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Sensors using surface plasmon resonance (SPR) are established as themethod of choice in label-free optical bio-
sensing. Their sensitivity for small refractive index changes at the surface originates from the enhanced evanes-
cent field at the surface of a thin metal layer. However, the small number of well-suited metals (Ag, Au) with
fixed optical constants limits a further refinement of the SPR performance in terms of dispersion and resonance
width. An alternative can be found in Bloch SurfaceWaves (BSW) sustained at specially designed dielectric mul-
tilayer stacks with low absorption losses. Due to the low losses an enormous narrowing of the resonance is ob-
tained, promising the reduction of the detection limit for such a label-free sensor. In order to deposit these
multilayers on plastic sensor chips, plasma ion assisted vacuum evaporation (PIAD) was applied as deposition
method. SiO2, TiO2, and Ta2O5 single layer properties were balanced in terms of absorption losses, stability in
aqueous environment and film stress. Dielectricmultilayer stacks could be designed in away, that resonance per-
formance is optimal and the total stack thickness as low as possible. Optimized Bloch stacks were successfully
coated on a large number of polymer chips. The application could be demonstratedby the detection of cancer bio-
markers using an analytical instrument that was developed with the BSW chips as core element.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing demand for early detection of diseases drives the ef-
forts to develop increasingly sensitive techniques to detect biomarkers
in extremely low concentrations. For this, a standard clinical verification
method is ELISA [1]. Here a color change reaction of enzyme labeled an-
tibodies takes place, which enables the detection of extremely low con-
centrations. However, ELISA is rather slow and the reaction kinetics
cannot be tracked. An alternative optical biosensing method is surface
plasmon resonance (SPR) [2,3] that has evolved to be the standard ap-
proach among various label-free optical methods [4]. However, the res-
onance exploited in plasmon based sensing is governed by the optical
properties of themetal film used. Themetals of choice are gold or silver;
usually only gold is used for practical reasons. This results in missing
flexibility in operation wavelength and angle of the resonance peak.
Furthermore, the resonance width is determined by the metal losses
and cannot be narrowed to lower the limit of detection. A possibility
to overcome these drawbacks in optical sensor design is to utilize sur-
face modes at specially tailored dielectric multilayer stacks [5,6]. In
such case, called Bloch surface wave, the maximum field intensity is
close to the surface of the multilayer stack and an evanescent field ex-
tends into the superstrate and is exploited for sensing [7–10]. As
unzert).
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appropriate dielectric materials for these multilayers usually exhibit
much less absorption than metal films, enormous field enhancement
factors associated with potentially very narrow resonances have been
observed [11,12]. Advantages of this Bloch surface wave approach in
contrast to SPR are that the BSW dispersion can be almost arbitrarily
tuned by the stack design and the layer materials used. This means
that BSW can operate at any wavelength and the resonance angle can
also be adjusted to the sensitivity maximum [13]. Other benefits of the
Bloch wave approach come from the fact that the increased surface
field enhancement and the absence of the metal layer's quenching can
be exploited for fluorescence enhancement of dyemolecules at the sen-
sor surface. Compared to conventional fluorescence analysis, where the
emission is spread over thewhole half-space and only a small amount of
the light reaches the detector, the BSW approach allows to concentrate
the emission into a small angular range. The emission is not attenuated
by metal losses and fluorescence excitation is significantly boosted
when performed by the evanescent field of a BSW. Therefore, the new
approach is to combine label-free [14] andfluorescence signal detection
in only one sensor element [15] that uses such a Blochmultilayer stack.
As displayed in Fig. 1, the Kretschmann-Raether configuration with a
glass prism [16] is applied but instead of the metal film, which is com-
monly used for SPR, a dielectric multilayer stack has to be deposited.
By illumination with TE polarized light under total internal reflection
conditions, a sharp drop in reflectivity appears at the resonance angle
when the in-plane propagation constant of the illumination matches
tp://dx.doi.org/10.1016/j.surfcoat.2016.08.029
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Fig. 1. Scheme of a Bloch surface wave optical biosensor for label-free and fluorescence
detection.
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that of the surface wave. The reflected light for label-free detection and
the spontaneously emitted fluorescence are then observed in the same
angular range and can be recorded with the same detector [14].

This paper illustrates the basic principles of BSW generation, the de-
sign of dielectric multilayer stacks and the vacuum deposition of these
coatings on disposable polymer biochips. With a corresponding sensor
chip as core element, an analytical biosensing instrument for the detec-
tion of biomarkers is introduced and an actual measurement of the
Bloch resonance shift caused by the interaction of biomolecules is
shown.

2. Material and methods

Sensor chips with incorporated coupling optics were developed and
manufactured from KDS Radeberg by injection molding of a thermo-
plastic COC polymer (Topas 6013, Topas Advanced Polymers). As coat-
ing technology for the deposition of micrometer thick dielectric
multilayer stacks on these plastic chips, plasma ion assisted vacuum
evaporation (PIAD) with a Bühler/Leybold Optics APS 904 and Syrus
Pro 1100 box coaters was applied. This technique allows the deposition
of dense coatings without substrate heating, so it is suitable for coating
plastics. The film densification was performed by the APS plasma ion
source, which emits high energetic Ar-ions during the evaporation pro-
cess in order to densify the growing film [17]. By varying the ion energy
the film densification can easily be adjusted, for example to balance in-
trinsic film stress. Ion energies of approximately 100 eV were applied
Fig. 2. Optical broadband monitoring system OptiMon™, illumination device mo
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for SiO2 with a deposition rate 0.5 nm/s and for Ta2O5 with 0.4 nm/s.
For the thin TiO2 layer 120 eV and 0.25 nm/s were used. Layer thickness
termination for the Bloch stacks was primarily done by quartz crystal
monitoring. The corresponding calibration factors were derived by ex-
situ R/T measurements of single layers having three quarterwaves opti-
cal thickness at 550 nm. For advanced experiments, an in-situ optical
monitoring system was used for calibrating the quartz crystals in
order to lower systematic single layer thicknesses errors. This broad
band optical monitoring device OptiMon™ was developed at Fraunho-
fer IOF [18]. It measures transmittance spectra from samples located
on the rotating substrate holder (see Fig. 2) and uses the recalculation
routines from the Optilayer™ software in a triangular algorithm [19],
allowing one to determine single layer thicknesses inside the stack
with a high precision.

Absorption losses for SiO2 and Ta2O5 were determined by laser calo-
rimetry measurements at 1064 nm wavelength performed at Laser
Zentrum Hannover (LZH). For ex-situ measurements of transmission
and reflection a commercial dual-beam ratio recording spectrophotom-
eter Lambda 900 from Perkin Elmer was used. A special VN-accessory
(developed at IOF) enables the absolute measurements of T and R at
the same position of the sample surface, avoiding errors due to lateral
inhomogeneity or tilt. The beam's angle of incidence is 6° and keeps po-
larization effects negligible. Refractive indices for the single layers were
calculated from the measured R/T spectra in the transparency range,
using a simple Cauchy model. A thin film software developed at IOF
was applied to calculate resonance properties and to optimize the coat-
ing designs. The batch to batch variation of the resonance peak was
measured by inserting the coated polymer chips into the analytical in-
strument and covering themwith water. By this system the chip is illu-
minated by 670 nm emitting laser diode under total internal reflection
conditions. The reflected light is detected by a CCD camera for tracking
the angular position of the resonance peak.

3. Results and discussion

3.1. Multilayer design for BSW stacks

By the design and thematerial properties of themultilayer stack, the
performance of the resonance peak in terms of dispersion aswell as res-
onancewidth, depth and shift can be adapted. As the design base for the
Bloch stacks a periodic high (H)/low (L) reflector was taken because the
light inside the stack has to be optimally reflected to achieve the reso-
nantmode with the light that is totally reflected at the upper boundary.
Considering such HL stacks, a common thin film calculation software
can indeed calculate the resonance in reflection from a given stack but
does not have an efficient reverse simulating option to optimize the
unted in the deposition chamber (left) and graphical user interface (right).
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Fig. 3. Sensitivity calculated in terms of angular resonance shift vs. organic adlayer
thickness change [°/nm] for a Bloch stack with five periods Ta2O5/SiO2 in dependence of
the low and high index layer thicknesses.

Fig. 5. Experimentally determined losses @1064 nm for SiO2 and Ta2O5 single layers in
dependence of the Ar ion assistance energy while deposition.

Fig. 6. Optimized stack design with distribution of energy density (left), and simulated
angular spectra observed in label-free mode at 670 nm wavelength or in fluorescence
mode for the dye DyLight650.
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resonance properties. Thus, all resonance properties were calculated in
forward direction for a variation of layer thickness combinations and
the optimal ranges were taken from these plots. Fig. 3 exemplary illus-
trates how a suitable thickness combination for the high and low
index layers can be determined. The range with maximum sensitivity
for this particular stack design can be reached with e.g. 400 nm low
index and 100 nm high index material, but layer thickness variation
will not affect sensitivity much.

Besides sensitivity, one of themain determining factors for the reso-
nance performance is the absorption loss of the layer materials. As
shown in Fig. 4, extremely narrow resonances can be achievedwhen as-
suming a material absorption of 3 × 10−6. Increasing such losses yields
considerably broadened resonances.

In PIADdeposition experiments it was possible tominimizematerial
losses by reducing the energy for Ar ion assistance that is applied for the
vacuum evaporation process. Fig. 5 shows, that the absorption of a
400 nm thick SiO2 layer could be reduced to 3 ppm and for Ta2O5

down to 12 ppm. These values correspond to kSiO2 ~ 2 × 10−6 and
kTa2O5 ~ 1 × 10−5, respectively, if an interpolation to the aspired opera-
tion wavelength for the analytical instrument of 670 nm is performed.

The number of layer periods in the stack also determines the reso-
nance width and depth depending on the material properties. In our
case, two periods yield a too wide and shallow resonance that becomes
k670nm =3x10-6

Fig. 4.Optimized reflection resonances for different absorption losses of the dielectric materials
two different refractive indices (n = 1.33 and n = 1.34) of the superstrate to illustrate the res
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too narrow formore than four periods. Thus, the optimal number of pe-
riods is between three and four, resulting in total thicknesses of these
BSWstacks ranging from 1 μm to 2 μm. For the final stack, a non-period-
ic design was chosen due to a sensitivity for refractive index changes
that is three times higher compared to a periodic one. In order to reduce
the total thickness of the coating to 1 μm and increase the resonance
depth, a 20 nm thin TiO2 high index layer was set on top of two periods
SiO2/Ta2O5 (see Fig. 6).

It is clear that the resonance width was broadened by the elevated
losses but limits the propagation length of the surface mode to scales
~100 μm, what is compatible with spot sizes in biochemical sensors.
k670nm =8x10-5

in periodic BSW stacks (left: k670 nm=3 × 10−6, right: k670 nm= 8 × 10−5) are shown for
onance shift.
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Fig. 7. Polymer chip (coated with a BSWmultilayer) with adapter plate for themicrofluidic system (left) and APS 904 calotte segment loadedwith holders that are adapted to the sensor
chip geometry (right).
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The uppermost 20 nm thin SiO2 layer was solely introduced to promote
silane coupling for the biochemistry and not for optical reasons. The cal-
culated angular intensity spectra in Fig. 6 illustrate both the monochro-
matic angular resonance at 670 nmwavelength to be exploited in a SPR-
like measurement and the angular dispersion of the fluorescence emit-
ted above 660 nmwavelength in twopolarizations. Bothmodes are cov-
ered by one detector and switching the illumination system.

3.2. Bloch stack deposition on plastic sensor chips

The basic idea was to use an injection molded polymer chip where
all optical coupling elements are already integrated. In contrast to
state-of-the-art glass chips, polymer chips can be manufactured easily
and cost effectively in large quantities by injection molding technology,
hence the polymer chip can be used as a disposable. Furthermore, the
adapter element for microfluidics that enables the analyte solution to
reach the chip surface can be adjusted on the chip as a separate click-
in element prepared by injectionmolding aswell (see Fig. 7 left). Special
substrate holders were developed where only the sensor area of the
chip is coated while masking the rest of the chip surface. More than
medium dense dense low dense 

Fig. 8. Coating performance after three days' water storage for multilayer co

Fig. 9.Calculated 6° reflectance spectrum (left) and resonance peak obtainedunder total reflecta
high index layer.
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200 sensor chips could be coated within one batch in an APS 904 box
coater although the holderswere not optimizedwith regard to quantity.

Coating experiments were carried out to investigate the adhesion of
dielectric layers on the Topas polymer. Tape test revealed that extensive
plasma pretreatments are not necessary to promote coating adhesion.
Thus, only a short pre-etching step with the APS source at 80 eV for
60 s pure argon plasma was sufficient. With regard to the film proper-
ties, an adjustment of layer densification was necessary. Highly densi-
fied PVD coatings exhibit considerable compressive stress which
results in huge interface forces on the polymer substrate if the coating
is thick. Due to the difference in thermal expansion coefficients between
the organic substrate and the inorganic coating, the temperature rise
during the deposition is an additional component that introduces inter-
face forces. If the APS source operates in the upper ion energy mode, a
high thermal impact on the substrates can be observed. By lowering
ion energies, the thermal load can be reduced. Therefore, less densifica-
tionwas applied for the BSW stack deposition to reduce not only the in-
ternal film stress, but also the heat impact on the substrate. Besides this,
absorption losses are also lower for less densified coatings as already
shown in Fig. 5.
atings with different densification and corresponding film stress values.

nce (right) for the optimizedBloch stack design and a+2nmthickness variation of the last
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Table 1
Single layer thicknesses for a typical Bloch stack; target thicknesses derived from the cal-
culated design and actual thicknesses determined by the BBM after proper calibration of
the quartz crystals.

Layer no. Material Target thickness Actual thickness

1 SiO2 340.0 nm 334.7 nm
2 Ta2O5 120.0 nm 120.6 nm
3 SiO2 340.0 nm 335.6 nm
4 Ta2O5 120.0 nm 120.3 nm
5 SiO2 340.0 nm 341.7 nm
6 Ta2O5 120.0 nm 118.8 nm
7 SiO2 340.0 nm 343.2 nm
8 Ta2O5 20.0 nm 19.2 nm
9 SiO2 20.0 nm 18.6 nm

Fig. 10. Deviation of the measured resonance peak position for 4 consecutive coating
batches each with 8 chips.
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Working with the sensor chips in an aqueous environment resulted
in a temporal shift of the resonance peak due to water penetration into
the stack. This highly undesired behavior limits measurements in bio-
sensing experiments, as the chip itself causes the same shift of the reso-
nance as a biochemical reaction. It would therefore falsify the
verification results. Moreover, the porous coating started to delaminate
after three days storage inwater as shown in Fig. 8. However, it has to be
noted that these chips should be used as disposable sensors and the
coating has to be stable only for the time the chip is in use. Therefore,
the densification was optimized both with respect to the delamination
problem as well as to keep film stress and optical losses as low as
possible.
Fig. 11.Example of a CCD image obtained in label-free detectionmodes (left) andmeasured reso
time interval t∈(20 min, 40 min). (right). The resonance shifts observed for t N 40 min are du
neutravidin solutions that are used to label the chip for the fluorescence part of the assay (not
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3.3. Reliability of the BSW multilayer deposition

Quartz crystal monitoring (QCM) was used for termination of the
single layer thicknesses inside the stack. Usually, the QCM is calibrated
from a recalculation of layer thicknesses in the stack using a 0° or 45°
ex situ reflectance measurement. However, in the case of Bloch stacks,
a deviation in layers where the field intensity is concentrated has a
huge effect on the resonance angle measured in total reflectance (see
Fig. 9, right diagram). Unfortunately, only a minor effect of such varia-
tions is observable for the 0° or 45° reflectance curve. This introduces
a systematic error for the thickness calibration.

To minimize systematic thickness errors that originate from insuffi-
cient calibration of the quartz crystal monitor, coating deposition runs
with in-situ broad band optical monitoring (BBM) were performed.
From preliminary experiments, where all layers inside a BSW stack
were terminated by quartz crystal monitoring but the optical monitor
was activated simultaneously, it was possible to adjust thickness cali-
bration factors correctly. Finally, a Bloch stack with nine layers, includ-
ing layers with a thickness from 20 nm up to 340 nm from the same
material, could be deposited with a precision better than 1.5% for the
thick layers and better than 1.5 nm for the thin layers (Table 1).

In addition, layer thickness random errors were in the range of 3%
because of non-perfect coating densification and a resulting vacuum
to air shift. By a measurement of the resonance peak position for multi-
ple chips from four consecutive coating runs it was found that the vari-
ation between single batches added to the variation within a batch
amounts to approximately 1° (see Fig. 10). This range must be consid-
ered as the minimal angular detection range for the analytical
instrument.

3.4. Analytical instrument/measurement of small biomarker concentrations

The basic concept for the analytical instrument was to combine
label-free and fluorescence mode using the same detector unit. In the
label free mode the sensor chip is illuminated from the rear side by TE
polarized light of a 670 nm laser diode. The light is totally reflected at
the upper chip surface and directed by some imaging optics to a CCD
array. There, the resonance peak that is a dip in reflectance and appears
as a narrow dark line on the CCD image (see Fig. 11 left). The position of
the resonance is tracked over time, and changes are interpreted as bind-
ing or dissociation events at the sensor surface. Thanks to the purposely
designed optical system [15], different locations on the chip surface can
be analyzed simultaneously. In the fluorescence mode, another light
nance shift for anAntigen (Angiopoietin2) –Antibody coupling reaction takingplace in the
e to the injection of biotinylated detection antibody (second antibody) and dye labeled
reported here).
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source is used for excitation of a fluorescence dye, but the whole detec-
tion optics remains the same. The fluorescence evaluation is performed
by a wavelength resolved observation of emission intensity changes.

A label-free measurement of the Angiopoietin 2 cancer biomarker
was performed by anAngiopoietin 2/antibody coupling reaction. There-
fore different analytes had to be flown over the chip surface bymeans of
a purposely developed microfluidic system. The diagram in Fig. 11
(right) shows the resonance peak shift over time and illustrates the dif-
ferent steps of such initial experiment that were necessary for verifica-
tion purposes. The curve was normalized by subtracting the signal
measured in a reference spot that was blockedwith bovine serum albu-
min. Thereby, the decisive peak shift (markedwith the arrow) appeared
for the case of the specific binding reaction between the antigen in solu-
tion, with a concentration 20 nM, to its antibody that was previously
bound onto the sensor surface. This shift reduces with decreasing
Angiopoietin 2 concentration. Therefore, as long as this shift is still dis-
tinguishable from the measurement noise an even smaller concentra-
tion can be detected which is the final objective e.g. in early cancer
diagnosis.

4. Conclusions

A special application for dielectric optical interference coatings was
illustrated. In contrast to most optical multilayers where reflectance or
transmittance towards air is exploited, stacks for the generation of
Bloch Surface Waves (BSW) operate in total internal reflection condi-
tions with the objective of generating an evanescent field on top of
the uppermost layer. We were able to demonstrate that the successful
deposition of such multilayer stacks on plastic substrates is possible by
plasma ion assisted vacuum evaporation (PIAD). Due to the high thick-
ness and refractive index precision on a large area, the flexibility in the
densification of the layers and in the adjustment of absorption losses,
the PIAD deposition method is well suited for this kind of multilayer
coatings. Taking into account the size of a typical evaporation box coat-
er, more than 500 polymer chips could be coated within one single de-
position run if the substrate holder configuration is optimal. By the
coating design and the properties of the dielectric layer materials it
was possible to tailor the evolving resonance peak in terms of width,
depth and dispersion. This adjustability is a clear benefit compared to
Surface Plasmon Resonance (SPR)which represents one of the standard
optical biosensing methods and works with a thin metal layer whose
optical properties restrict the resonance performance. Through an ap-
propriate design of single layer thicknesses inside a BSW stack e.g. the
resonance angle can be tuned for a wide range of operation wave-
lengths. Therefore, the application of such a sensor would also be possi-
ble in the UV or IR. Suitable coating materials with low losses in a wide
UVand IR range are state of the art for vacuumevaporation and could be
applied for such specially designed Bloch multilayer stacks without
major difficulties.
Please cite this article as: P. Munzert, et al., Surf. Coat. Technol. (2016), ht
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