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Abstract: We present an analytical method for the optimization of luminescent micro-cavities
to create a substrate that is extremely sensitive to contamination. Giant optical enhancement can
thus be controlled arbitrarily and simultaneously at various frequencies within the substrate’s
evanescent field with the aim of obtaining ultra-sensitive optical sensors. This process provides
an alternative to sensors based on illumination in free space.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Within the field of optical sensors [1-4], significant progress has been made over the last few years,
drawing in particular on studies of the processes of giant enhancement of the electromagnetic
field [5-19]. Among the various methods that create these enhancements, all-dielectric planar
optical multilayers [20-24] play an essential role because they provide a large number of degrees
of freedom for optimizing the design of optical enhancement. In this context we proposed
an analytical technique to optimize huge field enhancement in multilayers under arbitrary
illumination conditions, relying on the concept of zero-admittance layers [17].

However, we must highlight the fact that these multi-dielectric sensors have, until now, been
far-field illuminated via free space (Fig. 1, left diagram), and that the monochromatic detection
of contaminants comes about through analysis of the spatial distortion of the reflected beam
[19]. Indeed, in contrast to plasmonic systems, there are no absorption peaks for these dielectric
components since their overall reflection is always unity. Consequently, we need to be able to
perfectly control and stabilize the illumination band-passes (a fraction of a mrd for divergence,
and a few pm for the beam line width), an essential condition [12] for obtaining enhancements of
several decades (a few thousand). These constraints lead to the complexity, size and cost of the
final system.

In order to mitigate these problems, we here propose an alternative that eliminates the free
space illumination system, replacing this illumination with an active (luminescent) layer within
the stack. Though the component is still theoretically identical, we refer to a micro-cavity [25-46]
in the presence of a near field source (Fig. 1, right diagram). From a technological point of view,
the active layer (activated electrically) and the whole component must naturally be made using an
epitaxial growth technique involving quantum wells and a crystalline substrate, in contrast to the
previously mentioned amorphous components made on glass. This active layer then generates a
free space emission pattern in the emerging media. The spatial analysis of the reflected beam can
then be replaced by a spectral analysis, avoiding the pixel matrix detector and channeling the
light away with an optical fiber in free space. Finally, eliminating both the incident beam and the
pixel matrix detector leads to a significant reduction in size and an increase in simplicity; these
gains are illustrated in Fig. 2, with on the left the sensor previously used [17-19] that was based
on free space illumination, and on the right, the micro-cavity sensor discussed in this paper.
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Fig. 1. Optical multilayer illuminated in free space (left figure) or used in the form of a
micro-cavity (right figure) with a current at interface i. The two merging media are the
substrate (with refractive index ng) and the superstrate (with refractive index ng). See text.
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Fig. 2. Free space sensor in a free-space configuration (left), and in the form of a micro-
cavity (right). On the right-hand figure note that the prism can be replaced by a decoupling

grating.



Research Article Vol. 30, No. 9/25 Apr 2022/ Optics Express 15346 |
Optics EXPRESS A N \

For this alternative to be credible, it is important that, for sensor-type applications, the micro-
cavity must be capable of re-optimization such that its emission diagram becomes extremely
sensitive to any contamination or disturbance of the substrate. This means that we need to
synthesize arbitrary giant enhancements within the micro-cavity, as we did [17-19] for free space.
Note that the field enhancement must occur in the substrate, so Fabry-Perot type structures are
counted out. In this paper our work shows how this optimization can be achieved analytically
for arbitrary imposed frequencies, i.e. for different directions of emergence and for different
polarizations or wavelengths. These frequencies can also be imposed simultaneously. We show
that the levels of performance obtained are similar to those in free space, thus paving the way for
a useful alternative, a new type of micro-cavity sensor.

The paper is organized as follows. In section 2 we introduce the formalism and address the
general optimization problem in micro-cavities. Solutions lead to classical structures which fit
applications in the field of micro-sources but not the field of sensors. In section 3 we consider the
micro-cavities under the Total Internal Reflection (TIR) regime. This means that optimization
is analytically designed for a specific resonance which gives rise to huge enhancement of the
emission pattern in the superstrate, while the field is evanescent in the substrate at this resonance.
In section 4 the design technique is extended to multiple resonances, at several wavelengths and
angles. The results may find applications both in micro-sources and sensors. All predictions are
confirmed by numerical calculation. Eventually we discuss the limits and sensitivity of the cavities
in section 5. We show that, although the local quantities (angular fields and emission patterns)
may diverge with the layer number of the cavity, the related physical quantities (integrated into
the narrow bandwidth of resonance) do not diverge. Conclusion is given in section 6.

2. Micro-cavity optimization in free space with asymptotic poles

We are here interested in optimizing a resonance for free space radiation in emergent media. We
use a formalism that we former developed for light scattering in multilayer optics [24,47], and
then extended to micro-cavities [24,30,31] and trapped light [24,48]. It is based on macroscopic
classical electromagnetism and allows prediction of the emission pattern of sources (electric
and magnetic currents) confined within the bulk of multilayer optics. The central tool of this
formalism is the complex admittance, a concept that has proven to be very useful for the analytical
synthesis of multilayers [20-24]. The key results of this formalism are first recalled.

2.1.  Micro-cavity formalism

We consider a monochromatic regime at a single wavelength A, and the source is described by a
surface electric current located at interface (i) of the multilayer. All media are assumed to be
linear, homogeneous, isotropic and non-magnetic. The merging media, that is, the superstrate
and substrate with refractive indices ng and ng (see Fig. 1), are assumed to be transparent. We
work under the assumption of a weak coupling regime, so that there is no interaction between
fields and sources.

Under these conditions the power spectral density f; (per unit of polar angle ¢) provided by an
electric current J; at surface (i) within the stack is given as [24,30,31,48]:

£@) = 35 =220 R | 57k | i @)f (M)
where F is the total power provided by the current, and J;(7) the Fourier transform of J;(7),
with 7 = (x,y) the transverse spatial variable (see Fig. 1). The conjugate Fourier variable
of 7 is the spatial pulsation ¢-. It is related to the spatial frequency v by a single coeflicient
(0 = 2n¥), and is also called the angular spatial frequency. This spatial pulsation is the tangential
component (see Fig. 3) of the wave vector emitted in the merging media. Hence at low frequencies
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o = |&|<min(ko, k), with k; = 27tn; /A, it can be related to the normal (6) and polar (¢) emission
angles as (Fig. 3):

G = k;sin0;(cos ¢, sin ¢) with k; sin6; = constant ()

The quantity AY; = Y/ - Y; is the difference in the complex admittances from each side of
surface (i), that is, in layers (i+1) and (i) respectively (see Fig. 1). Recall that the admittance
is the ratio of magnetic to electric field [20,24]. They depend on the observation conditions
(wavelength, angle and polarization) and on the multilayer design. They are functions of the z

— -\ .
altitude within the stack, and are discontinuous at surface i where the current J;(7) is present. In
the end media (superstrate and substrate), they identify to the effective indices [20,24].

<
<

Fig. 3. Normal (6) and polar (¢) angles of waves in the emergent media, with & the spatial
pulsation, i.e. the tangential component of the wave vector in the superstrate (k) or in the

substrate (Z;’ ).

Equation (1) shows how the cavity coefficient 1/AY;(0) drives the power provided by the
current, which can be inhibited or enhanced (at constant current). Note that the power density
expressed in Eq. (1) is relative to the total power emitted simultaneously in the merging media
(superstrate and substrate), that is, in the half spaces of reflection (z<z¢) and transmission (z>zp).

2.2. Exact (but complex) poles in the modal window

Equation (1) shows that optimization of the resonances is related to the poles of the cavity factor
r [ﬁ(a)] , and hence to the zeroes of the function AY;(o-). Therefore, the equation that governs
these phenomena is given by:

AYi(om) = AY(0p2=2) =0 ©)]

where 0y, is the resonance frequency. It is important to note that this condition Eq. (3) is
independent of the interface or height z; this is, in fact, a local property that holds throughout the
volume of the stack. Indeed, the two admittances Y; and Yi’ follow the same recurrence relations
from one interface to another [20,24]. The difference between these two admittances lies in
the initial values of the effective indices 7i; they take in the superstrate (-7 for ¥;) and in the
substrate (71, for ¥;) where the field is no longer stationary, but progressive (propagating in the
z > ( direction in the substrate) or retrograde (propagating in the z < 0 in the superstrate).
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Therefore, due to similar recurrence relations, the equality of admittances at one height makes
them identical at all heights:

AY(om,z:) =0 = Vz AY(0m,2) =0 “
Furthermore, if we use this property Eq. (4) at the first interface (zg), we get:
- fig—Y}
AYo(om) =Yg +7ig = 0 = ro(0m) = 7538 = 0 ©)

where ry is the reflection coefficient of the stack [20,24] illuminated on the side of the superstrate
whose refractive index is ng. Hence the solutions o7, also constitute the poles of the stack’s
reflection coefficient (1/ro(o7,) = 0), where we know that they are the guided mode propagation
constants that, in the absence of any radiative loss, can exist within the structure [24,30,31,48].
Equation (3), Eq. (4) and Eq. (5) are therefore equivalent, which is a key result in mode analysis in
multilayers. The solutions to these equations are the modes which mainly depend on the structure
of the stack, together with the illumination and observation conditions. Since Eq. (4) is satisfied
throughout the stack, it is worth emphasizing the fact that resonances will occur regardless of the
position of the source within the component.

The immediate consequence is that, since the solutions to Eq. (5) are those of modes then, in
the absence of absorption these solutions ¢, can only exist [24] in the form of real numbers in
the modal frequency (or guided wave) window (Fig. 4):

AYi(op) = 0 = max(ko, k) <o, < max(k;) (6)

Conversely, in the free space frequency window (Fig. 4) which is of interest here (we search for
the waves travelling in the end media), the solutions to Eq. (5) are necessarily complex, that is:

0<oym< max(kg, ks) = AYi(o,) £ 0 )

free-space in superstrate

modal range

free-space evanescent range
in substrate

0 ks ko max(k;)

Fig. 4. Free-space and modal frequency windows in terms of spatial pulsation (or angular
spatial frequency) o, for an optical multilayer. The materials’ wave numbers are denoted
k; = 2nn;/A, with A the illumination wavelength and n; the refractive indices of the thin
films. kg and kg refer to the superstrate (incident medium) and the substrate respectively.
Case kg<kg.

Hence, in this last free space window we have to be content with adjusting the incident angular
frequency o, to get the real part of the complex pole, Written x,, = X7, +j X i.€. T X Xi»
with:

AYi(om +.].Xr’;1) =0 ®)

Such property Eq. (8) is not practical for component design, since it would require identifying
and controlling the complex poles with small imaginary parts. Furthermore these complex
poles are associated with radiative losses and would reduce the resonance amplitude even for
transparent materials. At this step we keep in mind that these exact complex poles cannot be
attained in the free-space window, while they are at the origins of huge resonances or field
enhancements.
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2.3. Real asymptotic poles in the free-space window

For this reason, another way of proceeding is to approach real poles asymptotically if the number
p of layers of the component increases, i.e. in the form:

lim AY;(0y,) =0 ()
p—oo

In this case the m-order pole y%, of the p-layer structure would tend asymptotically to a real
value y,, ., that is:

Jim G = Xy +7Xmp) = Xineo € 1im (i) = 0 (10)

Such condition can now be satisfied by the spatial pulsation , and this is the solution that is
generally explored indirectly in the literature, leading to Fabry-Perot type structures. Indeed,
these structures draw on multi-dielectric mirrors whose energy reflection coefficient R = |r|?
tends to unity with the number of layers p in the structure [20,24], meaning that the admittances
tend to O (+ = 1) or to infinity (r = —1). Recall the relationship between the top admittance Yy
and the amplitude reflection coefficient r as:

. _ -Yo(p)| _ : —
Jim {rp) = R} = +1 @ Jim Yo(p) = 0 0r an
In our particular case, these mirrors must be positioned either side of the source at interface i,
with progressive illumination from medium (i) for mirror M, and retrograde illumination from
medium (i+1) for mirror M; (see Fig. 5, left). Hence their reflection coefficients write as [24]:

, _ Y] o~ =Y
r = ;and r; = ST (12)

i i+Y]

T; Ti-1

Fig. 5. To obtain asymptotically zero admittance either side of the source at interface i, the
source must be located between 2 mirrors with positive reflection coeflicients, i.e. starting
with a layer of low refractive index (left figure). The resulting structure is a Fabry-Perot
(right figure) comprising 2 negative reflection coefficient mirrors, i.e. starting with a layer of
high refractive index. See text.

In order for each admittance to tend to zero, it is necessary that r; = rlf = 1, which leads to
consider mirrors of type (LH)?L either side of the interface [24], where H and L designate high
and low-index quarter-wave layers matched at the illumination wavelength and incidence. Since
interface (i) is then necessarily situated between two media of the same low refractive index,
these together constituting the median layer (known as a cavity or spacer), we finally end up with
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a Fabry-Perot (Fig. 5, right) comprising 2 types (HL)? opposite facing mirrors, this time giving a
negative reflection coefficient (r;—; = rlf =D

Hence, we get a classical result where we have used two mirrors to construct the Fabry-Perot
structure whose formula is:

FP = superstrate (LH)?2L(HL)? substrate (13)

In Fig. 6 (right) the resonance conditions of this filter are designed for TE polarization at
wavelength 1° = 633nm and merging angle 08 = 0° in the end media. The superstrate is air
(ng = 1) and the substrate is glass (n, = 1.52). The thin film materials are Ta;Os (ng = 2.15)
and SiO; (ng, = 1.49) at 633nm. The emission diagram of the structure is plotted in the incidence
plane (¢ = 0°) at wavelength A = 1°. The layer number is 25 (q = 6). The current is located at
the center of the Fabry-Perot cavity. In order to emphasize the impact of the multilayer structure
on the emission pattern, and to allow comparison with other results in the literature, we also
plotted the emission pattern from a current at the top interface of a 13-layer mirror (Fig. 6, central
figure). In addition, both patterns (mirror and Fabry-Perot) are normalized at each angle by the
quasi-lambertian pattern (Fig. 6, left) emitted by a source at the center of a very thin (1nm)
high-index layer cavity. Hence the enhancement is analyzed regarding that of the thin layer
cavity. Its value approaches 40 in the Fabry-Perot cavity while it is around 4 in the mirror case.
Note that we plotted in Fig. 6 an angular intensity pattern (or flux per unit of solid angle), while
Eq. (1) is given for a power spectral density. The link between these 2 quantities can be found in
[24,30,31,48].

Fig. 6. Angular patterns at 633 nm for a single very thin layer cavity (left, SI units), for a 13
layer multi-dielectric quarter-wave mirror (central figure) of design QW = L(HL)®, and for
a 25-layer Fabry-Perot filter of design (LH)? 2L (HL)4. The central and right patterns are
normalized to the left one (see text) at each angle. TE polarization.

To be complete, we also give the analytical expression of the power density f~ (o) emitted in
the superstrate medium by the Fabry-Perot cavity. If the current is located in the middle of the
cavity, we obtain following:

U R
@) = 2m0 Gt BT (14)

Thus, the emission enhancement in free space is a power of the ratio 8 = 7ig /iy, of the effective
indices 7;, and increases as a function of the number of layers in the structure. However, the
field enhancement [24] mainly occurs in the median layer of the component (Fig. 7, left), which
confers no sensitivity to substrate contamination. For that reason, these structures are not suitable
for sensors. This problem will be resolved using the ZAL (Zero Admittance Layer) technique in
the next section, allowing the second Fabry-Perot mirror to be dispensed with.
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Fig. 7. Left figure is for the stationary electric field within the Fabry-Perot cavity of Fig. 6.
Enhancement occurs in the median layer (no substrate sensitivity). Right figure is for the
ZAL cavity of Fig. 9, under total reflection. Enhancement occurs in the substrate (high
substrate sensitivity). In this calculation we considered a unit current (|J.(5)| = 1) and TE
polarization.

3. Optimization with the ZAL technique in the TIR regime

To ensure a field enhancement in the substrate we must look for another design technique. The
basic idea lies on the fact that, since zero admittance means a unity reflection coefficient (r = +1),
at least one multi-dielectric mirror could be replaced by total internal reflection (TIR) on the
substrate interface. This leads us to consider the TIR regime where the phase of the TIR coefficient
should be controlled (set to zero). To do that we can draw on the ZAL method [17] previously
used for illumination in free space and based on the use of zero admittance layers. Indeed, we
know that if the admittance cannot be zero in the free space window (unless asymptotically),
it can, however, become zero at certain frequencies provided the total internal reflection (TIR)
regime applies [17]. This has already enabled us to synthesize and control giant enhancements
when the illumination comes from the far field of the surrounding media [12,17,19,24], and the
question here is to know whether this technique remains valid in a micro-cavity configuration.

3.1.  Cancelling the admittance on the substrate side

Actually (see Fig. 8, left) it is always possible to make admittance Y’ vanish close to the substrate
provided a thin film can be inserted there (known as a ZAL, i.e. zero admittance layer [19])
whose opto-geometric parameters satisfy the condition:

Y (o) = 0 & tan §y(0r) = —52 (15)

- ﬁp(o'm)

where 7i; is the effective index of the substrate and 7, is that of the ZAL layer, and where J, is a
dimensionless phase term:

op = (27”) nye, cos b, (16)

In Eq. (15), (16) the parameters for the ZAL layer are thickness ¢, and refractive index n,
which can be chosen arbitrarily as n;, or ngy. The angle 6; corresponds to the angle of propagation
in layer i, with:

Om Zki sin9i (17)
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Fig. 8. Positioning of ZAL layers, at some arbitrary frequency, to make zero the admittance
of a semi-infinite substrate (left figure) or that of a sub-stack (middle figure). In the figure
on the right, the presence of 2 ZAL layers allows the admittance at frequencies ojand o7 to
be simultaneously zero.

To satisfy Eq. (15) one of the 2 effective indices must be pure imaginary, the other real. The
TIR regime already ensures that the substrate effective index is imaginary, that is:

on>ks © R{ii,} =0 (18)

Note that the TIR condition Eq. (18) only depends on the substrate effective index; furthermore,
following Eq. (17) it requires a high-index superstrate (ko>ks). Then it remains to consider
free-space emission in the superstrate (0;,<ko) to ensure a real effective index in all layers
(including the superstrate and the ZAL layer), that is [19,24]:

O = ki sin 0;<ky = S[fll] =0 (19)

Note that this inequality Eq. (19) does not predetermine the positioning of k; ,, iy with respect
to ko, and that it imposes that the field be trigonometric in nature within the volume of the stack,
while it is evanescent in the substrate, that is:

ky<o,<kp<ky (20)

At this stage, it must be observed that only the admittance ¥’ _, (calculated from the effective
index fis of the substrate) is zero, while Y,_; (calculated from the effective index —iig of the
superstrate) must also be zero. The same procedure cannot be used to make ¥, zero as we
would end up with an inequality inconsistent with that given in Eq. (20), since it would describe
a TIR regime for the 2 emergent media. Hence, we have to be content with an asymptotic pole
for Y,_1, requiring the introduction of a mirror. By analogy with the previous Fabry-Perot cavity,
this means that one multi-dielectric mirror has been eliminated from the Fabry-Perot structure.
Finally, the second mirror is provided by interface p in total reflection, with phase matching is
guaranteed by the ZAL layer.

As for the previous Fabry-Perot structure, we can give an analytical expression for the power
provided by a surface current in this ZAL cavity. If the current is located on the upper interface
of the ZAL, we get for the pattern in the superstrate:

7t

Yor(om) = ~5 () = ~AYpa (o) @

and hence:
_ > i1 ~ > 2
[ () = 27% 0 3 B |Jp-1(Tm)| (22)
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We again get a new enhancement in the form of a power of 3¢ of the effective index ratio index
B. Note that the main difference between expression Eq. (22) and expression Eq. (14) is that
Eq. (22) is given for the pattern in the superstrate, while Eq. (14) concerns both the substrate
and superstrate. Furthermore, due to the TIR regime the spatial frequency is higher in Eq. (22),
which makes the index ratio 8 and then the ZAL enhancement much more intense.

3.2. Numerical calculation

In order to illustrate and validate this ZAL technique, we have plotted in Fig. 9 the angular pattern
of a multilayer stack whose design is:

ZAL Cavity = Glass — LLHL)? — ZAL — air (23)

The stack is designed for TE polarization in the TIR regime, for wavelength 1° = 633nm and
merging incidence 08 = 45° in the superstrate medium. The current is located at the top surface
of the ZAL layer (interface p-1 = 13 with q=6). The thin film materials are those of Fig. 6, while
the superstrate and substrate are glass (n; = 1.52) and air (ny = 1.) respectively. The ZAL layer
is a L layer with a thickness of 35.603 nm. The emission pattern is plotted for TE polarization at
wavelength A = A° in the incidence plane (¢ = 0°) in the superstrate.

0 10 20 30 40 50 60 70 80 90
g

Fig. 9. TE normalized angular pattern at 633 nm of the ZAL micro-cavity plotted in polar
(left figure) and cartesian (right figure) coordinates. Iy and Ig are given for the patterns in
the superstrate (blue curve) and substrate (red curve).

According to (22), the cavity is expected to enhance the TE-polarized source emission in the
superstrate at the observation parameters (A1°, 98). This is indeed what we observe in Fig. 9 since
there is an intense peak at 45° with four decades enhancement. Note also the narrow angular
width A6y of the peak, where most of the energy is concentrated; the percentage of energy in
the peak is 14% for A6y = 0.01° and 36% for A6y = 0.1°. These values must be multiplied by
a factor of 2 because of the symmetrical peak. Recall that the peak amplitude and width are
respectively proportional and inversely proportional to the number of layers. Other peaks are
present but cannot be seen in the left-hand figure because their amplitude is several decades
smaller. They can be seen on the right-hand figure where the pattern is plotted both in the
superstrate (blue curve) and in the substrate (red curve).

Consequently, at this step there are several advantages to the ZAL coating. One is technological
since one of the two mirrors is eliminated and replaced by a single thin layer; hence the deposition
time is reduced, as are the in-situ control difficulties of the deposition process [20,23]. Another
advantage is related to the fact that the enhancement can be designed at arbitrary wavelengths,
angles and polarization modes (see next section). We will also show in the next section how



Research Article Vol. 30, No. 9/25 Apr 2022/ Optics Express 15354 |

Optics EXPRESS : N

simultaneous resonances can be designed. Eventually the last advantage is a major one for sensor
applications: in the case of the ZAL cavity, the integral of the field within the substrate is very
large and leads to a huge sensitivity to any contamination in this substrate (see Fig. 7), which was
not the case for the previous Fabry-Perot cavity. The sensitivity of the ZAL structure is analyzed
in section 5.

We finish this section by plotting the wavelength variations of the ZAL cavity in the immediate
neighborhood of resonance. As illustrated in Fig. 10 (left), we go from strong enhancement to
strong inhibition depending on whether the current is located on the upper interface of the ZAL
layer (interface 13) or on the component’s first interface (interface 0). This is related to the fact
that the pole of the difference in admittance AY is asymptotic and not exact. We also show in
Fig. 10 (right) how putting the ZAL structures in series in the form (QW/ZAL)" enables steeper
rising fronts to be constructed; this way of proceeding is similar to that for multi-cavity narrow
band filters [20,21,23]. Note here that in the (QW/ZAL)" structure, the source is unique and
located on the penultimate interface of the stack. At this step there is no upper bound on the
enhancement which increases with the layer number; this will be discussed in section 5.

4

10

interfaces ——QW/ZAL
—(ow/zAL)’
W/ZAL)®

10°

107 .
10

10!

10’

1 i :
600 610 620 630 640 650 660 632 632.5 633 633.5 634
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Fig. 10. TE wavelength variations at 45° of the reflected pattern of the QW/ZAL cavity
(left side), for a current localized at the top interface of the ZAL layer (#13, blue curve), or
at the top interface of the multilayer (#0, red curve). The right-hand figure is given for ZAL
cavities in series in the form (QW/ZAL)2 and (QW/ZAL)S.

4. Designing the cavity for multiple resonances

We now turn our attention to a more general analysis of the spectral and angular behavior of
the ZAL structure. If we maintain the previous QW/ZAL structure, we obtain the variations
illustrated in Fig. 11, where a mapping for angle and wavelength is given. The bright line on
the right figure between 75° and 85° is not significant, as illustrated by the modest levels shown
on the left and right figures. On the other hand, the quasi-vertical resonance line around 45°,
characteristic of the presence of a pole, can clearly be seen. This line results from the fact
that Eq. (15) leads to a set of solutions when the parameters (A, 8) vary, guaranteeing that Y;_l
vanishes. Rigorously speaking, the enhancement ought to diminish or disappear on account of
dispersion of the admittance difference; however, this is negligible over the domain plotted. In a
classical sense, and similarly to that of the Fabry-Perot cavities, we can also increase the thickness
of the spacer since equation Eq. (15) allows several solutions modulo s, i.e. npe}jcos@p =kAo/2,
with harmonics appearing as illustrated in Fig. 12.

However, these results do not allow arbitrary control over the spectral or angular variations of the
resonances, though it could be important to know how to generate simultaneously several angular
or spectral resonances at arbitrarily imposed frequencies. This type of synthesis has already
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Fig. 12. Structure identical to Fig. 11, but with a thicker ZAL layer modulo 27 (k =2). See
text.

been carried out for free space [17], and the question arises as to whether these simultaneous
resonances can also be controlled in a micro-cavity.

The basic idea rests on the fact that Eq. (15) can be generalized to a sub-stack of admittance ¥
that would replace the substrate (see Fig. 8, middle diagram). In this case the parameters of the
ZAL layer (numbered k) that cause the admittance at interface k-1 to vanish are given by:

, Y (o)
Y{_(om) = 0 = tan 6i(o) = — 555 24)
Equation (24) is similar to Eq. (15), except that the substrate effective index has been replaced
by the admittance of the sub-stack. Note that in order for & to be real in Eq. (24), admittance ¥,
must be imaginary. For that it is sufficient that the effective index 7i; of the substrate, from which
admittance Y, ,: is calculated by recurrence, is imaginary [17,24]. Indeed, we have:

Riii,} =0=Vz R{Y'()} =0 (25)

As before, this observation means that the regime has to be one of total reflection on the
substrate at angular frequency o,; this corresponds to our investigation.

Property Eq. (24) introduces several degrees of freedom. Actually, the ZAL layer now separates
the component into 2 multilayer substructures, namely an upper part S, (i<k — 1) deposited onto
a multilayer substrate of zero admittance Y¥;_, and a lower, arbitrary, part Sy (i>k — 1). Atangular
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frequency o7, the 2 substructures are somewhat independent: classically speaking, we know
that, before normalization, the distribution of the stationary field within the lower stack S; does
not depend [20,24] on the upper stack S,; furthermore, given that the admittance is specified at
interface k-1, then that of the upper stack S, is also independent of the lower stack S;. In all
cases, the association of the 2 sub-stacks will lead to a resonance at frequency o, provided that
the other admittance Yj_; tends to zero. This technique allows, for example, the field maximum
to be drawn away from the substrate interface. The technique is also very useful when one wants
to excite a source that is already in the form of a multilayer sub-stack [30,31].

Based on this observation, we can imagine designing a double structure (Fig. 8, right) resonating
at 2 imposed pulsations o and 0. The lower stack is designed to resonate at o-; on account of
the ZAL1 layer (numbered p), which ensures the condition Y;;—l (o) = 0, onto which is deposited
the quarter-wave mirror QW1. Onto this component QW1/ZAL1 is then deposited a second
ZAL2 layer (numbered k) that causes the admittance at frequency o to vanish, i.e. ¥;_,(02) = 0.
A second quarter-wave mirror QW2 covers this ZAL?2 layer so that the QW?2/ZAL?2 structure
creates a resonance at frequency on.

4.1. Enhancement at 2 wavelengths

Numerical results are given in Fig. 13 (left) for a double ZAL structure of the form QW2/ZAL2/
QW1 /ZAL1 designed to create an enhancement at wavelengths A; = 633nm and A, = 613nm, in
TE polarization in the 45° direction. The blue curve (I;) corresponds to the case where the
source is on the upper interface of the ZALI layer. It shows 2 strong enhancements around A;
and A, with a higher value at A;. Similarly, the red curve (I,;) corresponds to the case where
the source is on the upper interface of the ZAL2 layer, and also shows 2 strong enhancements
at A et A, with a higher value at ;. By way of reference, the dotted green curve is shown,
which corresponds to the original QW1/ZAL1 stack, supposedly resonating only at frequency o.
These first results show that the multiple ZAL cavity can be designed to control enhancement at
2 simultaneous frequencies.
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Fig. 13. A double ZAL structure designed to resonate at 2 wavelengths (see text).

While these results may be particularly convincing, a slight spectral shift can be seen with
respect to the expected wavelengths. To observe this phenomenon better, we have done the same
calculations again using wavelengths that are closer together, i.e. 4; = 633nm and A, = 630nm.
The results are shown in Fig. 13 (right) and confirm the slight spectral shift. This is explained by
the spectral dispersion in the phase of the reflection coefficient of the wide-band mirror whose
formula is QW2/ZAL2/QW1. With the structure on the right of Fig. 8, resonance is always
assured exactly at A, since the ZAL?2 layer guarantees that the admittance ¥, , will vanish
at o», and that it is over-coated by a QW2 positive reflection coefficient mirror (r=+1). The



Research Article Vol. 30, No. 9/25 Apr 2022/ Optics Express 15357 |

Optics EXPRESS : N

situation is different for the resonance at A; since, if the ZAL1 layer is properly deposited onto
a zero admittance substrate (Y[;_ (o1) = 0), the QW2/ZAL2/QW1 mirror that covers it is no
longer a quarter wavelength mirror at Ay, so its reflection factor is not necessarily real. This is
a reminder that the reflection coefficient must be real (positive) to maximize the enhancement,
which is guaranteed only at the central wavelength Agw of a quarter-wave mirror. Hence, the
phase dispersion of the QW2/ZAL2/QW 1 mirror reduces, or slightly shifts, the enhancements,
as observed in Fig. 13.

4.2.  Mixing angular and wavelength resonances

Using this technique, it is also possible to mix an angle resonance with a wavelength resonance,
which means that the angle is different for each wavelength. This is illustrated in Fig. 14, which
shows the angular emission pattern fora QW2/ZAL2/QW1/ZAL1 structure whose ZAL layers have
been constructed to obtain resonances at (47, 69) = (633nm, 45°) and (19, 69) = (613nm, 60°).
As expected, the enhancement approaches 4 decades at 633 nm and 45°, while it exceeds two
decades at 613 nm and 60°. Such procedure can also be used to design simultaneous resonances
at different polarizations.

60 ) ¥ A (nm)
- 633
—613

Fig. 14. Structures designed to resonate at 2 wavelengths and at 2 different emission angles,
i.e. (11,07) = (633nm, 45°) and (15, 67) = (613nm, 60°). See text.

4.3. Generalization to several wavelengths

These techniques can be generalized to a greater number of wavelengths, as illustrated in Fig. 15
(left). In this figure the component is designed to generate 9 resonances at wavelengths of
610nm, 620nm, 630nm, 640nm, 650nm, 660nm, 670nm, 680nm and 690nm. Its formula is
Glass/(QWZAL)’. .. (QWZAL)>(QWZAL)'/Air. The source is unique and located on the upper
ZAL1 interface close to the substrate. We observe in Fig. 15 (left) that the enhancement peaks
are properly positioned despite the mirrors’ phase dispersion, and that the first 5 resonances are
very pronounced (> 10°). We can point out at this stage that each ZAL is designed to support a
current on its upper interface, while the stack contains just a single source. This is the reason
why the enhancement is reduced at the last 4 wavelengths (> 660nm).

In order to check that point we have plotted on Fig. 15 (right) the response of the same
component where each of the ZAL layer supports a current. From a technological point of view,
this means that the stack contains several luminescent layers. The results then show that almost
all the resonances are retained with powerful enhancements. It will be noted that the possibility
of resonances at several wavelengths might be very useful for micro-source applications; in
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Fig. 15. A multi-ZAL structure designed to resonate at 9 wavelengths (see text). The
component contains a single source (left) or several sources (right).

particular, if the source has to be activated optically at A;, an enhancement can be imposed at
this pump wavelength A;; then a second wavelength X, can be chosen to exalt the pattern at A,
leading to a multiplicity of the enhancement.

5. Limits and sensitivity study

It remains to check that these structures remain extremely sensitive to contamination of the
substrate. Since we saw in the previous sections that the emission enhancement is proportional
to a power 24 of the effective index ratio 3, one might think that the higher the layer number
(p=2q+1), the better the efficiency. Actually the enhancement process is more complex and
requires a detailed investigation. We will start with the enhancement limits.

5.1.  Enhancement limits

We previously stressed on the fact that, while the enhancement increases with the layer number
p, its angular bandwidth §6(p) decreases with this number. Hence for large p values, any
receiver will integrate the micro-cavity pattern in its angular aperture, leading to a power integral
responsible for the enhancement limit. Let us focus on this integral over the bandwidth §6(p),
and assume that the admittance difference AY;(p) contains a zero y,,(p) of order 1, that is:

AY(o,p) = C(0, p)[o = xm(P)] With X = X}, +Xon (26)

Following section 2, this zero x,,(p) is necessarily complex and tends to the real resonance
frequency o, for large p values (see Eq. 10). According to Eq. (1) the integral of the spectral
power density over the bandwidth 66 therefore writes as:

’ 2 ~ ’ 2
L (o 0:0) = RUP)] = R | 2217185, 0 o) @7)
with:
yveq
Xm+ 2 .
! _ Ao
/\/me

In Egs. (27)—(28) we neglected the variations of C and J; over the narrow bandwidth 66 which
asymptotically tends to zero. The last integral Ip(p) can be calculated analytically:

10(p) = 1(0) X (P) + j2Xm(p) arctan 22 = Jlim_To(p) = 2jery arctan 5 (29)
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where 7 is a proportionality factor between the imaginary pole y,, and the frequency width Ac

related to 60 :

_ Ac(p) 1 Ao(p)
np) = Sry = Mo = lim {X,’n’(m} (30)
Eventually we get:
s dF _ 4.2 o0\ Cos(Tm)] [ F.( 17 2
pgr_}_loo d(p - 4” Tm arctan ( 2 ) ICoo(a-m)lz |Jl(/\/m’ QD)I (31)
with:
Coo(om) = FEIPM[C(p, o)l (32)

Note that the C coefficient shows slight dependence versus p above a certain (and low) value,
so that Eq. (31) proves the convergence integral and emphasizes the enhancement limit of the
ZAL micro-cavity pattern. Also note that I[Ce(07,)] # 0, due to the fact that in the admittance
difference AY; (see Eq. (26)), Y;. is purely imaginary (due to the TIR regime) and Y; is real (due
to the central wavelength of the matched mirror- see Eq. (12)).

Though this proof can be generalized to the m™ order poles of the scattering power density, we
checked these results numerically in Fig. 16. The cavity design is the same than that of Fig. 10
(left) but we used different layer numbers for the quarter-wave mirror. The left figure shows the
increase of emission pattern at resonance, together with the decrease of the angular bandwidth
00, for 3 layer numbers (5, 13 and 21). In the right figure we plotted the integral of the emission
pattern, which is the quantity recorded (measured) by the receiver. Integration is performed
between 44° and 46°, and the quantity obtained is normalized by the integral of the emission
pattern of the very thin layer cavity of Fig. 6 over the same angular range. As expected, we
observe a stationary value (around 93 times the power emitted by a very thin layer cavity) of the
power above 15 layers. This is a key result which would lead the manufacturer to use a moderate
layer number, and not to expect unrealistic enhancement.

10° . 100
7 ”5‘ Number of layers :"E‘ 90 i * : . . . .
3 S
10° | 13 RIE . .
3 —2 g
0 S
2 g
107 | = 60‘ i
I =
10" S 50
1’| S
' ‘;} 30 .
107 T 2
107 S .
z
' 0 . w
44 4.5 45 45.5 46 5 7 9 11 13 15 17 19 21

7(°) Number of layers

Fig. 16. Angular pattern of the transparent ZAL cavity (left figure) for 3 different layer
numbers. The right figure is for the same pattern integrated in the angular range 44° <6<46°
and plotted versus the layer number, for a transparent cavity (blue dots) and for imaginary
indices of 107 (red crosses). Data are normalized in regard to the thin layer cavity of Fig. 6
(see text).

It should be stressed that Eq. (31) is for an intrinsic limit of a transparent micro-cavity.
However another limit may originate from absorption. Indeed despite the low imaginary indices
of dielectric layers (around 1073), absorption cannot be neglected in regard to the high field
values (proportional to $29) in the vicinity of the ZAL interface. This is why we plotted another
flux pattern in Fig. 16 (right figure) for the same cavity but involving an imaginary index of 107>
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for all layers. We first observe that a maximum is attained for 11 layers, and then that the power
decreases above this value. This is again a major result which now means that the layer number
must be adjusted, since there is a limit not to exceed. The enhancement again is around 90.

So far, we have shown that the amount of power reaching a receiver is limited as the number of
layers increases. One would also wonder if the electric field in the structure tends toward infinity
as the number of layers increases. This is a priori the case for a transparent cavity, since the
field plotted in Fig. 7 diverges as p>4 with the layer number. However one cannot forget that the
quantity plotted in Fig. 7 is related to the electric field in the spatial Fourier plane [24]. To get
the physical electric field, one needs to compute the inverse Fourier transform versus the spatial
pulsation &, that is [24]:

E(z) = [ B, 207 T d* 5 (33)

The square modulus |E(7,z)|? of this physical field is plotted in Fig. 17 as a function of the
layer number. For the sake of simplicity, the field is taken at 7 = 6, so that Eq. (33) reduces to the
integral of the electric field calculated in the spatial Fourier plane. Furthermore, the integration
range is limited to the angular range 44°<6<46° where the enhancement occurs. Finally, the
electric field is computed at the z altitude where it reaches a maximum, so at the top surface of
the ZAL layer (see Fig. 7). As expected, the maximum value of the electric field is bounded
when the layer number increases (see Fig. 17).

x10’

Monochromatic Electric Field

5 7 9 1 13 15 17 19 21
Number of layers

Fig. 17. Square modulus of the physical electric field (see text) plotted versus the layer
number, for a transparent ZAL cavity. The field is calculated at the top surface of the ZAL
layer for a unit current modulus (|J.(5)| = 1).

Eventually, strictly speaking one would also consider another ultimate limit which is the
accuracy of the cavity design. Indeed, this accuracy increases with the layer number, so that each
layer thickness would be perfectly controlled in the manufacturing process [20-23]. However,
with this limited layer number (p = 11) we have checked that this is not a difficulty.

5.2. Sensitivity

We now come to the sensitivity. Actually, this sensitivity is not directly related to the emission
enhancement, but to the spectral or angular shift of the emission pattern in response to a substrate
contamination. In other words, the key parameter is the derivative of the pattern versus the
refractive index of substrate. We already know that this derivative is optimized in the sense that
the field enhancement primarily occurs in the contaminated medium, i.e. in the substrate (here air
or liquid). This represents a major difference as compared with Fabry-Perot filters, for which the
enhancement occurs between 2 multilayer mirrors (hence far from the substrate), thus destroying
their sensitivity to contamination of the substrate.
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In the interests of clarity and to allow easy comparison with other techniques, 2 types of
contamination are distinguished. In the first case we assume that the substrate is uniformly
contaminated, such that it gives rise to a variation An; of refractive index, which alters the cavity’s
emission pattern. In the second case, it is the optical thickness of the last working layer that is
altered by a value A(ne); note that, rigorously speaking, a functional layer must be added to the
luminescent layer, and that the ZAL must be adjusted as a consequence.

The numerical calculation of sensitivity is given in Fig. 18, which shows how the resonance
shifts with wavelength (A2) in both these contamination cases. Following the previous sub-section
6.1, we chose a single ZAL cavity to limit the layer number. The design is that of Fig. 10 (left)
except that the imaginary indices are 107 (not zero). We observe that variations of 10™* in
Ang or A(ne) give rise to a wavelength shift of 0.035 nm and 0.102 nm respectively, i.e. an
approximate average sensitivity of 3% = 2.86 10~>nm ™! and % =9.80 107* nm™!

* 10°
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Fig. 18. Spectral variation generated by an alteration of index Ang of the substrate (left
figure), or of the optical thickness (right figure) of a functional layer A(ne). The design is a
single ZAL.

The detectability (the smallest measurable value of Ang) will ultimately depend on the
performance (including cost and size) of the spectrophotometer implemented to measure the
spectral profile of the light flux provided by the optical fiber. Recall that, using for example a
holographic grating of 1800 lines/mm and an effective focal length of about 200 mm, the linear
dispersion obtained in the focal plane of this device will be of the order of 2 nm/mm, i.e. a
sampling every 0.05 nm if the focal plane carries an array of photodiodes with a pitch of 26 um;
this means that the spectral profile (1nm width) plotted in see Fig. 18 will be dispersed over
typically 20 photodiodes. If we assume that the noise is determined by the contribution of the
shot noise (for a low-noise scientific camera, this will always be the case if the integration time is
properly adjusted), simple simulations show that the smallest spectral shift of the barycenter that
can be detected will be better than one tenth of the pixel sampling step, i.e. 5 pm: this would
lead to a minimum An; of about 107,

6. Conclusion

Our objective was to see whether our analytical techniques for synthesizing giant field enhance-
ments, developed for amorphous (passive) multilayer systems illuminated in free space [17],
could be generalized to micro-cavities containing at least one luminescent layer (active crystalline,
activated electrically or optically) in the TIR regime. All results were shown successful, which
means that resonances in multilayer micro-cavities can be designed and optimized at arbitrary
angles, wavelengths and polarizations. The possibility of multiple simultaneous resonances was
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also demonstrated. In a more general way, such issues might motivate more studies devoted to
the design of multilayers under the TIR regime.

The origins of enhancement limits were analyzed in detail. It was shown that, though the
local pattern (at one angle) of a transparent cavity increases indefinitely (by several decades)
with the layer number, the measurable pattern (integrated over the narrow angular bandwidth
of the resonance) remains bounded and lower than 100 (compared to the pattern of a very thin
single layer cavity). Slight imaginary indices were also considered to show that there was an
optimum layer number to be achieved but not to be exceeded. This may constitute a major result
for manufacturers.

All the coatings were designed under the TIR regime and exhibit field enhancement in the
substrate, which confers high sensitivity to substrate contamination (in opposition to classical
Fabry-Perot structures). Hence these components are well suited to sensor applications and
provide a useful alternative to existing all-dielectric sensors used under free-space illumination.
Indeed with these micro-cavity sensors we dispense with both the illumination (which was
removed) and the pixel matrix detector (which was replaced by an optical fiber connected to
a spectrophotometer). This demonstrated the advantages of a micro-cavity sensor, simpler to
implement (no tuning of the illumination band-passes) and taking up considerably less space. As
usual, experiment remains to be done and is in progress.
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