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We demonstrate photoluminescence excitation enhancement in an all-polymer flexible one-

dimensional photonic crystal structure capped with a fluorescent organic ultrathin film. When opti-

cal matching conditions between the excitation beam and the Bloch Surface Wave mode supported

by the photonic structure are achieved, a ten times enhancement of the photoluminescence is

observed. We notice that in these systems luminescence signal reinforcement is achieved by

increasing the pump efficiency with no need of spectral resonance to the emission of the chosen flu-

orophore. All these features make these systems suitable candidates for easy, flexible, and cheap

fluorescent sensing. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892423]

The manipulation of light is one of the most important

aims of contemporary nanophotonics. The main focus is on

the capability of nanostructures made of dielectric, metallic,

and hybrid materials1–3 of concentrating e.m. field on length

scales smaller than the diffraction limit, thus obtaining huge

field intensity enhancement.4,5 Two approaches are reported

in the literature: the first researches the highest performances

through plasmonic or inorganic systems, which both require

expensive and slow fabrication processes, the second is the

looking for alternative systems with comparably high per-

formances, through reliable and cheap fabrication techni-

ques. This distinction is significant since plasmonic and

photonic structure could have a high impact in many differ-

ent applications (biosensing, photovoltaics, and telecommu-

nication),6,7 which only become realistic if fabrication

processes are easily extensible to large-scale production.

Besides metal-dielectric interfaces and metallic nanostruc-

tures, another important mean to manipulate and modify

light propagation is represented by Photonic Crystals (PhCs).

A PhC is a dielectric structure with a spatial modulation of

the dielectric function having a period of the order of the

involved wavelength.8 In particular, a one dimensional PhC,

such as a Distributed Bragg Reflector (DBR), exhibits a pho-

tonic band gap which prevents the propagation of light

within a certain frequency range.

Bloch Surface Waves (BSW) are propagation modes at

the surface of a DBR.9–11 These modes have frequency

within the photonic band gap, so light cannot propagate

through the periodic structure, and near-interface localization

is achieved owing to total internal reflection at the surface of

the bounding medium. In many aspects, BSWs can be

thought of as the dielectric analogues of Surface Plasmon

Polaritons12 and should be exploited to modify the fluores-

cence lifetime and to spectrally and spatially reshape the flu-

orescence emission. Nevertheless, not many papers can be

found in the literature on this subject.

A study of the radiative decay engineering of fluores-

cence has been recently proposed by Lakowicz et al.13,14 on

inorganic DBR made of SiO2 and Si3N4. However, some

authors have demonstrated that high-quality DBR can be

obtained using polymer materials and cheap deposition tech-

niques.15–19 Polymer photonic structures are traditionally

used as colour responsive materials;19 in this work, instead

we propose the use of all-polymer structures to enhance and

manipulate the emission of a fluorescent polymer, by exploit-

ing a BSW excitation and envisaging an original application

in sensor devices.

Cellulose acetate (CA, Mw 61 000, refractive index

n¼ 1.475 at 600 nm, from Sigma Aldrich), and poly(vinyl-

carbazole) (PVK, Mw 90 000, n¼ 1.675 at 600 nm, from

Across Organics) have been employed to obtain high optical

quality DBR by dynamic spin coating of polymer solutions

in orthogonal solvents. Cellulose acetate was solved in 4-

hydroxy-4-methyl-2-penthanon (diacetone alcohol, from

Sigma Aldrich) with concentration about 24 g/l, while PVK

was solved in toluene (Sigma Aldrich) at similar concentra-

tion. The poly(9,9-dioctylfluorenyl-2,7-diyl-co-1,4-benzo-

(2,10-3)-thiadiazole) (F8BT) was purchased from American

Dye Source and its molecular mass is unknown. It was

solved in toluene to obtain pure F8BT films; concentrations

employed vary from 10 up to 30 g/l. All materials and sol-

vents have been used as received without any further purifi-

cation. Dynamic spin coating (Novocontrol spinner model

SCV) is performed over glass substrates in laboratory envi-

ronment without temperature or humidity control. Layer

thickness was varied by changing the spinning speed in the

range 60–150 revolutions per second (rps) and/or solution

concentration. Ten period DBR structures have been pre-

pared. After each bilayer deposition, a 4 min baking step at

70 �C on a hot plate was performed in order to improve the

optical quality of the films.20 Finally, a thin F8BT (the fluo-

rescent active medium) film is cast on top of the DBR struc-

ture terminated by a CA layer.

In order to determine the film thickness—thus calibrat-

ing deposition parameters—and to characterize the dielectric
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response of each material, thin films of each single polymer

as well as suitable bilayers have been spin-cast on glass sub-

strates in the same experimental conditions as for the DBR

growth. Spectroscopic ellipsometry in the 0.25–2.5 lm range

were measured by a VASE instrument by J.A. Woollam Co.,

Inc., at different angles of incidence from 60� to 75�.
Modelling of the complex dielectric function e¼ e1þ ie2 of

CA, PVK, and F8BT thin films was implemented through os-

cillator models, which guarantee Kramers-Kronig consis-

tency and do give results in general agreement to the

available literature data.20–22 Typical thicknesses of CA,

PVK, and F8BT layers were found to be 65 nm, 120 nm, and

3 nm, respectively.

The full optical characterization of single polymer films,

bilayers (PVK and F8BT on CA), as well as DBRs, has been

performed by transmittance, attenuated total reflectance

(ATR), spectroscopic ellipsometry (SE), and photolumines-

cence (PL) measurements. In order to perform angle-

resolved ATR measurements, a Poly(methyl methacrylate)

(PMMA) semicylinder has been glued to the polymer DBR

substrates and used as a prism for white light probing,

through a Fourier Transform Infrared spectrometer coupled

to a home-made micro-reflectance/luminescence setup in

Kretschmann configuration.23 Reference measurements with

a bare PMMA prism and a glass substrate glued onto the

prism have been also performed in order to check for spuri-

ous contributions to the ATR spectra as well as to normalize

the angle dependent DBR reflectance spectra. PL pumping

was obtained with a diode laser beam (405 nm, 5 mW output

power) impinging on the sample from the back, using the

same prism configuration used for ATR. The emission beam

was collected by a lens in front of the sample, with an accep-

tance angle of about 10�. Numerical simulation of all ATR

spectra has been performed with WVASE32
VR

software, by

using the dielectric function dispersion and film thicknesses

previously determined.

As a first step, we performed an ATR characterization of

the bare polymer DBR (i.e., without the F8BT capping

layer). The normalized reflectance spectra as a function of

the incident angle for s-polarization are shown in Fig. 1

(solid lines). The dispersion of the 1st order photonic band

gap feature (the strong reflectance peak) as a function of the

incidence angle is evident. Interference fringes also appear

due to the finite size of the whole CA-PVK multilayer and

the refractive index contrast between this last and the sub-

strate. Such fringes are very sensitive to the whole thickness

of the system and to the optical quality of the structure.

Moreover, spectral position, intensity, and width of the re-

flectance peak associated to the photonic band gap depend

on the dielectric contrast and the thickness of the CA and

PVK layers as well as on the number of periods. In the pres-

ent case, the DBR structure was designed with a band gap

center wavelength at about k¼ 580 nm at normal incidence

and with an angular dispersion allowing to match at about

40� of incidence the F8BT absorption spectrum (below

k¼ 500 nm). Above the critical angle of the system in air—

around 43�—the reflectance spectrum achieves the ATR re-

gime and the optical response of the DBR is almost the same

as that of the PMMA prism, which is used to normalize the

DBR spectra.

In Fig. 1, we also report the results of modelling the op-

tical response of the DBR (dashed lines). Simulation has

been performed by using the optical functions derived by the

simultaneous analysis of the transmittance and SE spectra of

single films, while the thickness of CA and PVK layers were

free parameters. The best-fit thicknesses to the ATR experi-

mental curves very well agree with the ones independently

obtained by the analysis of the transmittance and SE spectra

of the DBR. In a refinement step, also the angle of incidence

has been slightly adjusted (about 1�), i.e., within the experi-

mental uncertainty. The agreement confirms the high quality

of films and interfaces of the polymer DBR structure.

Casting the active layer on top of the DBR structure, the

F8BT absorbance band is observed in transmittance20 and

SE spectra around 400–500 nm wavelengths. Actually, no

relevant changes are detected in reflectance spectra below

the critical angle. Conversely, at the threshold of the ATR re-

gime (43�), the ATR response is strongly modified, as shown

in Fig. 2. While for the bare DBR at similar incidence angle,

the optical response is dominated by total reflection, when

F8BT film is on top of DBR, two absorption like, angle-

dependent features appear in the spectra. One is the group of

structures between 450 and 500 nm in the ATR spectra of

Fig. 2. This is due to the interplay of the absorption of F8BT

(which tends to lower the reflectance value) with the onset of

the band gap structure (which tends to hinder light propaga-

tion, and then absorbance, through the DBR).

Then, a second relatively narrow feature emerges near

the high energy edge of—but within—the bandgap, from

450 to 400 nm, in the spectra and exhibits a clear dispersion

behavior with the incidence angle. We will focus on this fea-

ture (hereafter named BSW). In fact, it is not related to

absorption of F8BT and it does not appear in p-polarized re-

flectance spectra at any angle of incidence.9,24 Simulations

very well reproduce the experimental curves, as reported in

Fig. 2(b), thus allowing us to investigate the BSW

FIG. 1. Variable-angle s-polarized ATR spectra of a bare CA/PVK DBR

structure as a function of the incident angle, as measured in Kretschmann

configuration (full lines) and simulated (dashed lines). The scheme of the

optical geometry is shown in the inset (not in scale).
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dependence on the structural parameters. By varying struc-

tural parameters in the simulation, we noticed that:

– the BSW wavelength and its angular dispersion are

strongly dependent on the thickness of the CA and PVK

layers composing the DBR;

– increasing the number of DBR periods (i) the BSW wave-

length is un-changed, (ii) its intensity slightly increases,

and (iii) its linewidth becomes vanishingly small.

Then, the BSW structure is strictly related to the DBR

band gap. Nevertheless, when the conditions for the total

reflection are modified, e.g., by increasing the refractive

index of the medium above the F8BT film, the structures

related to band gap and absorption (the ones between 450

and 500 nm in Fig. 2) remain, whereas the BSW feature we

are focusing disappears. Upon increasing the thickness of the

active F8BT layer from 1 nm up to 5 nm (experimentally we

explored the range 2–3 nm), the intensity of the BSW feature

increases. Notice that the thickness variation does not affect

the DBR optical response or the ATR regime. Then, BSW is

strongly affected by the properties of the last layer and seems

localized there.

All these evidences point out to assign the BSW feature

appearing between 400 and 450 nm to a Bloch Surface Wave

running through the last layer of the capped DBR structure.20

When suitable photon polarization, energy and wavevector

(incidence angle) matching is attained, the BSW mode can

be excited by the impinging radiation. Since the fluorescent

and absorbing layer is cast on the surface, the excitation of

the BSW mode is observed as a dip in the reflectance spec-

trum. The relatively large spectral width of the BSW finger-

print as compared to that observed in high refractive index

contrast inorganic counterparts10 is due to finite size effects

of the one-dimensional photonic structure.

The e.m. field spatial localization associated to the BSW

mode can be exploited to enhance the pumping efficiency in

a fluorescence experiment. While some result has been

reported on the confinement of the emitted (fluorescent)

field,14,15 still few works are related to excitation field con-

finement. We measured the PL spectrum of our all-polymer

DBR capped with the F8BT thin film as a function of the

incidence angle of the exciting laser beam. In order to evalu-

ate the intensity enhancement caused by the BSW excitation,

we used suitable reference structures, i.e., F8BT films on a

glass substrate either free or glued on a PMMA prism. The

thickness of the active layer was the same as that cast on top

of the DBR structure.

As expected with an s-polarized laser beam input, the

free film emission slowly decreases on increasing the pump

incidence angle. However, it is interesting to compare

(Figure 3) the emission intensity as a function of wavelength

and incidence angle of the pump for the bare F8BT film (a)

and the same film on top of the DBR structure (b), when

both are mounted on the prism. All the spectra were normal-

ized to the largest peak emission intensity of each series.

Within each series the spectral shape is practically

unchanged; nevertheless, a spectral redistribution of PL is

evident between the two cases. Maximum occurs around

k¼ 540 nm for the bare film and 570 nm for the film on

DBR; the PL bandwidth when F8BT film is on the top of the

DBR is much sharper than in the PL spectrum of a bare

F8BT film. The dependence on pump angle of incidence is

also very different (profiles are plotted on the right of each

panel of Fig. 3). For bare F8BT, PL slowly increases to the

maximum approaching the critical angle of total reflection

(around 43�). In the case of DBR structures, a steep signal

increase occurs up to about 47�, i.e., beyond the critical

angle. Then, for larger angles, the emission falls to almost

zero at about 58� and then the signal recovers again to weak

but not negligible values. Notice that the same incidence

angles of 47� is almost exactly the one where ATR spectra in

Figure 2 exhibit the BSW resonance at the wavelength of the

pump laser, 405 nm. This coincidence further supports our

assignment of the BSW structure to a Bloch Surface Wave

excitation. For larger angles, the PhC bandgap region—due

to angular dispersion—overlaps the pump frequency, and

consequently, the PL signal is expected to disappear as

indeed observed. Above 60�, when the lower band-edge is

crossing over 405 nm, PL is excited again and its spectrum is

modulated by the interference fringes of the reflectance spec-

trum of the DBR.

The enhancement effects associated to the spectral redis-

tribution of the PL signal can be now pointed out. Figure 4

reports the PL spectra of the F8BT on DBR sample and of the

references previously discussed. For each case, the strongest

intensity spectrum has been chosen: the angle of incidence

was about 30� for the bare F8BT film, 45� when on the prism,

and 47� when on the DBR and prism. The F8BT PL spectrum

FIG. 2. (a) s-polarized ATR spectra as a function of the incident angle for a

DBR covered by a F8BT thin film in the ATR regime; (b) the same from

simulation.
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is similar to those previously reported15,16 even though some

structuring (530 and 580 nm) is here more evident, probably

due to the ultra-low thickness of the investigated film. The use

of the prism improves the PL efficiency by doubling the signal

intensity. This effect can be ascribed to total reflection: light

cannot escape from the surface and interaction with the mate-

rial is significantly increased. Anyway, the spectral shape of

PL remains unchanged.

On the contrary, the introduction of DBR causes a dra-

matic spectral and intensity change of the PL signal. The main

peak is shifted to k¼ 570 nm, while the two weak satellites at

515 and 650 nm are modulations induced by photonic band

gap edges.15 The spectral shift is likely to be attributed to the

interaction of the emitted light with the underlying photonic

structure, which is selectively reflecting the different spectral

components. Moreover, PL shows a remarkable enhancement

with respect to the bare F8BT film either in terms of

intensity—a factor of ten (six if one considers peaks at differ-

ent wavelengths)—or in terms of integrated signal over the

whole emission spectrum (more than four times). Such an

enhancement is substantially observed also with respect to

F8BT on the prism (a factor of 2.5 on both quantities). We

assign such an enhancement effect to the localization of the

pump beam in the F8BT layer mediated by the BSW mode,

which improves the photon absorption probability, and conse-

quently increases the PL photon density.

We would notice that both angular dispersion and signal

enhancement can be nicely exploited when this kind of

DBRs are adopted in a sensing device. Indeed, PL signal

enhancement allows to improve the sensitivity of the detec-

tion. This potential could be of strong and particular interest

when chemical species under investigation do not possess a

specific chemical receptor group like in the case of explo-

sives.25,26 In conclusion, we reported on PL enhancement via

BSW excitation in all-polymer DBR capped with a fluores-

cent semiconducting polymer. The enhancement effect is

due to the localization of the excitation beam into the fluo-

rescent layer, which dictates very strong geometrical con-

straints in order to observe the effect itself. We envisaged on

the possible use of such effect for sensors, in particular, for

analytes without a specific chemical receptor group.
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