APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 5 31 JANUARY 2000

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.2600 American
Institute of Physicg.S0003-695(00)04305-9

There has been much interest and progress in the devedtripes by standard photolithographic techniques. The alumi-
opment of nonlinear optical materials for potential applica-num stripes are used as planar electrodes for poling of the
tion in integrated opticd? Since the 1980’s, amorphous polymer film. The stripes are-200 nm thick. The distance
polymers doped with nonlinear optical chromophores havdetween adjacent stripesis1 mm.
been studied as promising nonlinear optical materials be- Poly(methyl methacrylate(PMMA) (4—6 wt. % poly-
cause of their large optical nonlinearities, low fabricationmer in solvent and Disperse Red (DR1) (4 wt% with
cost, and compatibility with different kinds of substrates. respect to the weight of polymeare co-dissolved in chlo-
The noncentrosymmetry needed for second-harmonic geriobenzene, and spin coated at 2000—4000 rpm on the pat-
eration (SHG) is induced by the application of a dc field terned substrates.The films are dried first at 70°C for 2 h
(poling) at temperatures near or above the glass transitioBnd then at room temperature for 24 h. The thickness of the
temperaturel;, where the dopants can reorient and be parfilms is measured by a profilometer. By controlling the spin
tially aligned. However, larger optical nonlinearity is desiredSPeed and the polymer concentration in chlorobenzene, the
for many applications. film thickness can be varied from 1 toudn. There is a slight

It is well known that a microcavity can modify the Variation in film thickness across the sample.
vacuum-field fluctuation and thus alter the decay rate and the The films are poled by application of 1200 V across a 1
radiation pattern of spontaneous emisdidrMicrocavities MM aluminum electrode gapE¢=1.2x 10* V/cm). The pol-
have been widely used to control luminescence characteri$?d temperature is 125°C. For PMMA, the glass transition
tics of organic materials, e.g., to enhance emission intensitfeMpPeratureTy=100°C. After poling at elevated tempera-
and directionality, narrow spectral linewidth, and tune emis{ure for about 15 min, the samples are cooled to 25° C with

sion frequency° Nonlinear optical processes can also bethe dc electric field still applied.

modified by microcavitied!~*2In this letter, we demonstrate  1he top mirror of the cavity is a thin layer of silver. It is
that a planar microcavity can significantly enhance thefhermally evaporated on the PMMA film after the poling. To
second-order nonlinear optical response of the polymer. avoid heating of the sample, which could cause reorientation
The microcavity is a Fabry—et cavity made of two of the chromophores and loss of the nonlinear optical prop-
planar mirrors. The cavity length is on the order of the opti-€rti€s, the sample is mounted on a chilled water-cooled

cal wavelength. Figure 1 is a schematic of the sample strudlClder to keep it cold during thermal evaporation. In addi-
ture. The bottom mirror is a distributed Bragg reflector iON: @ shadow mask is used to block part of the sample

(DBR), which is a stack of alternating layers of Si@nd during the evaporation so that silver is deposited onto part of

TiO, on top of a BK7 glass substrate. The thickness of each
layer is equal to\p/4n, wherehy=1050 nm, andh is the
refractive index. The DBR stopband is centered at 1050 nm.
The reflectivity of the DBR is more than 99% in the wave-

length regime of 980—1110 nm. However, the DBR is trans- —— —_—
parent around 525 nm. When the fundamental wavelength is Fungamental it
around 1050 nm, the DBR is highly reflective to the funda- light
mental beam but transparent to the second-harmonic light.
The DBR, 1 in. in diameter, is patterned with aluminum / Alum f t

silver PMMA AUMINUM gig 1o, BK7 glass

electrode

3Electronic mail: h-cao@nwu.edu FIG. 1. Schematic of the sample structure.
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_ by boxcar integrators. When the monochromator is detuned
‘;Z:Lﬁ'emc NA:-YAG Laser from the second-harmonic frequency, the measured signal
amplifier becomes zero. This test confirms that the observed signal is
|:lz,,m,,dmi fiter indeed second-harmonic light. A computer is used to control
the wavelength tuning of OPA and two monochromators, as
beam monochromator| pur |—BOXCA well as to acquire data from the boxcar integrators. For a
splitter etz A better signal-to-noise ratio, the SHG signal is averaged over
N %/ i 200 pulses. The use of a quartz wedge as the reference ma-
mirm"“o—‘ﬂ_H_h“"““mma‘“ il HBOXCA terial results in angular walk-off due to refraction as the fun-
lens sample  bandpass damental wavelength is tuned, causing misalignment in the
remaining detection instrumentation. To circumvent this, an
FIG. 2. Experimental setup for SHG measurement. X-cut quartz wedge with the same wedge angle is placed

immediately after the Y-cut quartz wedge with the opposite

the PMMA film. In this way, we can compare the second-wedge direction, thus eliminating the walk-off effect. Since
harmonic intensity from the part of the polymer film which is the X-cut wedge generates negligible SHG, the reference sig-
embedded in a microcavity to that from the part of the saméal from the Y-cut wedge is not affected. This scheme pro-
film which is not in a microcavity. vides a uniform reference over the entire spectral tuning
SHG measurement is performed on the sample in th&nge without realignment. To determine the absolute value
transmission mode. The fundamental beam, whose wavéf the second-order susceptibility® of the sample, the
length is around 1.0%m, is focused to a spot of 400m in relative SHG signal is calibrated against that generated in a
between two aluminum electrodes with normal incidence.Y-Cut quartz plate placed at the same location as the sample
Since the DBR is highly reflective to the fundamental light, @nd oriented at a peak in the Maker fringe patférSince
the DBR and the silver layer form a cavity for the fundamen-the quartzy'? has negligible dispersion in the wavelength
tal light. The thickness of the PMMA film is chosen so that fange involved, it suffices to make the absolute calibration at
the cavity resonant frequency is equal to the fundament#pne wavelength.
frequency. Hence, the fundamental light is accumulated in-  Figure 3a) shows the magnitude of the effective second-
side the cavity. High intracavity fundamental light intensity order susceptibilityy(s) measured at various fundamental
leads to a very efficient second-harmonic generation in th&vavelengths. The thickness of the DR1-doped PMMA film is
polymer film embedded in the cavity. Since the DBR is ~1.13 um. Part of the PMMA film is covered with a 40-
transparent at the second-harmonic frequency, the intracavifym-thick silver layer. The value ofZ of the PMMA film
second-harmonic light can escape from the DBR. The thickWithout the top silver layer does not vary significantly with
ness of the silver layer is crucial to achieve efficient SHG. Ifthe fundamental frequency. In contrast, the value(§f of
the silver layer is too thick, it blocks the fundamental light the same PMMA film which is embedded in the microcavity
from entering the cavity. If it is too thin, the cavity is too shows a sharp peak. When the fundamental frequency is
poor to effectively confine the fundamental light. In the nu-equal to the cavity resonant frequeng? is enhanced 50
merical simulation, we find the transmitted second-harmonidimes by the microcavity. However, as the fundamental fre-
intensity is maximal when the silver layer is 40 nm thick. quency is tuned away from the cavity resonant frequency,
Figure 2 shows the experimental setup for the SHG meax'% is greatly suppressed. The linewidth of the SHG reso-
surement. The output from an active—passive mode-lockedance peak is about 7 nm. When the fundamental beam is
Nd:YAG laser is frequency tripled to pump an optical para-focused onto different positions on the film, the center wave-
metric amplifier(OPA), which operates at a 10 Hz repetition length of the SHG peak is shifted. This is due to the fact that
rate}* The OPA output is tunable between 0.9 and 4r8.  the thickness of the PMMA film varies slightly across the
Its spectral linewidth is~ 4 nm. A bandpass filter is placed sample, and thus the cavity resonant frequency changes with
near the exit port of the OPA to block the idler beam. Thethe sample position.
signal beam of the OPA is split to simultaneously generate In order to compare with the experimental result, we
second-harmonic light in the sample and a reference matéiave done numerical simulation of SHG enhancement by a
rial, typically a Y-cut quartz wedge. By normalizing the microcavity. Using the transfer-matrix method, we calcu-
second-harmonic intensity from the sample to that from thdated the distribution of the fundamental light field inside the
quartz wedge, the effects of pulse-to-pulse fluctuation angavity>~*" From it, we calculate the intensity of second-
long-term drift in the laser power can be minimized. Two harmonic light generated inside the cavity and then transmit-
identical bandpass filters are placed after the sample and tied through the DBR. The ratio of the transmitted second-
quartz to attenuate the residual fundamental light. At eactarmonic light intensity from the polymer-embedded micro-
wavelength of OPA, the SHG signal from the sample andcavity to that from a polymer film of the same thickness but
that from the quartz wedge are focused into two identicalithout the cavity is defined as the enhancement factor. Fig-
monochromators. The monochromators are tuned to there 3b) shows the calculated SHG enhancement factor ver-
second-harmonic frequencies. Thus, only the secondsus the second-harmonic wavelength with the parameters of
harmonic signals are picked up by the monochromatorsour sample. The polymer film is 1Am thick. The refractive
Their intensities are measured by two identical photomultiindex of the DR1-doped PMMA is extracted by ellipsometry.
plier tubes mounted onto the exit slits of the monochromaThe maximal SHG enhancement factor is about 550.
tors. The second-harmonic signals are subsequently averaged The SHG enhancement observed experimentally is an
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FIG. 3. (a) Circles and crosses are the measufédl of the PMMA-
embedded microcavity at two different positions. The squares are the mea
suredy? of the part of the same PMMA film without the top silver layer.
The PMMA film is ~1.13 wm thick. (b) Calculated SHG enhancement
factor in the PMMA-embedded microcavity. The PMMA film thickness is
1.125um for the solid line, and 1.13gm for the dashed line. The dotted
line corresponds to the PMMA film of the same thickness but without the

top silver layer.

Cao et al.

taken into account in the calculation. The DR1-doped
PMMA has an absorption peak centered at 490 nm with a
linewidth of ~100 nm. After including the absorption of the
polymer film at the second-harmonic frequency in the calcu-
lation, we find the reabsorption of the second-harmonic light
by the polymer film contributes-25% reduction of the en-
hancement factor.

Finally, we would like to point out that the final value of
x? that can be achieved in the polymer-embedded micro-
cavity depends on the value gf?) of the nonlinear polymer
that is used. The role of a microcavity is simply magnifica-
tion of the polymer’s nonlinear response.

In conclusion, we have observed up to 50 times enhance-
ment of SHG in a polymer thin film by a planar microcavity
formed by a DBR and a silver layer. The cavity length is on
the order of the fundamental wavelength. Strong confine-
ment of fundamental light in a microcavity leads to signifi-
cant enhancement of the SHG in the polymer film embedded
in the cavity.
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