l e n t
e l e c t r i c  c i r c u i t  per  f i i i a .~r p a i r  and per unit length of
d i f f r a c t i o n  m o d u l a t o r  a ;  ob : u i  nud  [ L a n  Fi p . 7a. (c) Ap aroaL- - 

~te
midband and l u a u  ircLh u-aacv equivalent electric circuit of t Ie
diffra ction modulator.

Figure 8. Examples of e l e c t r i c  c i r c ui t  confi~~urat i .on s  in t;hich the
d i f f r a c t i o n  nc- dul .ator r ep re sen ted  by cap~ ctt aico C ’ can be
connected to a vo l tage  arli rco with output inp~-dan ce R3.
(a) Baseband confi pur~;ri on. (b) Panshand conf  i u r a t i on .
(c) Baseband c en f i ~~u u r a t  ion coup led th r o u g h  a t r a n~ u,u i.ssion
line of c har a ct e r i s t i c  irpad;Inc e R5. (d) Passbaud c o n f i gu r , .it ion
coup led throug h a t r an s m i; :~ion line .
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Figu re 9. (a) Debye and Cole—Cole circle rep resentations of complex
dielectric constant of a sing ly resonant polar liquid.
(b) Debye representation for nitrobeozene. (c) Cole—Cole
representation for nitrobenzene including data points.

Figure 10. Experimental modulator design showing two slot nicrostrip
lines (shaded) with associated interdigital structure and
terminated in matching resistive or inductive—resistive
load . Linear optical waveguides ar e transverse to the
lines. Dimension “a” is on the order of microns while
“b ” is on the order of mi l l imeters .

TABLES

Table 1. Parameter definitions for Debye and Cole—Cole circle
representations of the pormittivity of a singly resonant
pola r liquid .
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