
PHYSICAL REVIEW 8 VOLUME 48, NUMBER 24 15 DECEMBER 1993-II

Phase-matched second-harmonic generation in planar waveguides
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Second-harmonic generation exploiting evanescent field interaction has been investigated for a planar
dielectric waveguide covered with a thin organic layer. The coherent nature of the frequency-doubling
process in such a structure was studied experimentally by systematic ablation of the nonlinear film in an
in situ setup. An increase in the conversion eKciency by two orders of magnitude has been observed for
a nonoptimized second-order susceptibility of the coverage layer.

I. INTRODUCTION

The use of waveguiding structures for frequency con-
version of the radiation from low-power lasers has at-
tracted considerable scientific and technical interest in
the last few years. Various proposals for practical reali-
zations and a number of theoretical studies have been
published. ' " The use of waveguiding structures should
permit long interaction lengths at high optical intensities
to facilitate frequency conversion by nonlinear-optical
processes. The modal dispersion of waveguides provides
an additional parameter with which to achieve phase
matching, which is generally realized by continuous
periodic modulation of the linear and/or nonlinear prop-
erties of the guiding structure. ' The organics in thin
films are widely considered to be promising candidates
for layered frequency conversion devices, owing to their
extremely high second-order nonlinearity. We are
studying quasi-phase-matched second-harmonic genera-
tion (SHG) by incorporating a periodic structure into a
planar, linear waveguide configuration. Rather than ap-
plying a periodically domain-inverted nonlinear
waveguide, we use a linear, lossless, commercial
waveguide covered with a periodically structured non-
linear organic adsorbate.

with P the propagation constant in the direction of prop-
agation x, and k that of free space (k=co/c). Various
methods have been proposed in the past to compensate
for the concomitant phase mismatch. ' ' lt is now well
established that periodic structuring can provide quasi-
phase-matching for long interaction lengths limited only
by the pump depletion or the increasing losses for both
waves due to scattering and absorption. ' In Refs. 9 and
14 it has been shown in detail how the necessary grating
period I can be derived from propagation considerations
for both fundamental and second-harmonic waves inside
the dispersive waveguide carrying a nonlinear, periodical-
ly modulated surface polarization in the plane z =zo (cf.
Fig. I ). It should be noted that this "polarization
sheet"' is located outside the waveguiding structure, and
hence frequency conversion can occur only via evanes-
cent field interaction. According to Ref. 9, the grating
period I, which optimizes the frequency conversion be-
tween two selected modes k and k' of frequencies co and
2', respectively, results from a Fourier transformation of
the x-dependent surface susceptibility y's ',s(x) and con-
sideration of those Fourier amplitudes that optimize the

II. THEORY

The basic theory of guided waves in planar structures
and frequency conversion by various nonlinear optical
materials present in such structures has been discussed by
several authors. " In this paper we shall follow the for-
malism of Ref. 9, and hence only a brief summary of the
relevant equations is given. In a planar optical
waveguide covered with a thin film of organic molecules,
the field in the cover material is exponentially damped
and excites a surface polarization in the adsorbate which
is the source of radiation at frequency 2'. Due to modal
dispersion, the two waves inside the waveguide will travel
at difI'erent velocities that can be characterized by the
e6'ective guide indices of refraction n, ff at the two fre-
quencies. ' The quantity n, tt is defined by the ration P/k,
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FICz. 1. System of coordinates x, y, and z of the waveguiding
structure considered together with the schematic thin-film ad-
sorbate located at z =zo.
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conversion. The nonlinear surface polarization can be
written as usual as

P' '(x)=y' ',(t(x)E' '(x, z )E' '(x, z ) .
7

Equation (l) describes the tensorial product of suscepti-
bility and fundamental field amplitudes E' '(x, zo) taken
at the position of the polarization sheet, z =zo. The sus-
ceptibility y(s', (r(x) can be split into an x-independent
contribution ys(

' and a periodic function g (x), with

—TMp
(~)

—TM()
(~~)

Xs, eff Xs
(&) — (2) (2)

The actual shape of g (x) will be discussed in more detail
in Sec. III. Let us now define the required Fourier ampli-
tudes by

Ps '(P, ) ~ g(/3 ) = I g(x)e ' dx .
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FIG. 2. Compilation of TM/, "'- and TMk"'-mode spectra vs
the effective guide index n,z for the waveguide configuration
considered in Sec. III.

1 + oo i(2pk —pk, )x
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The magnitude of this expression can be written as

sin(Nb/3lg l2)
Ig(~/t) I

= '
2vri bP sin(EPI 12)

(4)

with EP=2Pk —Pk, . The right-hand side of the last equa-
tion will be a maximum whenever b =ls/2 —hence 50%
per grating period l are covered with the SH-active
layer —and

l= 2~ 1

2 (2') n (~)
I

(6)

with A, the wavelength of the fundamental, and nk
"' and

nk
' the respective effective guide indices. It should be

noted that Eq. (6) is completely analogous to the expres-
sion for the coherence length l, encountered in bulk
second-harmonic generation

1
l, =—

2

The only difference between Eqs. (6) and (7) is the fact
that waveguiding frequency conversion devices should
make use of the effective indices of refraction. Under
(quasi)-phase-matched conditions (l —= l, ) the SH output
will increase quadratically with the total device length
L =ml, where m denotes the number of grating periods.
The result of Eq. (6) may be interpreted as follows: due
to the different phase velocities of the co and 2' modes in-
side the waveguide there is a periodical increase and de-
crease of the SH intensity along the propagation direc-
tion. The periodical structuring of the adsorbate yields a
nonlinear grating where destructive contributions of the
nonlinear polarization are suppressed. The

The index j in Eq. (2) refiects the fact that we are consid-
ering guided modes only and hence the amplitudes g(/3. )

will have only discrete values for the selected modes of
index j. For conversion of a fundamental mode at fre-
quency co, with propagation constant /3k into its harmon-
ic with propagation constant Pk, the Fourier amplitude
g(2@k —Pk ) that needs to be optimized can be written as

TABLE I. Normalized efIiciencies for both TMO ' and TEo"'
excitation of the first six TMk "' modes. TMo '~TM0 "'
efficiency is set to unity.

TM'"'

0
1

2
3
4
5

TEO( )-exc.

0.040
0.031
0.025
0.019
0.015
0.011

TMO" '-exc.

1.00
0.78
0.61
0.48
0.37
0.27

result of Eq. (6) offers new approaches to achieving
phase matching, which make the guided-wave
configurations —in addition to their long-range intensity
confinement —so attractive for any nonlinear-optical fre-
quency conversion scheme.

(i) The introduction of the effective guide index allows
the use of different geometrical schemes' for the achieve-
ment of I,~~ or nk '=nj', "'.

(ii) One can search for accidental coincidences in the
effective guide index or tune the fundamental wavelength
appropriately to achieve perfect phase matching' for an
adjacent mode pair.

In Sec. III we shall consider only conversion between
transverse electromagnetic (TM) modes. The mode spec-
tra in Fig. 2 are the effective guide indices for modes at
both frequencies for the waveguide used in the experi-
ments. It should be pointed out that m —+2co conversion
for adjacent modes is most efficient. Normalizing all con-
version efficiencies to unity for TMo ~TMO ' conver-
sion results in the eKciencies for both TMo"' and TEz"'
excitations which are shown in Table I. It is obvious
from this table that TMk '~TM'k ' conversions are al-
ways more efficient than TED ~TM'k ' conversions.
This is simply a consequence of the fact that second-
harmonic generation with p-polarized input and p-
polarized output at frequency 2~ is generally more
efficient than pure s-polarized excitation —irrespective of
how large the relevant susceptibility component pzyy is in
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the latter case. In addition, it should be noted that there
exists no TEo '~ TEk "' conversion for isotropic coverage
films due to the absence of anisotropic components such

(2)as pyyy o

III. EXPERIMENT

The experimental setup shown in Fig. 3 was designed
to convert different modes TMk ' of the fundamental,
selected by the input angle 0, , into output modes TMk."'
at frequency 2' upon variation of the acceptance angle
0, . The detection side consisted of a monochromator-
multiplier combination equipped with a photon-counting
system for signal registration. Polarizers I', and P2
served to characterize the respective polarization condi-
tions. The adsorbate could be ablated in situ by the fo-
cused radiation of a frequency-doubled Nd: YAG (yttri-
um aluminum garnet) laser. This laser, delivering 100-mJ
pulses of 10-ns duration at 532 nm allowed ablation of
the nonlinear organic material in 10-pm steps. Laser ab-
lation was also used to determine the coherence length /,
of the waveguide-adsorbate configuration, and subse-
quently to produce the necessary grating which could be
inspected by SH microscopy. '" The laser shown in Fig. 3
was a mode-locked and Q-switched Nd: YAG laser
delivering pulses of 70-ps duration and 125-kW peak
power at its fundamental wavelength of 1064 nm. Prism
coupling was used for the input of the fundamental and
for extraction of the optical harmonic at 532 nm. The
waveguide carrying the nonlinear adsorbate had an ex-
ponential refractive index profile, as shown in Fig. 4 with
n, =1.4798, b, n =0.04, and a decay constant a=(3.6
pm) ' according to the manufacturer's specifications. '

All index data refer to 532 nm. The nonlinear film itself
was 100 pm thick, prepared by simply dipping the
waveguide under reproducible conditions into a
poly(methyl)methacrylate (PMMA) chloroform solution
with addition of a hemicyanine dye of high second-order
nonlinearity. ' The resulting adsorbates were of excellent
homogeneity and easy to ablate, but of relatively low sus-
ceptibility due to the random orientation of the chromo-
phores at the glass-polymer interface. The nonlinear sur-
face susceptibility yz ' was measured independently in to-
tal internal refIection geometry. The dominant contri-
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FIG. 4. z dependence of the refractive index n (z) supporting
the TM modes shown in Fig. 2. The nonlinear adsorbate locat-
ed at z =zo has not been shown for the sake of simplicity.

IV. RESULTS AND DISCUSSION

A. Coherence length

In order to increase the conversion efficiency of the
proposed waveguide configuration, periodic patterning
must be performed to achieve quasi-phase-matching. As
already explained in Sec. II, the grating period must
match the coherence length /, according to Eq. (6).
Again TMk '~ TMk."' conversion will be only con-
sidered. In the absence of any phase-matching efforts, we
expect a sinusoidal oscillation of the SH intensity with
the coherence length I, upon variation of the adsorbate
length. The particular value of l, will depend on the
selected mode pair TMk ' and TM&."'. The excitation of
a waveguide carrying an unstructured adsorbate resulted
in the emission of up to four SH modes, as shown in the
photograph of Fig. 5. Both the respective acceptance an-

bution to gz' was found to be y,'„'=10 ' esu for a
5 X 10 molar dye-polymer solution after evaporation of
the solvent. The conversion efficiency considerations will
be based on this experimentally obtained susceptibility
value.

g(x)
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FIG. 3. Experimental setup of a linear waveguide carrying a
periodically structured nonlinear adsorbate of length L=mlg.
Inset shows magnified details of a susceptibility distribution as
introduced in Eq. (2).

FIG. 5. SH modes TMo "', . . . , TM3 ' upon variation of the
acceptance angle 0, between 78 and 83 . Also indicated is the
angular position of the fundamental mode TMo '.
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gle 8, as well as the (invisible) position of the exciting
fundamental TMo"' mode are shown in the figure. For
the photographic registration, the mode spectrum emerg-
ing from the waveguide with the unstructured adsorbate
was recorded with an exposure time of 15 s. The in-
creased sensitivity of the photon-counting detection sys-
tem directed to a selected TMk."' mode should allow the
observation of oscillations with the coherence length
upon ablation of the coverage. Figure 6 shows the exper-
imentally obtained beat patterns for TMo"'-excited
TM& ', TM2 ', and TM3 "' modes. The dashed lines
represent the recorded SH intensity upon ablation of the
adsorbate in 10-p steps —the solid line is a Fourier fit to
the experimental coherence length values l,",which are
also indicated at each pattern. We attribute the obvious
deviations from the theoretical values given in the figure
caption —using the unperturbed index profile n(z)
only —to the inhuence of the linear-optical properties of
the 100-pm-thick polymer coverage. Consequently we
shall rely on the experimental l,"values rather than us-

ing the calculated theoretical coherence length data. In-
spection of Fig. 6 suggests that signal-to-noise ratio con-
siderations make the TMo"' —+TM2 ' conversion most at-
tractive for an actual quasi-phase-matching experiment.
The beat patterns of Fig. 6 when observed in a planar
waveguide configuration correspond to the well-known
phenomenon of bulk phase mismatch between the funda-
mental and harmonic waves in nonlinear crystals, name-
ly, maker fringes.

B. Phase matching

Based upon the experimental results of Sec. IVA for
the coherence length of the TMo ~TM2 ' conversion
with l,"=-188 pm, we have studied the properties of
quasi-phase-matched SH emission as to mode selectivity
and length dependence. Figures 7 and 8 summarize the
experimental results. The necessary in situ ablation tech-
nique allowed reproducible patterning of up to 20 grating
periods, corresponding to a total structured adsorbate
length of 20X 188 pm="3. 8 mm. As compared to the un-
structured adsorbate, the intensity of the selected TM2'

mode could be enhanced by more than a factor of 100.
Figure 7 shows that other non-phase-matched modes are
still present. By a direct measurement of the respective
powers P„and P2 emerging from the waveguide, an ex-
perimental conversion efficiency )"=P2 /P =1.1

X 10 ' was determined for this total grating length of
3.8 mm and P„=25 kW. Based upon the independently
determined susceptibility value, a conversion efficiency

of 3.S X 10 ' was expected under the above-
mentioned experimental conditions for the selected mode
pair. Taking into account the various uncertainties
entering the theoretical efficiency calculation, such as the
precise knowledge of the index profile n(z) for the deter-
mination of the field strength E' '(zo) of the fundamental
mode at the position of the adsorbate, or the problems as-
sociated with a precise second-order susceptibility mea-
surement, the agreement between q'" and g" is surpris-
ing despite a deviation by a factor of 3. Even without
changing the susceptibility yz ' itself, the conversion
efficiency of the device can be increased immediately by
nearly two orders of magnitude by removing only 5O% of
the adsorbate per grating period (instead of the currently
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FIG. 6. Variations in SH intensity with ablation length for
three selected SH modes. Experimentally determined coherence
lengths I," are indicated. Taking into account the diffusion-
controlled index profile n (z) shown in Fig. 4 resulted in l, =142
(TMj ' excitation), 174 (TM2 "' excitation), and 67 pm (TM3
excitation).
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FIG. 7. SH intensity vs the effective guide index upon mode-
selective phase matching of the TMo ' —+TM2 ' conversion.
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FIG. 8. SH intensity vs the length of a periodically struc-
tured nonlinear adsorbate, showing a strong deviation from the
expected square dependence.

70%) for optimized operation, and by proper selection of
the period l =I, . Figure 8 reveals a severe deviation
from the expected square dependence of the SH intensity
with length. Evaluation of the apparent mismatch shown
in Fig. 7 results in a deviation of 2.7% between l and l, .
In fact, the value of l,"=188pm has been obtained by
ablation of the waveguide covered with the adsorbate,
and hence does not take into account the coherence
length of the actual device with a periodic modulation of

the thickness of the waveguide by the coverage grating.
It should be noted that shortening Ig by 2.7% approaches
the theoretically expected value for l, of 174 pm, accord-
ing to Table I for the example of a TMO"' —+TMz"'
conversion —which is, however, 7.5% off' the experimen-
tal value I,".

V. CONCLUSIONS

For the first time, to our knowledge, we have demon-
strated second-harmonic generation using a planar
waveguide covered with a nonlinear organic thin film.
Quasi-phase-matching was achieved in situ by periodic
modulation of this adsorbate in an in situ setup. Due to
the physical dimensions of the commercial waveguide
and the applied susceptibility, the conversion efficiency
was rather low. It could, however, be shown that even
nonoptimized quasi-phase-matched operation along a
3.8-mm device length —with 20 grating periods—
resulted in an increase in efficiency of the selected
TMo ~TM2 ' mode pair by two orders of magnitude.
By exploiting thin-film coverages prepared from
Langmuir-Blodgett-type monolayers of high second-
order nonlinearity (g& = 10 esu according to Ref. 22),
one can expect conversion efficiencies in a percent range
discussed in detail in Ref. 9. Another approach could be
the use of recently available extremely thin (waveguide
thickness 100 nm) metal-oxide waveguides, which can
strongly enhance evanescent field interaction.
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