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ABSTRACT

In the aim of improving the sensitivity in objective-based total internal reflection fluorescence microscopy
(ob-TIRF-M), we recently investigated the use of resonant dielectric multilayer (DM) coated coverslips while
considering the experimental constraints of commercial ob-TIRF-M. The imaginary part of the refractive index
k of the DM top layer material was then shown to be a key parameter to control during the DM optimization in
order to limit the discrepancies between theory and experiment. We therefore report here on the development,
fabrication and implementation of a specific top layer with a controlled k. This latter was first investigated as
a single layer to accurately define its optical properties while adjusting the stoichiometric conditions during
deposition. The DM optimization method was then fully revised to include its optical parameters. By doing
so, the optimization was freed from the strong dependence on k and we observed a good agreement between
the expected and measured fluorescence signal enhancement. This was illustrated by numerically calculating
the fluorescence signal enhancement as a function of the top layer k and by comparing it to fluorescent beads

imaging over three DM of different k.

1. Introduction

In total internal reflection fluorescence microscopy (TIRF-M), the
use of evanescent waves makes it possible to observe events occurring
at the interface between the microscope coverslip and the biological
sample [1,2]. In the cell, this is the plasma membrane, where many
processes take place such as endo/exocytosis or cell adhesion which
are fundamental for cell survival. It is also at the plasma membrane
that many human pathogenic viruses (HIV, Sars-CoV2, Influenza) as-
semble and bud. TIRF-M is therefore widely used as an observation
method in many fields of membrane biology. If this technique is
relatively simple to use, its sensitivity as well as its lateral resolution
remain limiting factors for the study of nanometer-sized objects such as
viruses. For the lateral resolution limitation, TIRF-M has been coupled
to single molecule localization as in PALM (PhotoActivation Local-
ization Microscopy) [3], STORM (STochastic Optical Reconstruction
Microscopy) [4]. More recently, TIRF-M was indeed combined with
super-critical angle fluorescence detection for high axial resolution
and sharp localization pointing precision [5]. In the field of virology,
these techniques have proven their strength and use [6-11]. For
the lack of sensitivity, as the fluorescence emission is, among others,
proportional to the intensity of the excitation field, we proposed to act
on the local evanescent exciting field by introducing resonant dielectric
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multilayer (DM) coated coverslips while limiting its impact over the
fluorescence collection efficiency. Similar to surface plasmon-based
(SPs) microscopy techniques [12-15], Bloch-surface waves (BSWs),
supported by resonant DM, can be used in fluorescence microscopy to
enhance the fluorescence signal [16-25]. Moreover, despite the opto-
geometric similarities between SPs and BSWs [26-29], BSWs bring
new insights in the context of fluorescence imaging, as they can be
designed with no limitation over the illumination conditions and they
are bio-compatible with a low quenching impact over the fluorophores.

Starting from the admittance formalism in optical thin solid films,
we classically developed resonant DM for sensing applications with
sharp and intense resonances [30-34] resulting in maximum field
enhancement factors of 103 - 10* associated with an angular resonance
tolerance of few prad. However, these resonances are also highly
depending on the illumination bandwidths [35] and on the fabrication
tolerances [36]. In fluorescence imaging, the desired resonances require
a fully-rethought design with different optical performances: 1- a field
enhancement of few tenths is enough to prevent photobleaching and 2-
an angular tolerance of the resonance in the order of the illumination
divergence, classically above 10 mrad in classical objective-based TIRF-
M. This was reported in [25]. Following our recent study, we describe
here the optimization method to design a DM with the best electric
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Fig. 1. (a) Experimental set up of the objective-based e-TIRF-M with a dielectric multilayer design optimized for a TE-polarized excitation at A, = 561 nm, 6, = 68°. The
fluorescence is then collected through the objective over a spectral and angular range Ap,, , 0, . (b) Predicted field distribution through the stack under plane wave conditions,
with a large evanescent field at the interface with the biological environment of refractive index ng;,. (c) and (d) Transmission response over the fluorescence spectral and angular
range for a classical glass coverslip and a coated one, respectively. The average transmission of the proposed DM-coated coverslip is estimated at 58% against 96% for a glass

coverslip.

field enhancement and to be adapted to microscopy constraints. We
then investigated the effect of the imaginary part of the refractive
index k of the top layer of the DM in direct contact with the biological
environment over the fluorescence enhancement. To experimentally
demonstrate the concept, we established a protocol to fabricate such
specific single layer with a controlled k by acting on its stoichiometry
during deposition. We showed that, by using the reported optimization
method, for k < 10~ (classically the case in dielectric thin films), this
key parameter k is no longer influencing and impacting the fluores-
cence enhancement. We finally tested this new concept on fluorescent
beads, using three DM structures of various stoichiometry for the top
layer, a good agreement with the predicted fluorescence enhancement
was observed.

2. Enhanced-TIRF-M configuration

The enhanced-TIRF-M (e-TIRF-M) concept is described in (Fig. 1a),
where the DM coated coverslip is a typical glass coverslip coated with
an alternation of thin layers of high and low indices dielectric materials.
The top layer is chosen to be made of SiO; with i < 2 to ensure
the biocompatibility and to secure cell adhesion. In addition, the total
thickness of the DM is kept in the order of 1 to 2 pm to remain
compatible with the high numerical aperture corrected objectives and
avoid introducing optical aberrations. (Fig. 1b) represents the electric
field distribution through the DM coated coverslip under TE-polarized
plane wave illumination using an excitation wavelength A, =561 nm
and an incidence of 6y,, = 68°. The hatched area highlights the DM
surrounded by the glass coverslip on one side and the biological envi-
ronment (ng;,) on the other side. The black lines in Fig. 1b represent
the calculated field distribution along the z-axis. It is to be noted that by
tuning the field enhancement at an angle 6y, = 68°, the penetration
depth d (|E(z = d)|* = e”!.|E(z = 0)|*) decreases from 540 nm at the
classical TIRF angle (¢ = 63°) on a glass coverslip to 110 nm in our
e-TIRF-M.

The fluorescence experiment is carried out using an objective-based
TIRF-microscope (Nikon Eclipse Ti) with an illumination through a
1.49 NA objective using a 25 pW laser line of wavelength A, and
TE-polarized, in accordance to the resonance optimization conditions
((Fig. 1a)). Thanks to the high NA objective, the incident angle, at the
interface with the biological environment, can be scanned from 0 to
81°. In addition, the collection of the fluorescence is managed through
the same objective over a large spectral and angular emission range
(Ag,. € [550--700 nml], 6, € [0 - 80°]). With such configuration,

the DM can impact the fluorescence collection efficiency so one has to
take into account the DM transmission over the fluorescence collection
with respect to a glass coverslip. Figs. 1(c) and (d) give the calculated
transmissions over the emission range for a glass coverslip (c) and a
DM-coated coverslip (d). After filtering steps through a 575 nm long-
pass dichroic and a 579 nm long-pass emission filter, the fluorescence
emission is recorded using an EM-CCD camera (Evolve 512) with a
time exposure set at 200 ms. Finally, as we reported in [25], the
angular beam divergence has a strong impact over the fluorescence
enhancement, therefore, prior to each measurement the divergence is
experimentally measured with a precision below 1 mrad. However,
even when taking into account the incident beam angular divergence
and the collection efficiency, the predicted fluorescence enhancement
is always higher than the measured one. We thus revisited the design of
the DM structure to terminate them by a top single layer with controlled
k.

3. Optimization of dielectric multilayer with controlled absorp-
tion

In previous work [30-34], we reported on an analytical technique
for synthesizing dielectric multilayers delivering the optimum optical
field enhancement in response to an arbitrary excitation. This technique
uses the admittance formalism, under total internal reflection condi-
tion, by either optimizing the absorption to be total (A=100%) [30-32],
or canceling the complex admittance [33,34], at the free interface.
With this analytical synthesis, we can adapt resonant DM regardless the
layers materials and the illumination parameters (i.e. wavelength, inci-
dence and polarization) to support sharp and intense optical resonances
associated to a field enhancement. This latter is directly linked to the
inverse of the imaginary index of the DM top layer. These resonances
have great advantages for sensing applications but have to be rethought
for the TIRF-M applications, where the design of the DM has to consider
different parameters:

1. The field enhancement has to be maximized at the interface with
the biological medium, under a fixed wavelength, at a given
angle.

2. The enhancement factor must be in the order of tens to hundreds
to be suitable for e-TIRF-M i.e. improving the signal to noise
ratio without generating strong fluorophore photobleaching.

3. The field value must be integrated over a solid angle cone
typically in the order of 1° in accordance with the incident
divergence that is between 0.2 and 1.5° in commercial TIRF-M,
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i.e. the angular tolerance of the resonance must be optimized
accordingly. The angular dependency of the electric field for
a divergent beam was then introduced as &,44(0) as described
in [25].

4. The DM average transmission 7, must be maximized between 0
and 81° and from 570 to 700 nm (for Ay,. =561 nm) to achieve
the best fluorescence collection signal.

Therefore, to optimize this dedicated structure, we started from a
typical resonant structure [30-33] consisting of alternating quarter-
waves of high (H) and low (L) refractive index materials at the desired
wavelength and incidence, and terminating with a top layer of L-type,
here SiO,, of thickness ¢ (i.e. Bio / tL — (HL)* / Glass). The synthesis
is done to optimize the field value at the free interface. From our
previous work [25], we assigned the discrepancies between predicted
and experimental fluorescence signals to the lack of control over the
key parameter that is the imaginary part of the top layer k. This k
parameter is classically fixed at 105 for dielectric thin films. Indeed,
all spectroscopic methods, including spectrophotometry or ellipsometry
have limited sensitivity that do not allow measuring accurately extinc-
tion coefficients down to the 107°-107% range. Unlike the real part
of the refractive indices, the imaginary part values can be extracted
from these measurements but with very large uncertainties that are
not compatible with our applications. For example, we numerically
showed that by only shifting k¥ from 10> to 2.1075, the predicted
fluorescence enhancement goes from x5 down to no enhancement with
respect to a glass coverslip [25]. This was also experimentally observed,
and confirmed the need to control the top layer k value.

To take into account k in the optimization, we modified the classical
structure Bio / tL — (HL)? / Glass to Bio / /L' — (HL)® / Glass
with ¢/ the new thickness of the top layer and L’ its material where
L'=Si0; with i < 2. The ¢ must be thick enough to avoid fabrication
inhomogeneities but was also imposed to be < 30 nm thick, to limit
the total absorption of SiO; that would decrease the resulting field
enhancement. By changing the top layer material, we modified the
DM operating point defined by the excitation wavelength and incident
angle. In order to retrieve the proper operating point, imposed by the
biological application, we adjusted ¢ as well as the thicknesses of the
(HL)? that are no longer quarter-waves.

Within this optimization method, we also considered the transmis-
sion response of the DM structure, by maximizing the transmission over
the emission spectral and angular range. In the presented structure
we achieved a calculated average transmission efficiency of 58% for
emission angles from 0 to 60° (Fig. 1d). Although lower than glass
transmission efficiency, the gain in sensitivity is preserved thanks to
the 10 to 20 times enhancement of the excitation field. Finally, we
numerically evaluated the effect of a variation of the k value of the
SiO; layer on the fluorescence signal, for example, a 1073 variation in
the k value is predicted to modify the fluorescence signal by only 0.5%.
We will discuss thereafter that, using the proposed optimization, the
value has no longer the same drastic impact over the optical response
of the DM.

4. Realization of SiO, with controlled absorption

To implement the concept, we first numerically evaluated the in-
fluence of tuning the oxygen level over the k value of a single layer in
(Fig. 2a). To do so, we first considered a layer of SiO, with a value of k
increasing during the deposition to simulate the change in oxygen level.
Initially, the predicted transmission T, equal to 86.40%, corresponds
to the transmission of a bare high refractive glass such as LAH66 of
refractive index n=1.74. Classically, during deposition of transparent
material with a lower index than the substrate, the transmission is
expected to first go through a maximum (about 91.3% for silica) before
returning exactly to the initial value (86.40%). The resulting optical
thickness of the simulated first single layer is then equal to /2 for the
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Fig. 2. (a) Calculated transmission as a function of k values to simulate the oxygen
level during deposition of SiO; with i < 2. Following the transmission during the
deposition of successive 4/2 single layers of SiO,; for different i, we can predict the
resulting k value associated to the transmission (a,b). This allows determining the
deposition parameters to make a SiO, single layer with a k of 3.2.107 at 561 nm
(blue dashed line in b). A single layer was then deposited to precisely determine its
complex refractive index 7 as a function of wavelengths by spectrophotometry (c) with
/(561 nm)=1.602+i3.2.1073.

considered wavelength (here 561 nm) with a corresponding physical
thickness of 187 nm. During the deposition of the next 187 nm single
layer, associated to a different oxygen level, the complex refractive
index of the deposited layer is assumed to be equal to (n =1.5, k=
5.10~%). The predicted transmission is no longer expected to be equal
to 86.40%, but to 86.22%. The associated §T = 0.18% ((Fig. 2b)) lost
corresponds to the absorption of the second half-wave layer. A third
half-wave layer is then assumed with a k = 1.1073, and the associated
transmission is expected to be T=85.87%, or a 6T = 0.35%, signature
of the value of k. This process is reiterated for values of k up to 1072,
We have thus established a correspondence between the k value and
the transmission drop occurring between two successive depositions of
half-wave single layers of SiO;, see Figs. 2(a) and (b).

To experimentally reproduce this, Plasma Assisted Reactive mag-
netron sputtering (PARMS) using a Biihler Leybold Optics HELIOS
machine was implemented. Sputtering was carried out using a pure Si
target and SiO; material was then obtained by tuning the oxygen level
at the plasma assistance level by steps during deposition to reach the
predicted T values associated to the desired k values. We thus obtained
a k=3.2.1073 for an oxygen level of 5.7 sccm for the L'=SiO, layer.
Note that to classically obtain SiO,, we have to introduce 50 sccm of
oxygen . A single layer of SiO, was then characterized by spectropho-
tometry to precisely extract the complex refractive index as a function
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Fig. 3. (a) and (b) Dielectric multilayer structures manufactured by Plasma Assisted
Reactive Magnetrons Sputtering with the top layer of different k. (b) is the same DM
structure as (a) but subjected to an oxygen plasma for 10 h, in order to increase the
oxygen level of its top layer and therefore decreasing the k from k, to k,. (c) represents
the same DM design but with a top layer of SiO, and the H material=Nb,Os. This
structure was manufactured by Plasma Assisted Ion Beam Deposition. (d) Predicted
fluorescence enhancement 7, structure as a function of the extinction coefficient
k; € [107% - 1072] of the last SiO, single layer. This is obtained for the resonance
conditions 2 = 561 nm, # = 68°, and for a classical divergence in TIRF-M of 46 =
10 mrad. We observe that a plateau in terms of fluorescence enhancement is reached
with this structure for k lower than 1074.

of wavelengths in Fig. 2(c), with /(561 nm)=1.602+i3.2.103. This
refractive index of the SiO, single layer was then used to fine-tune the
optimization and to fabricate the dedicated structure described above.

5. Impact of k variations of the top layer over the fluorescence
enhancement

In order to evaluate the robustness of the proposed optimization
with respect to the k parameter, we numerically estimated the fluores-
cence enhancement factor #,, for different k values for the top layer,
ranging from 10> to 10~2, while keeping the same physical thickness ¢’
as illustrated in Fig. 3(d). For k values smaller than kg;.,, we observed
an increase in the fluorescence enhancement which reaches a plateau
toward an enhancement factor of 5 for a considered angular divergence
of 10 mrad. This assumed that by replacing the SiO, top layer by a SiO,
layer of the same physical thickness, the optimized DM structure should
enhance the fluorescence even more.

To experimentally confirm the k impact over the fluorescence en-
hancement, we first fabricated and implemented the proposed DMy,
Fig. 3(a). This sample was then subjected to ozone treatment for 10 h
to modify its stoichiometry. By increasing the oxygen level, we expect
to decrease the k value of the top layer from SiO, to SiO, with y > x
(Fig. 3(b)), and consequently increase the fluorescence enhancement.
For both cases, the used materials, below the top layer, are HfO, for the
high index material H and SiO, for the low index material L. Finally,
we pushed further the concept to prove the stability and robustness
regarding the deposited materials as well as the deposition technique.
For that a third sample, denoted DMg;, (Fig. 3(c)) as the top layer is
made of SiO,, was made using plasma assisted ion beam deposition
instead of PARMS, and the deposited H-material was changed from
HfO, to Nb,O5. We only adapted the physical thicknesses of each layer
according to their refractive indices n and to the optical thicknesses
extracted from the initially optimized DMg;,, structure (with HfO,,
Si0,). Note that from the predicted curve of the fluorescence enhance-
ment as a function of k (Fig. 3(d)), we could design the DM, structure
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without specifying the k value of top layer as long as k < 10~*. This is
another strong advantage of the proposed optimization.

For the three considered DM coated coverslips, we numerically
evaluated the field distribution when illuminated by plane waves at
the resonance conditions. We evidenced the expected large field, at
the interface with the biological medium, that increases as the k value
decreases (i.e. from SiO, to SiO,) as shown in Fig. 4(a). Furthermore,
to predict the resonance conditions, we kept the fixed excitation wave-
length at 561 nm and calculated the electric field at the free interface
as a function of the incident angles. We thus estimated the resonance
angle for each DM at 68° for DMy, (used during optimization), at
67.9° for DM, and 69.3° for DM, , see Fig. 4(b). This angular shift
is associated to the variation of the real part of the refractive index n of
the top layer occurring when acting on the top layer oxygen stoichiome-
try. Indeed, when modifying the top layer stoichiometry to change the k
value, we also act on its n value. We also confirmed that when the field
enhancement increases, the full width at half maximum (FWHM) of the
resonance decreases from 0.16° for DMg;(,, to 0.13° for DMy;(, and
even 0.038° for DMy, . This effect impacts then the angular tolerance
of the DM. Therefore, for the fluorescence enhancement in an objective-
based TIRF microscope, one has to compromise between large field
enhancement and angular tolerance. We then calculated the expected
fluorescence signal as a function of incident angles and extracted the
maxima with respect to a glass coverslip. The maxima were obtained at
the predicted angular positions mentioned above, as seen in Fig. 5(a).
In addition, the fluorescence signal is expected to be x2.91, x3.45
and x4.86 with respect to the glass coverslip, for DM, DMg;0, and
DMy;, respectively.

To confirm the predicted optical responses for each fabricated DM,
fluorescence measurements were then performed as a function of inci-
dent angles using objective-based TIRF microscopy and obtained values
were compared to the glass coverslip case. The measurements, shown in
Fig. 5(b), were done using 200 nm diameter fluorescent beads excited
with a 561 nm incident beam with a divergence of 10 mrad. The
recorded fluorescence images, insets Fig. 5(b), were acquired at each
defined resonance angles and showed fluorescence signals much higher
than on classical glass coverslip for the three cases. The measured
fluorescence enhancements (Fig. 5(b)) on the three structures are in
very good agreement with the predicted ones (Fig. 5(a)), showing the
clear importance of considering the k value when using admittance-
based optimizations. This also shows the real strength of the proposed
optimization where the top layer k value is no longer a limitation for
k < 107*, which is mainly the case for dielectric thin film layers.

6. Conclusion

With the proposed structures containing an absorbing layer with a
precisely measured extinction coefficient, we have obtained experimen-
tal results of fluorescence measurements in objective-based e-TIRF-M
that are in a very good agreement with the theoretical calculations.
For that, after taking into account both the large beam divergence
of the excitation over the DM resonance as well as optimizing the
transmission efficiency of the DM over the fluorescence collection
range, we thoroughly investigated numerically and experimentally the
impact of the top layer imaginary part of the refractive index k. We
confirmed the importance of this parameter when using admittance-
based optimization. However, by investigating this impact, we actually
established an optimization method no longer absorption-based and
therefore independent of k. Indeed, we observed that for k < 10~%, the
fluorescence enhancement reached a plateau underlying the invariance
in k. We observed that a variation around the top layer k& will not
drastically affect the resulting excitation field, highlighting the stability
of the proposed DM structures optimization with respect to the k value.
Finally, we have also shown the stability of our concept with respect to
the deposited materials and the used deposition technique. This opens
new avenues for a simple and widespread production and use of the
DM coated coverslip for TIRF-M.
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