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Abhsitact. We have daveloped a new Integrated narrowband spectral fik
ter, which consists of a planar waveguids coverad with a thin pokmer
film containing moleculas, which undargo persistent apaciral hole bur-
ing at liquid helium temperaturs. We show that such a device performs
as a miniatire programmaebla namowband spectral fiter, with & $rans-
mission bandwkith Jess than 1 GHz. in such a filter the frequency res-
olution is limited by the width of the homogeneous zero-phanon knas of
tha chromophore molecides, and not by the geometrical dimensiong of
the device. Experimantal measuresments in tha time domain using & pi-
cosecond dye laser, and in the frequancy domain using a sigle-moda
dipde taser, are presantad.
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Minjature spectral filters, which can be integrated in optical
waveguides, have a variety of potential zpplications for
frequency-multiplexed opticel data transmission and pro-
cessing. Previously, integrated channel-dropping filters'?
and tupable inte op planar waveguides have been
demonstrated 1o provide a selection bandwidih of about L0
t0 0.1 A in the optical region, which comresponds to tens of
gigahertz. However, 1o select efficiently between ¢ large num-
ber of different frequency cliannels, a salection bandwidth
of less than 1 GHz is desired. Unfortunately, the perfarmance
of passive devices hased upan interference and diffraction
of light have the tendency to deteriorate ag the dimensions
of the filter become emaller. This limits the practically achiev-
able fmg[uency selectivity and contrast of integrated optcal
filters.

An eltemative approach 1o speciral ﬁ]tmingl_‘:s 1o nee the
phenomena of spectral hole burning (SHB).*" Tha special
propeny of SHB materials is that they are able to transmit
light at one frequency, while still srongly absorbing light at
all other neighboring frequencies. This wavelength selectiv-
ity occurs because at low tempecatures the inhemogeneous
absorption spectrum of molecoles (or ions} in dielectric ma-
terials, such as polymers and crystals, comprises bomoge-
reous zero-phonon lines (ZPLe) that are much narrower than
the overall absorptior band of the ¢ensemble of chrommophores.
If the chromophore malecules can he photoechemicatly
switched between two or more states with largely differsm
absorption spectra, then it'is possible to bleach out A narrow
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portzon of the inhomogeneous absorption band by illami-
nation with an intense monochromatic laser. The namow dip
or **hole’™ in the absorption spectrum can be then used 25 a
parrowband fitter, % for holographic storage® and malecular
computing,” or for time-domain holography® and subpico-
second pulse shaping.'®

The zere-phonon ling is especiatly namow if the material
is cryogenically cocled. At liquid helium temperatures, spec-
tral holes narrower than 0.1-1 GHz are typical * Because the
frequency selectivity is an intrinsic property of the material,
the achievable contrast and the bandwidth of a filter do not
eritically depend upon the geometric dimensions of the de-
vice. It is important, however, that the concentration of the
SHB-active molecules be not high enough to cause broad-
ening of the ZPL due to energy migration between the chrom-
ophore molecules {zec below).

In this paper we discuss the preparation of a ruirisure
spectral filter that operates using a waveguide with a thin
cover layer containing organic dye modecules. This cover
layer is deposited on lop of a commescial single-mode planar
wavegnide in such 2 way that about 0% of the total energy
of the guided light propagates in the cover material. Since
fhe absorpiion in the cover material is sybstantial, & song
damping of the propagating moke occurs, and no light is
transmitied through the waveguide, However, if a narmow
bole is bumned in the absotption spectruim of the cover SHB
material, than at the frequency of the spectral bobe the light
is no longer strongly absorbed and the mode can propagate,

The experimental procedure consists of two steps. In the
first step the absorption of the lile-buming layer is modified
by illumination with light at a fixed waveleigth. In the second
step the transmission of the guided mode is measused by an
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in- and cutcoupled laser beam with tunabis frequency. In the
fellowing, three experiments are described. The first exper-
iment uses a synchronously pumped picosecond dye taser to
demonstrate that spectral holes can be bumed and detected
in a waveguide configuration, The speciral width of the
burtied holes is limited by the spectral width of the laser,
which is about a hundred times Jarger than the homogenous
ZPL linewidth. In the second experiment the time response
of the waveguide structure is measured using the picosecend
dyc laser after & specific frequency profile has been bumed
inte the spectrum of the waveguide. Using this techrigoe, it
is possibie to estimate the homogeneous linswidth of the ZPL
of the chromophore molecules, and compare it with previ-
ously performed measurements in bulk samples. In the third
experiment, holes with linewidths in the subgigahertz range
are bumed and detected with & cw diode laser.

The schematic structure of the combined SHB-waveguide
is shown in Fig. 1. The light 15 puided predominantly in the
i60-nm-thick layer of Ti0;-510; glass (refractive index of
ng= 1.8}, which iz deposited on top of a glass substrate of a
Jerwes vefractive index (n;=1.5254). The guiding layer zlso
contains an embossed 2400-line/mm relief prating, which iz
used 1o couple light into the TED mode. The wavegvide is
covered with a thin layer of pelymer {polyvinylbutyral, re-
fractive index r,=~ 1,7} contaimng the SHB-active molecules
which interact with the evanescent wave. This additional
layer ie prepared by dipping the waveguide in a methylen-
chloside selution contaiming 4.8 X 10~ * melA of chlorin (2,3-
dihydroporphyrin} molecules and 25 g/ of polymer. A uni-
form layer of thickness about 120 nm is formed ez the wave-
Euide is slowly withdtawn from the solution and the solvent
evaporates. The configuration of the waveguide strocoure al-
lowed only the TEQ mode 10 propagate.

" The scheme of the experiment is shown in Fig. 2. As a
runable coherent light source we use either a synchronously
pumped 76-MHz-repetition-rate picosecond dye laser, which
has a line width of 0.4 A, or a namowband cw diode laser
from Philips (CQLE40D), which can be controlled by tem-
perature and cutrent to emit laser light from 633 10 638 am
with a limewidth of 111 MEz. The laser beam is split into
the probe beam {PE) and the butning beam (BB), which can

probe baam

.
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Fig. 1 Schematic of tha wavaguide. F, guiding layer with thickness
de~160 nm; GR, grating coupler; C, chiorn-dopad PYE filkm of thick-
negs foma 120 im; 8, glass substrata; [P, mtensity profie of tha TEQ
moda; FB, prote team {iIncoupling angle n=75 dag); L2, rod ens.
Tha langth of the pobymmar film in the direction of iha propagating
mode |5 IL=7 mm,

L1

Bl s

Fig. 2 Exparimental setup. BS, beamsplitter, G and G2, dHfraction
gratings, BE, beam expander; L1 10 L3, lenaes; WG, wavaguide in-
gida the cryoetat; CR, optical cryestal; FF, Fabry-Ferot atalon {onky
uaed for ime-domain experimeriz); PB, proba beam; BB, buming
baasm; DE, datector (photomuliiplier or optical sampling ascilio-
scopa); SH1 and SHZ, shuttars to opan and close tha proba and the
buming baar.

be opened and closed alternately by shutters 1 (§SH1) and 2
(SH2). The waveguide is fixed in a holder and is immersed
in liquid helium at 7= 1.8 K inside an optical cryostat. The
expanded bumning beam illuminates the waveguide from a
nearly perpendicular direction through one of the cryostat
windows. The probe beam is directed through a pair of dif-
fraction gratings and is then focused te a 200-um spot on
the embossed grating. When we scan the freqoency of the
laser v measure the transmission of the waveguide, the in-
coupling direction of the probe beam has 1o vary because of
the anpular dispersion of the waveguide grating. The dis-
persion of the external gratings and the focal length of the
focusing lens are chosen o compensate exactly for the an-
gular dispersion of the waveguide grating, sc that constant
mcoupling efficiency is maintained during the wavelength
scan. The light wansmitted through the waveguide is coili-
mated by a smail rod lens, which is positioned neat to the
output edge of the waveguide. A further lens (L3} ontside of
the cryestat focuses the iransmitied light on the detector.
In the first experiment the laser is tuned to a wavelength
of 635.1 am, which is clos® to the center of the 9-nm-wide
inhomogeneonsly broadened absorption band of the chlorin
maoiecules, Shutter 2 ia opened, and the transverse beam is
applied to illuminate the wavepuide for about 16 min with
an intengity of 2 mW/cm®, Afer the exposare, shotter 2 is
¢losed and shutter 1 is opened, coupling the probe beam inlo
the TEQ maode of the waveguide. Ar estimated power of
.5 W is coupled into the TBO mode. The laser wavelength
is scanned, and the int=nsity of the transmitted light is re-
corded with a photomultiplier. The transmission of the wave-
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guide measured after the exposure is shown in Fig. 3. As a
result of the illumination with the bum beam, a sharp max-
Imum with a total width of 0.8 & appears. When the fre-
quency is tuned more than 1 A away from the wansmission
peak, virtwally no trapsmitted light otiginating from the
guided mode is observed. In fact, most of the light still reach-
ing the detector is due to the probe beam scactered in the
substrate glass and collected subsequently by the rod lens.

The extinction tatio k of the filter, which we define az 10
times the logarithm of the ratio of the intensity measnored at
the center of the hole to the intensity at a wavelength shifted
by t &, is 18 dB. However, since the intensity measured near
the ransmission peak is only doe 1o scattered light collected
by the rod lens in the cryostat, we extrapolate our measured
transmission curve with the transmission of a bulk sample
of chlorin moleculss in FVB of optical density 3.5 (dashed
line in Fig. 3); this extrapolation increases & 1o 40 dB, Since
many holes can be bumned at any wavelength between 629
and 638 nm. one filter can have several transmission weave-
lengths, as shown in Fig. 4. With the extrapelated optical
density of cur filier, we approximate the concentration of
chlerin in the PVB matrix to be 10~* molA. It is known"'
that the critical coneentration of chromephores in polymer
hests for epergy migration effects that result in broadening
of the ZPL is above 1072 mold. The interaction length of
the gwded mode with the chlorin-doped polymer is 7 mm.
With more concentrated polymer films on the wavegnide,
the actoal size of cur narrowband filter can be reduced fo
about 100 pm.

‘The width of the transmission line in Fig. 3 is exactly 2
times as large 2s the laser linewidth. Therefore the question
remains: What is the narrowest pogsible linewidth of the
filter? In erder to determine this we use the technigue of
photochemicaliy accumnlated stimulated photon-echoes, as
discussed in detail in Refs. % and 12, and measure the time
decay of the echo signal. For this purpose we place a flat-
murroe Fabry-Perot interferometer, with a free spectral range
of 0.28 cm ™+, in the burning beam, as shown in Fig. 2. The
light that is nsed for burning of the spectral holes consists of

75
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Fig. 3 Specteal mansmisgion of the waveguides. Sclid Iine: oxpari-
menially measured transmission aftar the buming exposura at the
wavelarigth of mm; dastred (in9; sxirapolatlad tranemiselon of a
buik sampie with an optical density of 3.5, Here A X ryua=0.8 &,
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Flg. 4 Speciral transmission afler fmnsvarsal buming at saveral dif-
lerent wavelengthe. The buming wavelengths were 6327, 5331,
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Fig. 5 Coherent time response of the waveguide o picosecond
lager pulses. Solid iine: echa signal oblained at the owipun of the
wavaguide afler buming exposure using the Fabry-Percst etalon;
dashed fine: lime-resolved intenslty of the buming beam.
T = 450230 b8, T4, =220+ 30 ps.

a sequence of narow lines, separated by 0.28 ¢cm ', In the
time-domain picture, the hole buming is carmied out at the
76-MHz repetition rate of the laser, using expanentially de-
caying pulse trains with a time spacing of 120 ps between
the pulses (see Fig. 5). After a 10-min exposure with
4-mW/em? intensity, the burning beam is biocked and the
transmission of a probe beam consisting of a single pulss
traveling through the waveguoide is measured. If the ZPLs of
the impurity molecules are much narrower than 0.1 A, then
the ransmission of the wavepuide should also contain many
narrow holes with a 0.28-¢cm ™' spacing between them, and
in the time domain the response should contain & train of
echo pulses,

To measore the time dependence of the light emerging
from the cutput edpe of the waveguide, we use a Hamamatsu
O05-01/VIS optical sampling ascilloscope with 2 time res-
olution of 30 ps. The solid line in Fig. 5 shows the measured
time response. By comparing the decay of the echo sighal
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pulse wrain with the decay of the original pulse train, we
evaluate the upper limit of the width of the ZPL o be
IMham =200 % 50 MHz. B{ comparing this value with the ho-
MOgensous linewidth'* of chlorin in bulk samples,
U= 160 MHz at 1.7 K, we conclude that the partially re-
stricted peometry of the polymer matrix preparad as a thin
film doey not sipniticantly alver the interaction of the chrom-
ophore with phonons, and that the nanrowest possibie line-
width of the filter is in cur case still well below | GHz.

To support this stalement we replaced our picosecond dye
laser by a namowband cw diode laser with a laser linewidth
of 110 MHz The diode laser can be scanned continpously
without mode jumps over a range of about 30 GHz, Since
the angular dispersion of the waveguide grating in & fre-
quency range of a few gigahentz can be neglecied, we re-
moved the pratings G1,2 and the lens L] of the setup in
Fig. 2. The principle of the experiment remrains the same.
We illunminate the waveguide transversely at a wavelength
of 634.2 nm with an intensity of 33 pWiom? for 1| min. After
the exposure we block the burning beam and couple about
L nW to the TEG mode of the waveguide, Figure 6 shows the
transmisstonof the waveguide device during a frequency scan
of 10 GHz. A sharp transmission maximuam arises al the burn-
ing frequency, with a linewidth of 5280 MHz and 2 contrast
of 9.1 dB. The shape of the hole is approximately Lorent-
zian."! The results shown in Fig. 6 were obtained with the
same waveguide as in Fig. 3. However, the same contrast of
the filrer device was not obtained, possibly dve to degradation
of the chlorin molecules. The burning fluence and the readout
intensity were significantly smaller in the expariments with
the diode laser thar with the picosecond dye laser, because
of the narrower laser linewidth of the dicde Llaser.

It should be noted that in our experiments the read beam
also causes a photochemical bleaching of the SHB materiat
in prapartion te the amount of light absorbed by the chlorin
malecules, which gradually destroys the filter. With the pi-
cosecond dye-laser configuration we estimale that 75 reading
eyeles reduce the contrast frem 18 1o 15 dB. With the diode-
laser cenfiguration 10 reading cycles reduce the contrast from

10 T r r
el conlrasl: 8.1 g8 i
3
2 sk 4
é FYWHM: 580 MHz
58 = X 3 ED
frequancy cffsat [QHz]

Fig. & Spectral ransmission of the waveguide after transversa bum-
Ing with g dicde laser, Sold lne: axpetmentally measured frans-
rission afer the burning exposure at the wavelength of 634.2 nm;
shadad llna: detaction of scatlerad bhackground radlaton betare hole
bumng.

9.1 o 7.8 dB. To achieve nondestructive readout, SHE ma-
terials that undergo two-celor (photen-gated) kole burning?
should be used.

Spectral hole-bimming devices work best at liquid helium
{emperature. If one is willing to compromise the performance,
operaticn at higher temperatures iz feazible with increased
linewidth. New materials for high-temperatere SHE are un-
der investigation.'*-1?

In conelusion, these experiments demonstrated that a
planar waveguide covered with a thin polymer film contain-
ing SHB-active molecules at low temperature can acl as a
miniatirre programmahle narrowband spectral filter. Such a
filier has a high contrast and good frequency resolution, not
obtainable with currently used techniques. The width of the
spectral interval where the filter trensmits light is limited by
the width of the ZPL, and not by the geometrnical dimensions
of the device. In addition, we have shown that the linear
coherent time response of the filter to picosecond pulses cor-
responds to ils transmission spectral profile.

For frequency muliiplexad optical data transmission and
processing, the preferred operating wavelength region lies at
1.5 pm. [t will be very important to extend the operaticn of
our device into this wavelength rogion as well. However,
very little is known about SHB systems absorbing at wave-
lengths [arger than 700 t0 800 nm. Another interesting pos-
sibility is to place the SHE material between electrodes and
use the Stark effect to switch the transmission with the electric
feld. Soch experiments have been performed earlier with
bulk samples and relatively thick films.? In our case tntegra-
tion of miniziore electrodes onlo the waveguide iy conceiv-
able, These new aspects are the subject of our further
iRvestigations.
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