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Large enhancement of second harmonic generation
in polymer films by microcavities
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We report significant enhancement of second-harmonic-generation intensity in a nonlinear optical
polymer by strongly confining the fundamental light in a planar microcavity. Employing a
microcavity formed by a distributed Bragg reflector and a silver layer, we have observed up to a
factor of 50 increase of second-harmonic light intensity in polymer thin films. ©2000 American
Institute of Physics.@S0003-6951~00!04305-9#
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There has been much interest and progress in the de
opment of nonlinear optical materials for potential applic
tion in integrated optics.1,2 Since the 1980’s, amorphou
polymers doped with nonlinear optical chromophores h
been studied as promising nonlinear optical materials
cause of their large optical nonlinearities, low fabricati
cost, and compatibility with different kinds of substrates.3–5

The noncentrosymmetry needed for second-harmonic g
eration ~SHG! is induced by the application of a dc fiel
~poling! at temperatures near or above the glass transi
temperatureTg , where the dopants can reorient and be p
tially aligned. However, larger optical nonlinearity is desir
for many applications.

It is well known that a microcavity can modify th
vacuum-field fluctuation and thus alter the decay rate and
radiation pattern of spontaneous emission.6,7 Microcavities
have been widely used to control luminescence charact
tics of organic materials, e.g., to enhance emission inten
and directionality, narrow spectral linewidth, and tune em
sion frequency.8–10 Nonlinear optical processes can also
modified by microcavities.11–12In this letter, we demonstrat
that a planar microcavity can significantly enhance
second-order nonlinear optical response of the polymer.

The microcavity is a Fabry–Pe´rot cavity made of two
planar mirrors. The cavity length is on the order of the op
cal wavelength. Figure 1 is a schematic of the sample st
ture. The bottom mirror is a distributed Bragg reflect
~DBR!, which is a stack of alternating layers of SiO2 and
TiO2 on top of a BK7 glass substrate. The thickness of e
layer is equal tol0/4n, wherel051050 nm, andn is the
refractive index. The DBR stopband is centered at 1050
The reflectivity of the DBR is more than 99% in the wav
length regime of 980–1110 nm. However, the DBR is tra
parent around 525 nm. When the fundamental waveleng
around 1050 nm, the DBR is highly reflective to the fund
mental beam but transparent to the second-harmonic li
The DBR, 1 in. in diameter, is patterned with aluminu
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stripes by standard photolithographic techniques. The alu
num stripes are used as planar electrodes for poling of
polymer film. The stripes are;200 nm thick. The distance
between adjacent stripes is;1 mm.

Poly~methyl methacrylate! ~PMMA! ~4–6 wt. % poly-
mer in solvent! and Disperse Red 1~DR1! ~4 wt % with
respect to the weight of polymer! are co-dissolved in chlo-
robenzene, and spin coated at 2000–4000 rpm on the
terned substrates.13 The films are dried first at 70 °C for 2 h
and then at room temperature for 24 h. The thickness of
films is measured by a profilometer. By controlling the sp
speed and the polymer concentration in chlorobenzene,
film thickness can be varied from 1 to 3mm. There is a slight
variation in film thickness across the sample.

The films are poled by application of 1200 V across a
mm aluminum electrode gap (E.1.23104 V/cm!. The pol-
ing temperature is 125 °C. For PMMA, the glass transiti
temperatureTg.100 °C. After poling at elevated tempera
ture for about 15 min, the samples are cooled to 25 ° C w
the dc electric field still applied.

The top mirror of the cavity is a thin layer of silver. It i
thermally evaporated on the PMMA film after the poling. T
avoid heating of the sample, which could cause reorienta
of the chromophores and loss of the nonlinear optical pr
erties, the sample is mounted on a chilled water-coo
holder to keep it cold during thermal evaporation. In ad
tion, a shadow mask is used to block part of the sam
during the evaporation so that silver is deposited onto par

FIG. 1. Schematic of the sample structure.
© 2000 American Institute of Physics
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the PMMA film. In this way, we can compare the secon
harmonic intensity from the part of the polymer film which
embedded in a microcavity to that from the part of the sa
film which is not in a microcavity.

SHG measurement is performed on the sample in
transmission mode. The fundamental beam, whose w
length is around 1.05mm, is focused to a spot of 400mm in
between two aluminum electrodes with normal inciden
Since the DBR is highly reflective to the fundamental lig
the DBR and the silver layer form a cavity for the fundame
tal light. The thickness of the PMMA film is chosen so th
the cavity resonant frequency is equal to the fundame
frequency. Hence, the fundamental light is accumulated
side the cavity. High intracavity fundamental light intens
leads to a very efficient second-harmonic generation in
polymer film embedded in the cavity. Since the DBR
transparent at the second-harmonic frequency, the intraca
second-harmonic light can escape from the DBR. The th
ness of the silver layer is crucial to achieve efficient SHG
the silver layer is too thick, it blocks the fundamental lig
from entering the cavity. If it is too thin, the cavity is to
poor to effectively confine the fundamental light. In the n
merical simulation, we find the transmitted second-harmo
intensity is maximal when the silver layer is 40 nm thick.

Figure 2 shows the experimental setup for the SHG m
surement. The output from an active–passive mode-loc
Nd:YAG laser is frequency tripled to pump an optical pa
metric amplifier~OPA!, which operates at a 10 Hz repetitio
rate.14 The OPA output is tunable between 0.9 and 1.3mm.
Its spectral linewidth is; 4 nm. A bandpass filter is place
near the exit port of the OPA to block the idler beam. T
signal beam of the OPA is split to simultaneously gener
second-harmonic light in the sample and a reference m
rial, typically a Y-cut quartz wedge. By normalizing th
second-harmonic intensity from the sample to that from
quartz wedge, the effects of pulse-to-pulse fluctuation
long-term drift in the laser power can be minimized. Tw
identical bandpass filters are placed after the sample and
quartz to attenuate the residual fundamental light. At e
wavelength of OPA, the SHG signal from the sample a
that from the quartz wedge are focused into two identi
monochromators. The monochromators are tuned to
second-harmonic frequencies. Thus, only the seco
harmonic signals are picked up by the monochromat
Their intensities are measured by two identical photomu
plier tubes mounted onto the exit slits of the monochrom
tors. The second-harmonic signals are subsequently aver

FIG. 2. Experimental setup for SHG measurement.
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by boxcar integrators. When the monochromator is detu
from the second-harmonic frequency, the measured sig
becomes zero. This test confirms that the observed sign
indeed second-harmonic light. A computer is used to con
the wavelength tuning of OPA and two monochromators,
well as to acquire data from the boxcar integrators. Fo
better signal-to-noise ratio, the SHG signal is averaged o
200 pulses. The use of a quartz wedge as the reference
terial results in angular walk-off due to refraction as the fu
damental wavelength is tuned, causing misalignment in
remaining detection instrumentation. To circumvent this,
X-cut quartz wedge with the same wedge angle is pla
immediately after the Y-cut quartz wedge with the oppos
wedge direction, thus eliminating the walk-off effect. Sin
the X-cut wedge generates negligible SHG, the reference
nal from the Y-cut wedge is not affected. This scheme p
vides a uniform reference over the entire spectral tun
range without realignment. To determine the absolute va
of the second-order susceptibilityx (2) of the sample, the
relative SHG signal is calibrated against that generated
Y-cut quartz plate placed at the same location as the sam
and oriented at a peak in the Maker fringe pattern.14 Since
the quartzx (2) has negligible dispersion in the waveleng
range involved, it suffices to make the absolute calibration
one wavelength.

Figure 3~a! shows the magnitude of the effective secon
order susceptibilityxeff

(2) measured at various fundament
wavelengths. The thickness of the DR1-doped PMMA film
;1.13 mm. Part of the PMMA film is covered with a 40
nm-thick silver layer. The value ofxeff

(2) of the PMMA film
without the top silver layer does not vary significantly wi
the fundamental frequency. In contrast, the value ofxeff

(2) of
the same PMMA film which is embedded in the microcav
shows a sharp peak. When the fundamental frequenc
equal to the cavity resonant frequency,xeff

(2) is enhanced 50
times by the microcavity. However, as the fundamental f
quency is tuned away from the cavity resonant frequen
xeff

(2) is greatly suppressed. The linewidth of the SHG re
nance peak is about 7 nm. When the fundamental beam
focused onto different positions on the film, the center wa
length of the SHG peak is shifted. This is due to the fact t
the thickness of the PMMA film varies slightly across th
sample, and thus the cavity resonant frequency changes
the sample position.

In order to compare with the experimental result, w
have done numerical simulation of SHG enhancement b
microcavity. Using the transfer-matrix method, we calc
lated the distribution of the fundamental light field inside t
cavity.15–17 From it, we calculate the intensity of secon
harmonic light generated inside the cavity and then transm
ted through the DBR. The ratio of the transmitted seco
harmonic light intensity from the polymer-embedded micr
cavity to that from a polymer film of the same thickness b
without the cavity is defined as the enhancement factor. F
ure 3~b! shows the calculated SHG enhancement factor v
sus the second-harmonic wavelength with the parameter
our sample. The polymer film is 1.1mm thick. The refractive
index of the DR1-doped PMMA is extracted by ellipsometr
The maximal SHG enhancement factor is about 550.

The SHG enhancement observed experimentally is
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order of magnitude lower than the value predicted theor
cally. This is due to the simplification made in the simu
tion. The fundamental light is assumed to be monochrom
in the calculation. Experimentally, the fundamental beam
a spectral linewidthDl f;4 nm. Since the spectral band
width of the cavity modeDlc;1.5 nm, only a fraction
Dlc /Dl f;0.37 of the incident fundamental light can ent
the cavity, and the rest is reflected. Thus, the SHG enha
ment factor is reduced by a factor of (Dl f /Dlc)

2;7. In
addition, the reabsorption of the second harmonic light is

FIG. 3. ~a! Circles and crosses are the measuredxeff
(2) of the PMMA-

embedded microcavity at two different positions. The squares are the
suredxeff

(2) of the part of the same PMMA film without the top silver laye
The PMMA film is ;1.13 mm thick. ~b! Calculated SHG enhancemen
factor in the PMMA-embedded microcavity. The PMMA film thickness
1.125mm for the solid line, and 1.138mm for the dashed line. The dotte
line corresponds to the PMMA film of the same thickness but without
top silver layer.
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taken into account in the calculation. The DR1-dop
PMMA has an absorption peak centered at 490 nm wit
linewidth of ;100 nm. After including the absorption of th
polymer film at the second-harmonic frequency in the cal
lation, we find the reabsorption of the second-harmonic li
by the polymer film contributes;25% reduction of the en-
hancement factor.

Finally, we would like to point out that the final value o
x (2) that can be achieved in the polymer-embedded mic
cavity depends on the value ofx (2) of the nonlinear polymer
that is used. The role of a microcavity is simply magnific
tion of the polymer’s nonlinear response.

In conclusion, we have observed up to 50 times enhan
ment of SHG in a polymer thin film by a planar microcavi
formed by a DBR and a silver layer. The cavity length is
the order of the fundamental wavelength. Strong confi
ment of fundamental light in a microcavity leads to signi
cant enhancement of the SHG in the polymer film embed
in the cavity.
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