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Abstract. We study optical second harmonic generation (SHG) in planar waveguide
structures composed of several layers with different dielectric constants. We develop a
general formalism for the calculation of mode generation by a planar antenna embedded in
the waveguide. As an application we consider a monolayer of high second-order
susceptibility adsorbed at the interface between two layers of the waveguide structure.
Periodic modulation of the nonlinear susceptibility allows phase matching leading to
dramatically enhanced second harmonic intensitics. We investigate the SHG-efficiency of

various experimentally realizable geometries.

PACS: 42.65k, 42.80, 42.82

In recent years several devices have been proposed for
optical second harmonic generation in planar wave-
guide structures. Extensive reviews of the various
proposals have been presented by Stegeman and Seaton
[1]. In this article we consider in particular second
harmonic generation from a monolayer of optically
nonlinear molecules adsorbed at an interface in the
planar waveguide structure.

In one of the earliest proposals a nonlinear mono-
layer was deposited on the surface of a thin film
waveguide [2]. In this article we consider more general
planar waveguide structures with a view of optimizing
the geometry for efficient second harmonic generation.
We calculate the efficiency of conversion of an incident
fundamental guided mode into a second harmonic
guided mode propagating in the same direction. An
optimized device, if realized, might be more effective
than presently used inorganic frequency doublers such
as crystals of KDP (potassium dihydrogen-phosphate)
in which phase-matched bulk second harmonic gener-
ation occurs.

In the first few sections of this article we develop a
formalism for the calculation of mode generation by a
planar antenna embedded in a general waveguide
structure. An alternative coupled wave formalism has

been discussed by Sipe and Stegeman [3] in relation to
a calculation of the total field. In our analysis the total
field is represented by a Fourier integral and the
amplitude of each of the generated normal modes is
then found from a pole contribution to the integral. We
present a detailed expression for the conversion effi-
ciency in general planar waveguide structures.

We apply the theory to a calculation of SHG from a
nonlinear monolayer adsorbed at an interface. The
efficiency is enhanced by arranging the adsorbed
molecules into a grating. This allows constructive
interference of the second harmonic waves, provided
phase matching can be achieved. We investigate how
to optimize the enhancement by a proper choice of an
experimentally realizable waveguide structure and of
the location and dimensions of the adsorbate grating.

Up till now, waveguide SHG has usually been
based on a phase-matching condition between guided
modes at frequencies @ and 2w. The relevant theory
was developed by Conwell [4], and an experimental
realization has been demonstrated by Jain and Hewig
[5]. The effect is discussed in a recent review by
Williams [6]. Phase-matched SHG in a liquid-filled
waveguide was realized experimentally by Levine et al.
[7], who used a periodic electrode to modulate the
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nonlinear susceptibility. Phase-matched SHG in solid
thin films with etched gratings was achieved by Chen et
al.[8]. Phase-matching achieved by a grating structure
obtained by periodic index-modulation of a planar
waveguide has been proposed by Haus and Reider [9].
They have studied the enhancement to be expected
from such a structure. Second harmonic generation
from surface gratings has recently been studied by
Reider et al. [10].

SHG in a channel waveguide resonator has been
investigated by Regener and Sohler [11]. “Cerenkov”-
SHG was studied by Taniuchi and Yamamoto [12].
Grating-assisted SHG was studied by Jaskorzynska et
al. [13]. Quasi-phase-matched SHG was studied by
Lim et al. [14] and by Webjorn et al. [15].

1. Planar Waveguide Theory

We consider a stratified medium with frequency-
dependent dielectric profile &z, w) and magnetic per-
meability profile u(z,w). We assume that for the
frequencies @ of interest ¢ and u are real. Also we
assume that ¢ and u tend to constants &, u, forz— —co
and to constants &, u; for z— + co. An example of the
geometry with our choice of coordinates is shown in
Fig. 1. We consider plane wave solutions of Maxwell’s
equations which do not depend on the y-coordinate
and which depend on x and ¢ through a factor
exp(ipx —iwt). Maxwell’s equations for the electric and
magnetic field amplitudes E(z) and H(z) then read in
Gaussian units

. d . d
lngx+ E(SEZ)=05 1PﬂHx+ —(MHZ)=0’

dz
dE, . dH, .
o —ikuH,, ¥E =ikeE,,
dE, . . dH, . .
T —ipE,=ikuH,, = —ipH,= —ikeE,,
pE,=kuH, pH,= —keE,, (1.1

where k=w/c is the vacuum wavenumber. The so-
lutions of these equations may be decomposed accord-
ing to two polarizations. For TE-polarization (s) the
components E,, E,, and H, vanish and the equations
may be combined into the single equation [16]

d’E, 1dpdE,

Sy SRy L eyk®E, =p2E
dz2  pdz dz L= PRy
For TM-polarization (p) the components E,, H,, and
H, vanish and the equations may be combined into the
single equation [16]

d*H, 1dedH

i e 4 TeHCH,=pH,

(TE). (1.2)

(TM).  (1.3)
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Fig. 1. Example of a stratified medium with our choice of
coordinates. This situation is denoted as geometry I

We first consider TE-polarization. We assume that
for z < z, the permeabilities ¢, ¢ equal &, ¢, and that for
z >z, they equal &, y;. We write the solution of (1.2) in
these two asymptotic regions
E(z)=afe"*+aje " for z<z, (1.4
Ef(z)=af ¢ +a;e™ " for z>z, '

where the wavenumbers g, and g, are given by

4= V/opl—p. (1.5)

Clearly these are real only up to a maximum value of p
given by ]/%k in either case, and are pure imaginary
beyond this value. Through (1.2) the amplitudesin (1.4)
are related by a transfer matrix W according to [16]

(a;r) _ <W11 I’V12> (af) (1.6)
ag W,y Wyy/\ag

The guided mode solutions [17-19] occur at

discrete values {p;} of p larger than |/e,u,k, where
&ty 18 the maximum of &, y1; and e, At these discrete
values there are solutions of (1.2) which decay ex-
ponentially for z <z, and for z>z;. Hence a; and ay
must vanish, and from (1.6) we find the relations

af =Wyar, 0=Wa;. (1.7)

Thus for a nontrivial solution, the relation
sz(Pa k)=0 (1-8)

must be satisfied. At fixed k the roots of this equation
determine the discrete values {p;} for which a guided
mode solution exists. We call W,,(p, k) the dispersion
function and refer to (1.8) as the waveguide condition.

We note that in the continuum 0<p <]/, it k the
transfer matrix is related to the transmission and
reflection coefficients of the planar structure by
1 <TT’—RR’ R’>

=7 _r 1

W= (19)
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The properties

(o)-#(e) (3)-¥lz)

provide the transfer relations between transmission
and reflection coefficients for a wave incident from
z <z, or from z > z. The relation (1.8) therefore implies
that the guided mode solutions occur at poles of the
analytically continued transmission coefficient T'. This
is analogous to the condition for bound states in
quantum mechanics [20].

The analogy with quantum mechanics may be
made more evident by use of the transformation

ES2)=1/1a) f(2). (1.11)

By substitution we find that (1.2) is transformed to

(1.10)

d*f )

Ve =p, (112)

where the function V{(z) is given by

V(z):—sukzﬂ/ﬁd—z 1. (1.13)
dz? ‘/ﬁ

By comparison with the Schrodinger equation we see
that

U(z) = emlink® + V(2) (1.14)
may be identified as the potential. The eigenvalues
Emimk” —p? then correspond to bound state energies.

It follows from (1.3) that for TM-polarization
exactly the same relations hold if we replace E, by H,
and ¢ by u. Where necessary the symbols correspond-
ing to the two types of solution will be distinguished by
a superscript E or M.

2. Mathematical Properties

In this section we deduce some mathematical pro-
perties which follow from the above equations. Again
we consider only TE-polarization, the transcription to
TM-polarization being obvious.

The form (1.12) of the wave equation has mathe-
matical advantages. We define two fundamental
solutions f;(z) and f,(z) by the requirements

Hy
1

My

1 .
@)= e
1/‘ for z<z,. (2.1

e—iqlz

falz)=
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By comparison with (1.6) we find that the asymptotic
behavior of the solutions for z>z; is given by

1 : .
filz)= T‘ [ "%+ W, 7]

1“ ! for z>z. (22)
f2(2)= —=[W,,6"%" + W, e~ 1¢7]

Vin

From the form of (1.12) it follows that the Wronskian
of the two solutions

fi 12

A(f, )=, 2.3

(f1: f2) o (2.3)
does not depend on z. Hence we find the relation

q
W11W22_W/12W21=ﬁ_1- 24
B G;

Using (1.9) this yields the reciprocity relation
11 T=peq, T'. (2.5)

From the fact that the coefficients in (1.12) are real
it follows that for p? in the interval 0<p? <e,u k2,
where g, is real, the solutions f; and f, are each other’s
complex conjugate. Hence it follows from (2.2) that for
values of p for which ¢, is also real the following
relations hold

Wi =Ws, Wiy=Wi. (2.6)
These relations are special cases of more general
relations valid in the whole complex p-plane, namely

W11=W22= W12:W/z1: (2~7)

where the overhead bar indicates a “time-reversal”
operation. The meaning of this operation will be made
clear in Sect. 6.

It will be convenient to introduce a third funda-
mental solution by

f3(2)= 1—ei‘1fz for z>z. (2.8
My

It follows from (2.2) that, for the values {p;} for which

the waveguide condition is satisfied, the solutions f,

and f; are related by f,(z)=W,, f3(2).

For later purposes it is of interest to derive an
expression for the norm of the eigensolutions. Differen-
tiating (1.12) with respect to p* one easily finds the
identity

0 o (of of af 2

il B B DO g 2.
0z [faz <0p2> op* 0z ! @9)
Applying this identity to the eigensolution f;(z),
making use of the waveguide condition (1.8), and
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integrating over z, one finds

Ny= § f3de= MII‘,’“ Woslp) 220 2.10)

trj pj
We shall show in the next section that the norm N; is
related to the intensity of the mode. We note that for
real p-values for which ¢, and ¢, are pure imaginary the
functions W, ,(p) and W,,(p) are real.

3. Excitation of Guided Modes

In this section we return to the physical situation and
describe how the eigenmodes may be excited by an
oscillating dipole density. We begin by relating the
norm of an eigenmode, given by the expression (2.10),
to the physical intensity. The energy current density
averaged over a time period 27/w is given by the
Poynting vector

S= g%Re(E x H¥). (3.1)
The x-component of this expression may be decom-
posed into

S, =SE4SM, (3.2)

with the separate terms for TE- and TM-polarization

_c . M_ —Cp .
o Re{EHI}, S s, Re{E.H}. (3.3)

We define the total intensity by the integrals

JEx)= | SE(x,z2)dz, JMx)= [ S¥(x,z)dz. (3.4)
For a single eigenmode of either TE- or TM-type
the expressions (3.3) become

E _ ﬂ ’E}’ilz SM CPJ IH}’le (35)

T 8nk o u 0 T 8nk e

which are independent of x. By comparison with (1.11)
and (2.10) we find that for a single eigenmode excited
with amplitude a;; the intensity is related to the norm
of the mode by

— cp; J 2
J;= 8kN| il (3.6)
This expression is formally the same for both polariza-
tions.

Using orthogonality of the eigenmodes [17-19] we
find that for a linear superposition of guided modes, all
oscillating at the same frequency w, the total intensity
is given by

J=Y(JE+ (3.7

which again does not depend on x.
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Next we investigate how radiation is emitted by an
antenna in close contact with or embedded in the
waveguide. We consider a surface polarization [21, 22]
PS(x) of finite extent in the x-direction, independent of
y, located in the plane z=z, and oscillating at
frequency w. The corresponding charge and current
densities are

S

oP% ,
oy 0@—20)— P28z —z0),

ol)=—
i) = _iCOPS(x) 8(z—12,), (3.8)

which must be added as source terms to Maxwell’s
equations. A Fourier analysis of the surface polariza-
tion yields

PS(x)= [ PS(p)e'™dp. (3.9)
From Maxwell’s equations we now find instead of (1.2)
2
= —4nk2uﬁ§5(z —2,). (3.10)
Similarly we find instead of (1.3)
2
T 80y -,
=4rik |:13§5’(Z —2Zy)— 1de Pio(z— zo)]
e dz
+4nkpPS(z—z,). (3.11)

The solutions of these equations may be found with the
aid of the Green’s functions G®(z,z,) and GM(z,z,)
defined by the equation

d*G
dz -
The Green’s function G may be expressed in terms of

the fundamental solutions defined in the precedmg
section. It is given by [23]

So(z<) f3(z5)
Aff3)

where z_(z..) is the smaller (larger) of z and z,. The
solution of (3.10) is given by

—V(2)G=p*G+6(z—z,). (3.12)

Glz,z5)= (3.13)

E(2)= —4nk>[(2)]"* G"(z, zo) [u(zo)] /> P} (3.14)
The solution of (3.11) is given by
H,(z) = —Anik[e(z)]*/> [%
0z,
1 dInetzo) G, ZO)] [o(zo)] 2 P
2 dz
+4npk[e(z)]"? GM(z, zo) [e(zo)] " V2 PS.  (3.15)
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From (3.13) and (3.14) we find that E(z) has the
following discontinuities at z,

[E,]=0, [deX] = —4nk*ubs. (3.16)
z

Similarly H (z) has the discontinuities

[H,]=4nikP, [d%] =4nkpPS. (3.47)

These discontinuities are in agreement with the jump
conditions [Ref. 21, Eq. (8)].

For a surface polarization PS(x) with arbitrary
variation in the x-direction the fields E(x,z) and
H (x,z) are now obtained by Fourier superposition.
Thus we find

E(x,z)= [ E(p,z)c""*dp,
H(x,z)= [ H(p,z)e"dp,

where E(p, z z) and H (p, z) are given by (3.14) and (3.15)
in terms of PS(p). It follows from (2.2) and (2.7) that the
denominator in the Green’s function (3.13) takes the
form

(3.18)

2i
A(fE, 15) —ﬂ WE(p, k),

3.19
A == 2“’f WP, b). o)
Hence the denominator vanishes at the eigenvalues
{p5} and {p}'}, respectively. For large x the contri-
bution from the corresponding poles dominates the
integrals in (3.18). This allows us to evaluate the
amplitude of the various guided modes excited by the
oscillating surface polarization.

4, Emitted Radiation

In this section we analyze the radiation emitted by a
planar antenna, as introduced in the preceding section,
in more detail. We are interested in the radiation
channeled into the waveguide and detectable at large
positive x. At sufficiently large distances from the
antenna, i.. after the decay of transients corresponding
to evanescent wave solutions, the behavior of the fields
is dominated by pole contributions to the integrals
corresponding to roots of the waveguide condition
(1.8). The contributions may be found by contour
integration in (3.18) with the poles at positive {p;}
shifted slightly upwards into the complex plane and
those at {—p;} shifted slightly downwards. Thus we
find for large positive x

Ey(x,2)~ Y, a1, yj(z) explipx), (4.1)

where we employ the notation

wi(2) =/ uz) f3£2). 4.2)
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The amplitudes are given by
=4n2ik*(pENG) ! i(zo) PY05), (4.3)

where we have used (2.10). From (4.1) we may evaluate
the intensity defined in (3.4). Because of the orthogo-
nality of the different modes [17-19] there are no
cross terms and we find

JE= Y JF=2m2ck® Y (0FNG) ™" [wi(zo) 1 1PS)P

4.4)
Similarly we find for large positive x
Hy(x,2)~ Y a;; My(z) exp(ip;x) (4.5)
J
with the notation
¥j(2)=)/e(2) f23(2).- (4.6)
The amplitudes are given by
1 dyM(zo) A
Mo _4 21 pMATM)— 1 &vil?o) psem
a T k(P} N ) ZO) dZO Px(pj)
iy ) p @.7)
! &(zo) !
This yields for the intensity
M=y J
J
1 dyM(zo) A
=2mck Y. (PN} ! |— — L= P
TC Z(p ) 8(20) dZO x(p_])
+i L @)

The expressions (4.4) and (4.8) have a fairly simple
structure. The efficiency with which a surface polariza-
tion PS(x) excites the guided modes is determined by its
Fourier component at the mode wavenumber p;, as
well as by its location z, via the eigenfunction y(z,),
which appears quadratically with its proper normaliz-
ation N ;.

5. Phase-Matched Second Harmonic Generation

In this section we discuss the principle of second-
harmonic generation by use of a phase-matched
adsorbate in close contact with or embedded in a
planar waveguide. In practice the adsorbate consists of
optically nonlinear molecules located at an interface.
We assume the general type of geometry discussed in
the preceding section and consider a surface polariza-
tion PS(x) which is induced by an incident fundamental
wave and which acts as an antenna emitting waves at
the second harmonic frequency [24]. Thus we put

P(x)=29(x): E1 () Ey o(x), (5.1)



398

Fig. 2. Example of the grating and waveguide structure

where E,q(x) is the incident fundamental field. Of
course, if the fundamental field oscillates with frequen-
¢y o, then the surface polarization oscillates at fre-
quency 2o and this must be taken into account in the
expressions of the preceding sections. We assume that
the adsorbate is so weak that it does not disturb the
fundamental wave. This is expressed by the subscript
zero in (5.1).

The fundamental wave is a linear combination of
guided modes with x-dependence exp(ip;x) with
wavenumber pj(w). We shall assume that the suscepti-
bility tensor ¥ depends on x via the density of
adsorbed molecules. If the adsorbate has a periodicity
a characterized by the wavenumber K = 2n/q, then we
may expect resonance when the phase-matching
condition

P2w)=2pw)+nK, n=0,+1,+2,... (5.2)

is satisfied. More specifically it is natural to aim at
satisfying the condition

Po(2w)=2py(w) £ K, (5.3)

for the lowest mode j=0. We shall call this the Bragg
condition.

We consider in particular a grating of period a
consisting of N adsorbate stripes of width b<a. An
example of the grating and waveguide is shown in
Fig. 2. The susceptibility function is given by

x(x)=xgn(x), (54)

with the geometric function

N—1
gy(x)= Y O(b,x—na—41b), (5.5)
n=0
where
b b
9(b,x)=l for —§<x<§
b
=0 for |[x][> ok (5.6)

The prefactor x in (5.4) is a third rank tensor indepen-
dent of x. We shall assume that y has the characteristics

A. Bratz et al.

of a layer isotropic about the surface normal (in the
z-direction). We also assume that there exists a mirror
plane containing the z-axis to exclude chirality. From
these assumptions it follows that y has only three
independent components (for details see [25-27]). The
Fourier-component P3(p) is proportional to

A 1 = . .
Gpp—2pw))= ' _f g(x)eiP@x—inx gy

_explisyh)—1 1 —exp(iNs,a)

1 —exp(is,a) ’ (57)

2misy
where we have introduced the variable
Se=2pw)—p. (5:8)
For real p the absolute square of the second factor in
(5.7) is given by
1—e™?  sin*(Nsa/2)
1—e*|  sin*(sa/2)
which takes the value N? at sa=2nm, where

n=0, +1,+2, .... Since we wish P%(p) to be maximum
at po(2w) we choose the lattice distance a such that

(5.10)

Fp(sa)= 5.9y

a=2m|2po(w)— poRw)| ~*

corresponding to n=1 or n= — 1. In this way we satisfy
the Bragg condition (5.3). The width of the function in
(5.9) at s= +2xn/a is of order 1/Na. Hence the area of
the peak is proportional to N. The larger N the more
precisely the condition (5.10) must be satisfied. An
error Aa in the value of a implies an error Ap=2nAa/a*
in p-space. If we require this to be at most 1/Na, then N
cannot be larger than a/2nda. Ideally one would use a
tunable laser and adjust the frequency w such that the
condition (5.10) is precisely satisfied. With that choice
the absolute square of the first factor in (5.7) is maximal
atb=1a

6. Specific Geometries

In this section we describe three geometrical structures
which we shall investigate with regard to their effi-
ciency for second harmonic generation. The simplest
geometry under consideration is depicted in Fig. 1.
Here the waveguide structure consists of a layer of
thickness d with dielectric constant ¢, sandwiched
between two halfspaces with dielectric constants ¢, and
&5. In practice we consider one of the halfspaces to be
air and in that case we put e;=1. The grating of
adsorbed molecules is located at the interface between
media 2 and 3. We choose the dielectric constants such
that &, >¢&; = &;. In that case the layer ¢, may act as a
plane waveguide. We denote the structure shown in
Fig. 1 as geometry L
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Fig. 3. Geometry IL In the explicit calculations we take the limit
h—0+ and put g, =¢,

Fig. 4. Geometry III. In the explicit calculations we take the limit
h—-0+

The second structure we consider is depicted in
Fig. 3. In this case the structure of geometryl is
modified such that medium 3 has a finite thickness h,
beyond which there is a halfspace with dielectric
constant g,. In our explicit calculations we put ¢, =¢;.
We denote this structure as geometryIl. If h is
comparable with or smaller than d, then the field
amplitude of the fundamental at the adsorbed mole-
cules can be much larger than in geometry I. This leads
to enhanced second harmonic generation.

Finally we consider the symmetric structure shown
in Fig. 4. This case is a modification of geometry II. We
take h to be small, ie. much less than d and the
wavelength of the fundamental. Medium 4 is replaced
by a layer of thickness d with dielectric constant ¢, and
a halfspace with dielectric constant ¢;. We denote this
structure as geometry III. We shall show that with
respect to SHG efficiency geometry III is the most
favourable one from a theoretical point of view.

In all three geometries the wave equations (1.2) and
(1.3) may be solved by the transfer matrix method [16,
21]. We briefly recall the basic equations in the
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notation of this article. In the layer z;_; <z<z; the
fields are written

exp(—ig;z)] exp(ipx),
(6.1)
exp(—iq;z)] exp(ipx).

The amplitudes a;", a; below the dlscontmulty at z;
may be related to the amplitudes a}; ;, a;.., above by a
2 x 2 transfer matrix

+ +
(a"_“> :13,-<af;>. 62)
i1 TN\

The transfer matrix R; may be written as

R,=UM,U; (6.3)

R -]

E,(x, z)=[aj Bexp(ig;z) +a;

H,(x,z)=[a; Mexp(ig;z) + a; ™

with the diagonal matrices
U= <3Xp(—iq1'+1zj 0 )
®JT M ’
0 explig;+12))
_(exp (ig;z;) 0
y 0 exp(—iq;z;)
and with a matrix M; which is independent of position.
The matrix M; is given by

1 1 s
M= ( r) 63
ot \fen 1

with Fresnel coefficients ¢;; and r;; which are

(6.4)

IIQ

2U.G: g — U:d -
5= .u]ql , 7"-E~= .u]ql :ulqj (66)
g+ nq; wig;+ 1,
for TE-polarization, and
2e54; &0 —&d;
M= J M= J 6.7

&d;+ed; &4;t&;4;

for TM-polarization. The transmission of a wave
through an array of | discontinuities is given by the
product

W=UMG(z,—z- )M, 1... MGz, —2) M, U,
(6.8)
with the propagation matrix for medium e y;
exp(igz) 0
G p = J . .
et ( 0 exp(—iq ,~Z)> (©)

The complete transfer matrix J¥ may be written in the
form (1.9). The time-reversal operation mentioned
below (2.7) is performed by replacing all wavenumbers
qby —gq.

For each of the three geometries one may calculate
the intensity J§(2w) of second harmonic generation in
modej of polarization ¢ for given intensity J (o) of the
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fundamental. The ratio of these two quantities defines
the conversion coefficient

% =JiQa)Ji (@).

In numerical calculations we consider only 733

(6.10)

7. Explicit Results

In this section we present explicit results for the three
geometries discussed above. For each of the three
geometries we list the expressions for the functions
W, 2(p, k), Wa5(p, k) as well as the product W;,W,, at p;
from which the norm of the wavefunction may be
evaluated according to (2.10). We recall the definitions
(4.2) and (4.6) of the wavefunctions y}(z) and p}(z) in
terms of fy{z) and f)i(z). As before we omit the
polarization index where possible. At the end of the
section we also give the value of the wavefunction and
its derivative at the position of the adsorbate.

ow,
w,, 22

=2k1d
_ —21'346 !
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Here the prime indicates differentiation with respect to
p. The explicit expression for of, is

Eili— Ell
of =k, — 2L X 7.7)
i " (g j)2 —(u jqk)2 (
and similarly for «§. Of course, everywhere on the right

in (7.5) one must put p=p; We do not indicate this
explicitly.
Similarly we find for geometry II depicted in Fig. 3
i@ ~a2)d—i(gs +qa)h

_ 2igady A 2i
Wi,= [(r3, + 1y €702k
Lastsalag

+r45(1+74 272162iq2d)] s

eld1—a2)d—ilas —qa)k

Wy, =

[1 473,789
tastszlsy

+ra3(r3z+7, 132iq2d)32iq3h] . (7.8)

For the product W,;,W;, at p; we find

o |

t43|t32|2 |t21

B sing;, [@51 +2q5d

(1 —r3se ™M) @l —2rys — 25hry5)e ™ 2 Sm(P“J (7.9)

We note that in all three geometries the wavenum-
bers g; for the guided modes are pure imaginary for
j=1,3,4, whereas g, is real. Hence we may write

g, =iky, gz=ik3, qa=ix,. (7.1)
In addition we may put
Foy =€921  py,=gl022 (7.2)

with real phase angles ¢,, and ¢5,. This implies the
identities

1T 1 (13)

B o 13y |l
For geometry I, as depicted in Fig. 1, the elements
W,, and W,, in this geometry are given by

ei(qx —q2)d .
W= [r3s+ra,e%%9,
t3zla; 74
eia1 —a2)d ) 7.4)
Wy=—-11 +r32721321q2d] .
32l21

For the product W, W, at p; we find
Wy, - % [t23]
op p; 42 lt30]]t54]?

xe 2’““[d+ +@] (1.5)
Ky Ks

W12

where o is defined by

— 4 Tk (7.6)
2p 1y

jk

14776 4" 4 2r 67 2" cos 0,4,

Finally we consider geometry ITI depicted in Fig. 4.
We simplify the expressions by taking the limit h=0--.
This yields

2 )
W, = 2L sin2q,d,
12%21

o2iai—a2)d . (7.10)
W,,= [1 _7%134"12‘1] .

tiatay

For the product W;,W,, at p; we find

_4p; e [d N m}
p; d2 [t1alltas] €y |
In all three geometries we choose coordinates such
that the interface between media 2 and 3isat z=0. The
adsorbate is located just above at z=0+. The wave-
function and its derivative at z=0+ are given by

expressions which are the same for the three geome-
tries. For the value of the wavefunction we find

Wy

Wl 27 A ap

(7.11)

o108z @21+ d2d)

04+)= 7.12
$(0+) e (712)
and for its derivative
W(O0+)=— |t23l o1 sin(z @2, +CI2d) (7.13)

lt32| Co83 @5,

The expressions presented in this section may be
used for an explicit calculation of the intensity radiated
by a polarization sheet, as given by (4.4) and (4.8).
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8. Intensity Ratios

In this section we evaluate the ratio of the intensities
of emitted second harmonic light and of the incident
fundamental radiation. For each of the three geome-
tries we consider the conversion coefficients (6.10). We
assume that the fundamental is present as a single
mode k oscillating at frequency w with amplitude
characterized by a;;F(w) for TE-polarization and by
a;M(w) for TM-polarization. According to (4.1) for TE-

polarization the electric field is given by
k(®, 2)e, exp[ipi(w)x] - 3.1

Assuming an isotropic tensor y with mirror symmetry
we find from (5.1) and (5.4) for the induced surface
polarization

P20, x)
= 1285(x) [a75 (@) Yo, z0)]%e, exp [2ipg(w)x] (8.2)

With ¥ =,xx= Xzyy- FOor TM-polarization the electric
field is according to (4.5)

aix (a))|:_
ke(w, 2)

—Pipi(o, 2)e, ]eXp [ipd(w)x] .

E(w;x,2)=ap o)y

M
o)

E(w;x,z)= e 3

(8.3)

The induced surface polarization is

—M 2 a
P20, =500 S i oy LD,

+ [ ntto, 9 -2 ]e}

where x1 = ¥,., a0d X3 = Yszx = Xxxs 1t fOllows from (4.4)
and (4.8) that in both cases the emitted radiation is
TM-polarized. For TE-polarized fundamental the
emitted radiation is proportional to

1P, pfw)

=122 1GNP} 200) = 2PF(@))* la i (@)l [y, 0+)]* .
(8.5

Here the amplitude factor may be expressed in terms of

the intensity of the incident radiation by use of (3.6).

This yields for the conversion coefficient 7} defined in
(6.10)

M =256m°w ™ |Gy(p}(20) — 20 (@) Aplzal Tiw),

8.6

where the coefficient 4, is given by (5.6)

Ap=Cjilay, (8.7)
with the normalization factor

C =P 20) pi() [e3(20) £3(0) N 20) Nif(@)] ' (8.8)
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and the dimensionless wavefunction coefficient
ay,=[e3(@)k/pE(@)]* [w}' 2w, 0+)1* [wi(w, 0+)]* (8.9)
Similarly we find for the conversion coefficient n}™

M =256mw ™ |G (P} (2w) — 2p} (w))lz(EB,kxax,Q

x J{w), (8.10)
where the coefficients B} are given by
BY=CyMbi (8.11)

with normalization factor CEM given by (8.8) and
dimensionless wavefunction coefflclent bl given by

w=vive, bR =pctwiviwil,

bid=2p; ‘o "o i

b3 =py *wiwilt, (8.12)
b3} = —2p; ‘o *p i

b3} =4p; °pi *wivivi

The values of the wavefunction and its derivative at
zo=0+ are given by (7.12) and (7.13).

We are now in a position to compare the conver-
sion coefficients for different geometries. We assume
that for each of the geometries only the lowest
fundamental mode is excited with the same intensity

exp[2ipi(w)x], 8.4)

z=1zg

JE() or J¥(w) and we consider the intensity J¥(2w) of
the lowest second harmonic mode. Assuming perfect
phase-matching the factor Fy, in (5.9) takes the value
N? and choosing b=1a the first factor in (5.7) has

absolute value a]/2/4n* In this case the three geome-
tries differ only in the factors 44, and B2 in (8.6) and
(8.10).

In our numerical calculations we put the magnetic
permeability u equal to unity everywhere. At the
fundamental frequency we put &,(w)=2.13, &,(w)
=225, and g4(w)=1. At the second harmonic frequen-
cy we put £,(20)=2.17, £,(2w) =2.28, and &5(2w)=1.In
Fig. 5 we plot the reduced wavenumber p(w)/k for the
three geometries as a function of kd. The correspond-
ing plot for py(2w)/2k at the second harmonic frequen-
cy is very similar. In Fig. 6 we plot the logarithm of the
ratio (A0/4k®) as a function of kd. In Fig. 7 we plot the
logarithm of the ratio (B}/4k®), again as a function of
kd. We note that in geometry III the derivatives
wolw, 0+) and po(2w, 0 +) vanish by symmetry, so that
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Fig. 5. Reduced wavenumber po(w)/k for the fundamental guided
mode of lowest order plotted against kd for geometries I, IT, and
111
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Fig. 6. The logarithm °log(440/4k°), with 4, as defined in (8.7),
for geometries I, 11, and III plotted against kd
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Fig. 7. The logarithm °log(B35/4k°%), with B}} as defined in
(8.11), for geometries I, I1, and III plotted against kd

in (8.12) only the coefficient b} differs from zero. It is
evident from Figs. 6 and 7 that there is a marked
difference in efficiency for the various geometries.
Roughly speaking geometry Il is several orders of
magnitude more efficient than geometryl, and
geometry Il is again several orders of magnitude more
efficient than geometry II.

In all three geometries the distribution of the
adsorbate enters via the prefactor |Gx(p ) —2p (@)
in (8.6) and (8.10). A less than perfect grating affects this

A. Bratz et al.

geometrical prefactor. Also irregularities in the wave-
guide structure affect mainly this prefactor. If we
express the effect of scattering due to irregularities by
an exponential damping of the wave, i.c. by complex
values of the guided mode wavenumbers p{2w) and
pi(w), then both the surface polarization and the
second harmonic wave are exponentially damped in
the x-direction. In calculating the second harmonic
intensity at a distance D from the grating we must
replace the factor |Gy|? by

exp [ —2p7(20) (D + Na)]|Gu(p20) —2p@))*, (8.13)

where now p;=p;+ip; and p,=p,+ip; are complex
wavenumbers. In order to find the optimum grating we
may maximize the above expression with respect to N.

9. Efficiency Considerations

In this section we compare the conversion efficiency of
the various waveguide configurations studied in the
preceding sections with that of bulk-SHG in KDP.
First we compare surface-SHG and bulk-SHG for the
case of Fresnel reflection (FR) and total internal
reflection (TIR) at a single surface. Next we consider
the conversion efficiency for the different waveguide
configurations for realistic physical dimensions and
under the assumption that recently available nonlinear
monolayers of high second-order susceptibility 3> are
employed.

In order to facilitate the comparison of surface-
SHG and bulk-SHG we assume that in the former case
the incident wave is s-polarized. Hence the SHG signal
is p-polarized and depends only on the surface suscep-
tibility component [28] y,,,. The surface susceptibility
x'? can be as high as 10~ 12 esu [29]. Typically the bulk
susceptibility y* of KDP approaches 10~ % esu [30].
For a particular choice of geometry in surface-SHG we
may evaluate the effective length [ of a KDP crystal
leading to the same conversion efficiency under the
assumption of perfect phase-matching [31]. Table 1
represents a compilation of such effective KD P-lengths
for different angles of incidence in the FR or TIR case.
It is evident from this table that surface-SHG can be
quite an efficient conversion process. In fact, for an
angle of incidence of 45° in Fresnel reflection and for
1P =10"13esu it takes 790 nm phase-matched KDP
to achieve the same conversion efficiency. The en-
hancement by an additional factor 10 in total reflection
is in agreement with previous measurements [32, 33].
This enhancement is reduced considerably upon devi-
ation from the critical angle of incidence. Under the
conditions of Table 1 this angle is 43.3° for &(w)=2.13.
However, even for 60° incidence the length [ . in total
reflection still exceeds the value for Fresnel reflection.
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Table 1. Effective KDP-lengths in nanometer for Fresnel reflec-

tion (FR) and total internal reflection (TIR) for selected angles of
incidence of a surface-SHG experiment (see text for details)

Angle of I for KDP [ for KDP
Incidence
FR [nm] TIR [om]

45° 797 7906

46° 807 7411

47° 817 6988

48° 826 6551

49° 824 6170

50° 842 5816

60° 847 3149

In Fig. 8 we plot the calculated conversion efficien-
cies for the three previously discussed waveguide
configurations I, II, and III as a function of the
waveguide length N. a. An initial cross section
A=0.5pm x 0.5 um=0.25 um? and a typical power of
100 mW in the red spectral range have been assumed.
We compare with the conversion efficiency of KDP as
calculated under optimized focusing conditions for
Gaussian beams [30], which results in a linear increase
with crystal length. In the waveguide devices the
conversion efficiency will exceed the linear dependence
with length due to continuous guidance in the
z-direction of the fundamental wave. However, the
quadratic dependence shown in Fig. 8§ will not always
be realized, since the fundamental wave will tend to
spread out in the y-direction. In Fig. 8 we have
assumed a lateral spreading of the fundamental beam
identical to that in KDP for the same length. Accord-
ing to Fig. § a conversion efficiency of 0.01% at an
input power of 100mW seems achievable for wave-
guide version III. Provided a critical length is exceeded
the efficiency of the device is higher than a KDP crystal
of the same length. It should be added that the
proposed device is open to improvements. We have
assumed a y?-value of 10712 esu. Newly synthesized
organic dyes [34] may cxhibit surface susceptibilities
as high as 5x10 13esu, or even 10 %esu, under
favorable excitation conditions. These large nonlinear-
ities should compensate for the inevitable losses due to
absorption of the generated SH-radiation and due to
scattering of -the fundamental.- The-experimental re-
sults of {24, 30] clearly indicate that absorption-free
guidance of the fundamental wave in adsorbate-
covered waveguide structures is possible. In addition,
latest developments in waveguide fabrication [35]
indicate that guidance of the fundamental in both the
vertical and lateral directions is now possible. The high
nonlinearity achievable with surface effects, contin-
uous large-scale phase-matching, and possibly two-
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Fig.8. Conversion efficiency versus length for the various
waveguide configurations and KDP. For each of the three
waveguide geometries we choose a thickness d corresponding to
the maximum in Fig. 6 and we assume perfect phase-matching.
For KDP we assume optimized focussing conditions according
to [25]

dimensional confinement of the fundamental wave
should ultimately allow higher conversion efficiencies
as compared to conversion with inorganic crystals.

10. Discussion

We have discussed in some detail the relative merits of
three different geometries for second harmonic genera-
tion in planar optical waveguides. In all three geome-
tries, shown in Figs. 1, 3, and 4, we consider a
monolayer of optically nonlinear molecules adsorbed
at the interface between media 2 and 3 arranged in a
periodic grating structure. We have found that the
symmetric geometry shown in Fig. 4 is by far the most
efficient. Experimental efforts should aim at realizing
this favourable geometry.

We have simplified our calculation by the assump-
tion that in the excitation of the nonlinear surface
polarization by the fundamental wave depletion of the
latter may be neglected. If the proposed mechanism is
efficient and an appreciable part of the fundamental
intensity is converted into second harmonic intensity,
then the above assumption can no longer be justified
and a more complicated coupled wave theory must
be considered [17-19].
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