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Abstract

Application of an integrated optics (I0) microcavity (MC) for evanescent excitation of two-photon excited fluorescence (TPF) is demon-
strated. The MC provides a high local intensity, which is required for the TPF, because of resonant enhancement of the intracavity power an
a strong two-dimensional confinement of the guided mode. Numerical estimations show a large increase, by more than a fantthef 10
TPF intensity at the MC compared to a conventional straight waveguide. This will lead to a significant improvement of the detection limits of
UV-absorbing chromophores (down to£0M) when using the MC as a biosensor. Feasibility of TPF excitation using an 10 MC is confirmed
experimentally for the first time.
© 2004 Elsevier B.V. All rights reserved.
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Integrated optics (I0) microcavities (MCs) have been exten-  In these studie8—10], conventional one-photon absorp-
sively investigated in recent yeafs-4]. Advances in mi- tion/fluorescence has been employed. Two-photon absorp-
crofabrication led to the realization of IO MCs as small as tion/fluorescence (TPA/TPF) has not been combined with
several micrometers in radius supporting resonances of highan 10 MC until now. Yet, TPF is an important method in
Qin excess of 1H[3,4]. Due to resonant enhancement of the evanescent-wave MC-based (bio)sensing since it allows one
optical field inside an MC, the efficiency of many (non)linear to: (i) increase the signal-to-background efficiency of evanes-
optical processes such as absorption, scattering and emissionent excitation because TPF quadratically depends on the in-
is increased5]. |0 MCs have been proposed for the use in cident power and (ii) access UV-absorbing fluorophores with
optical networking1,2], low threshold microlasin{g] and visible laser excitation. A prerequisite for observing a de-
electro-optic modulatiofi7]. Motivated by fundamental and  tectable TPF signal is high excitation intensity, typically, in
technological advantages of IO MCs, we have recently sug- excess of >19W/cn? [11]. An IO MC, as a high-Qesonant
gested their application to resonant-enhanced refractive indexstructure, enables the enhancement of the incident power at
sensing8], evanescent-wave spectrosc¢@yand combina- resonance and, thereby, promotes TPF excitation. In this pa-
tion of multiple MC sensorsinto an arrfy0]. We have shown  per, we present an estimate for the efficiency of TPF excited
that the MCs are advantageous for (bio)sensing because ofwith an IO MC and show the experimental feasibility of the
(i) small sensing volume of the MC, which requires only a MC-assisted TPF.
few femtoliters of the sample and (ii) resonant-enhanced sen- TPF is a process in which two excitation photons are anni-
sitivity that is directly proportional to th@ of the MC. hilated simultaneously by a molecule, and subsequently, the
molecule emits a fluorescence photon at a wavelength smaller
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Fig. 1. (a) Perspective view of an IO MC used for TPF excitation. Light from a tunable (pulsed) laser sgycp (®launched into the waveguide, which

excites a MC mode. The second (optional) waveguide is used to probe the @) inside the MC. The transmitted®((1)) and scattering (§1)) signal
is measured to identify MC resonances. An analyte solution (tryptophan dissolved in glycerol) is put on top of the MC and the TRipgignaleasured

from the top. (b) The cross-section of the ring MC coupled to the MC used for TPF experiments. The MC was fabricated in the SiON technology as described

in [4]. Refractive indicesn(SiN4) =2.00,n(Si0;) =1.47,n(SiON) = 1.55. As a cover medium, glycerol£1.47) was used.

waveguide (Fig. 1a) by a factor :
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fe A 70 wheren is the extraction efficiency of the incident power
Q) from the waveguide, which is equal to 1 in case of critical
coupling[10]; Qo is the intrinsic quality of a resonant mode
where:gr, C ando(® are the quantum yield, the concentra- [4] of the MC andNef i the effective refractive index of that
tion and the two-photon absorption cross-section of the fluo- mode[4,10]. A technologically feasible MC may haveQg
rophore, respectively, andf are the pulse length and repeti- of 10° (e.g.[4]) with R=15 um andNeg=1.7[4,8]. Then,
tion rate of the laser source exciting the Mfgisanumerical ~ at A =580 nm, the enhancement of the TPF at the MC due
constant accounting for the pulse shape (g=,0.588 for a to the resonance effect is equal @ =0.3x 10*. Second,
hyperbolic-secant square pulsyic isthe time-averagedin-  a guided mode of a ring or disk IO MC is better confined
tracavity power, A is the effective cross-section of the guided laterally (along radius, Fig. 1a) as compared to a straight

excited by the MC of radius R (Fig. 1a) is calculated as:

G =1nG, = (2

mode of the MC an&yc(X, r) is the 2-D intensity profile of
the MC mode. It is explicitly assumed in Ed.) that the flu-

waveguide mode (ca. Oygn for the MCJ[4,10] and >1pm
for the waveguide). Better confinement of the mode results

orophores are excited by the whole evanescent volume of thein smaller A (Eq(1)) and, therefore, in higher TPF intensity

MC, that is,d<x<o0, 0<r<oco andLyc =27R. There are

two factors that make the MC superior to a straight waveg-

per fluorophore molecule.
Here the performance of the MC for TPF excitation is esti-

uide for TPF excitation. First, at resonance, the intracavity mated. We have done this for tryptophan (Trp), an amino acid

powerPyc exceeds the incident pow&, in the adjacent
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Fig. 2. (a) The estimated TPF intensity from tryptophan excited with the waveguide of a len@hR=94.2um as a function of the fluorophore concen-
tration dissolved in glycerol (r1.47). Experimental conditions: detection efficiency = 0,0%,580 nm,Pj, =30 pW, 7p =8 ps,f=4 MHz. (b) Relative TPE
fluorescence intensity generated from tryptophan in the evanescent volume of the MC as a function of the@gtdfhttie MC. The fluorescence signal is
normalized to that excited by the waveguidd_of 27R, whereR is the MC radius.
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been recognized as one of the key fluorescing speciesthatac 030 - - - T, Lo
counts for up to 90% of the fluorescence of proteins from var- > M %‘m
ious tissue and cell samplgs3]. Trp possesses apronounced -, 0.25 Y f ¢ =
absorption band inthe UV region around 270-290 nm. There- 2 ——P ro8 S
. e _ . [ —eo—P w
fore, efficient two-photon absorption/fluorescence of Trp £ 020+ o B 3
should occur when excited in the range of 550-580 nm. These'» é%% [ 8% Los 73
. . ) 59 P9 ’ b4 6 o
excitation frequencies are supported by the MC and readily £ ¢ 45 8 % P 50 =
available with commercial pulsed dye lasers. First, the TPF & 1% ¢ g L°
rate generated from Trp in the evanescent volume of the MC 3 010 § %‘@% g o4 2
with G=1was estimated. Such a case corresponds to the TPF g o < % -
excitation using a straight waveguide of a length27R and 005 0o
assuming equal spatial integrals of ) for the waveguide “se2 583 584 585 586 587 588
and the MC. The result of calculations 8f2F as a func- wavelength, nm

tion of the fluorophore concentration is shownFhig. 2a.
The data of the graphs suggest that a fairly intense flux of Fig. 3. Scattering (§)) and transmission () spectra of the ring MC
TPF photons (>1%)ph0t0nS/S) can be observed even for rel- (Fig. 1b excited with a pulsed cavity-dumped tunable Rhodamine 6G dye

atively low concentrations used (<1"0M) An estimation laser (700 Series, Coherent) pumped by a mode-locked Nd-doped YLF laser
(Antares 76-YLF, Coherent). The transmission curve is normalized to the

of the detection limit can be made on the basis of the de-t .
. . . ransmitted power out-of-resonance. The very top of the resonance peak near

tector performance. For instance, if an avalanche photodiodesgs nm is saturated due to a detector.
is used for fluorescence detection, the dark count rate can
be as low as 25 counts/s. For a signal-to-noise ratio of unity of the waveguide next to it (Fig. 1a). With the Trp applied,
the detection of2 x 10-°M appears feasible. Second, the the scattering and transmission spectra are virtually the same
TPF rate from the MC &B > 1 was calculated. The resulting as those inFig. 3. By adjusting the laser wavelength, the
dependence of MC-induced relative TPE fluorescence rateMC was excited near the resonance maximum at 583.2 nm
versus the intrinsi€p-factor of the MC, calculated for the  (Fig. 3). The photons of this wavelength are efficiently ab-
case of critical coupling (g1, Eq.(1)) is shown inFig. 2b. sorbed in a two-photon process by Trp, whose absorption
Evidently, the MC-excited TPF starts to dominate that from band is found within 270—-300 nm ranff8]. As a result, the
the waveguide as soon as g exceeds 2000. Ay = 10°, TPF of Trpisinduced in the range from 300 to 450 [413]. A
enhancement of TPF rate at the MC allows dramatic reduc- UV image of the MC covered with a Trp solution and excited
tion of the fluorophore concentration by up to four orders at the 583.2 nm resonance is showrFig. 4a. Clearly, the
of magnitude compared to straight waveguide excitation. It UV emission is excited both by the waveguide and the MC.
means that detection of as low as # of Trp should be When the excitation wavelength is tuned out of the resonance
feasible by means of the MC. to 584.2 nm (Fig. 3), the UV emission from the MC area dis-

Experimental study of TPF excited by an 10 MC was appears (Fig. 4b). At the same time, the emission from the
performed using a ring MC (Fig. 1b). First, the resonant waveguide area remains unchanged, because the ver
properties of the MC were characterized by measuring its in the waveguide does not alter. Therefore, it is the excita-
normal scattering (§1)) and transmission (P.)) spectra tion of Trp by the resonant mode of the MC at 583.2 nm that
(Fig. 1a) excited by a pulsed tunable laser. A series of peri- gives rise to the UV emission observed from the MC. In order
odic resonance peaks in the scattering with complementaryto prove further that the observed UV emission was due to
dips in transmission was detected as the excitation wave-the TPF of Trp, the UV signal dependence was analyzed. In-
length was scanned (Fig. 3). A free spectral range (FSR) stead of measuring a quadratic dependence of the TPF on the
observed (ca. 1.75nm) correlates reasonably with a calcu-excitation powef11,12] we analyzed the UV intensity as a
lated FSR of 2.1 nm. This indicates that the laser pulses canfunction of the reciprocal pulse repetition frequency(Ef.
couple efficiently to MC resonances, as in the case of CW (1)) keeping the time averaged poviRyt and the pulse length
excitation[9]. The MC resonance near 583.2 nm, which has t constantFig. 5shows the pixel-averaged fluorescence in-
a Q of 1630+ 136 and a relative transmission dip of about tensities collected from the waveguide (Fig. 5a) and the MC
10%, was used for resonant excitation of the TPF. The intra- (Fig. 5b) as a function of 1/f. For both the waveguide- and the
cavity powerPyc associated with this mode was estimated MC-generated signal a linear dependence is observed. This
(using the approach described[i0]) to be Ryc =0.30Ry, implies, according to Eq1), that the UV emission observed
wherePj, is the power in the adjacent waveguide. Despite of from the MC (Fig. 5b) is indeed due to the TPF of Trp.
low G« 1 (Eq.(2)) for the MC used, a considerable amount The TPF intensity from the waveguide area was observed
(10%) of the pulsed energy can be still transferred to the MC to be superior to that from the MC area (Fig. 4). Apparently,
at resonance and can be used for TPF excitation. the absolute power inside the MCyR) is lower than that

A solution of an UV-absorbing fluorophore, tryptophan carried by the adjacent waveguidg{P This is a result of
(Trp), was applied on top of the MC to observe the TPF. poor coupling (i< 1, Eqg.(2)) between the waveguide and
The Trp solution was covering the MC itself and the area the MC and relatively lov@ of the used MC device, which is
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Fig. 4. UV images of the MC and the adjacent waveguide (&$gnla covered with the glycerol solution of Trp (ca. 15 mg/ml) when the MC is on-resonance

at 583.2 nm (a) and off-resonance at 584.2 nm (b). The dotted rectangle shows the boundaries of the etched window around the MC and the waveguide that is
filled with the Trp solution. Outside the window no TPF can be excited because of a thick layeraf®i€ing the wafer. The scattered light from the MC

is rejected using a notch filter. The UV emission of Trp is spectrally selected by a bandpass color glass filter (350—400 nm). The images were recorded using a
N2-cooled CCD. Excitation conditions;, = 8 ps,f=4 MHz, Pj, =0.4 mW, integration time =3 s.
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Fig. 5. Average TPF intensity analyzed from the imagEim 4a from the waveguide area (a) and MC area (b) as a function of the reciprocal pulse repetition
frequency 1/f. The areas of the waveguide and the MC images from which the signal is integrated are shown by the re¢tangdlas in

confirmed by the spectra Ifig. 3. Moreover, the TPF signal  uide technologies to studies UV-absorbing fluorophores,
observed from the waveguide before the MC/waveguide especially intrinsic ones such as NAD(P)H, tryptophan,
coupling region is more intense than that from the waveguide serotonin, etc. High resonant-enhanced sensitivity of the
area behind the MC (Fig. 4). This is due to high insertion TPF method based on an 10 MC is of particular advantage
losses at the point of closest proximity of the MC to the for studying these natural chromophores compared to both
waveguide. The results obtained clearly show the feasibility waveguide and bulk excitation schemes. Finally, a MC is
of resonant-enhanced TPF using an integrated optical MC.built using conventional waveguide materials and design
Optimization of the quality and the coupling of the MC to the tools. Therefore, MC-assisted TPF can be combined with a
waveguide will result in an increased TPF of the MC versus wide variety of sensing approaches as immunoassay or any
the waveguide. In conclusion, we demonstrated, both theo-other surface-recognition based techniques.

retically and experimentally, the feasibility of TPF excitation

using an 10 MC. The results of the study are particularly im-

portant for development of 10 MCs for resonant-enhanced Acknowledgement

two-photon (bio)sensing. Detection of 19M of UV-
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