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The growing need for classical as well as quantum optical sensing places increasingly stringent require-
ments upon the desired characteristics of the engendered fields. Specifically, achieving superior field
enhancement plays a critical role in applications ranging from chem-bio sensing, Raman and infrared
spectroscopies to ion trapping and qubit control in emerging quantum-information science. Due to their
low optical losses and ability to exhibit resonant field enhancements, all dielectric multilayers are emerg-
ing as an optical material system not only useful to classical photonics and sensing but also of potential
to be integrated with quantum materials and quantum sensing. The recently introduced concept of zero-
admittance layers [1] within dielectric multilayer materials, enables the creation and control of resonant
fields orders of magnitude larger than the exciting field. Here, invoking the zero-admittance concept, we
design, fabricate, and characterize an all-dielectric nonabsorbing stack and demonstrate the engendered
huge field enhancement. Describing the fields in terms of Bloch surface waves, we connect the surface
field to the semiperiodicity in the dielectric domains of the stack. As a specific application of the resonant
field, we propose and demonstrate refractive-index sensing for the detection of trace amounts of an ana-
lyte. The results include a quantification of the sensitivity of the device with respect to the profile of the
exciting field. The experimental results are shown to be in good agreement with theoretical calculations.

DOI: 10.1103/PhysRevApplied.13.054064

I. INTRODUCTION

Compared to the many effects that arise from light-
matter interactions, collective electronic effects in specific
metals via photon or electron excitation of surface plas-
mons [2–14], generated much interest in the early efforts
to achieve confined, enhanced, and/or sensitive fields.
Within the optical approaches to plasmon excitation, a
frequently employed system that conveniently allows for
coupling of photons and plasmons is the planar inter-
face between a thin metal film and a suitable dielectric
medium [15–19]. The planar arrangement proved particu-
larly useful since the field bound to the metal surface, while
decreasing exponentially with distance to surface, sensi-
tively depends upon the dielectric function of the bounding
medium. These properties were found particularly impor-
tant in several applications, such as the so-called sur-
face plasmon resonance (SPR) sensing. Despite the many
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intriguing investigations, the losses associated with elec-
tronic excitation in metals have been seen as a bottleneck
for a number of sensing and imaging applications [20–24].
Interestingly, all-dielectric multilayers have been shown to
exhibit surface modes, which feature similar field char-
acteristics as plasmons but without the losses [25–33].
Design and optimization of multilayers made up of a num-
ber of deposited dielectric thin films have been recently
shown to provide very large resonant field enhancements
and sensitivities [29,34]. As a result, multidielectric stacks
are emerging as an alternative [1] to plasmonic devices
for applications, where huge field enhancements in planar
multilayers [35–40] are needed. While plasmonic devices
provide broadband but moderate enhancements, dielec-
tric stacks provide huge narrowband enhancements. Owing
to the mature optical thin-film technologies and associ-
ated industries, dielectric stacks also offer a number of
key advantages [41–44], including modern deposition sys-
tems [45–47] such as dual ion-beam sputtering, and mag-
netron sputtering. Current capabilities include production
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of amorphous dielectric films with optimal high density,
excellent hardness and adhesion, weak optical absorption,
and high laser-induced damage threshold.

To advance the optimum design of dielectric stacks,
Amra et al. recently introduced the concept of zero-
admittance layers (ZAL) [1]. Employing ZAL, one may
analytically design stacks to achieve enhancement for arbi-
trary wavelengths, polarizations, and incidence angles. The
ZAL-based design technique is flexible with respect to
the substrate (e.g., a multilayer), and spectral and angular
dependencies such that enhancements [1] can be achieved
at multiple operational wavelengths and angles. Capital-
izing upon the total internal reflection (TIR) mechanism,
stacks and related components find numerous applications
in the fields of microsources and sensors [20–33]. There-
fore, the realization of new resonant stacks designed and
optimized through ZAL, is expected to provide excellent
candidates for high-sensitivity optical sensors. However,
thus far, such stacks have not been fabricated or character-
ized. It is the aim of this paper to fabricate, measure, and
analyze the sensitivity of the ZAL all-dielectric structures.
As an application of the optical system, we capitalize on
excitation of surface fields via modes that resemble Bloch
waves in photonic crystals, to carry out refractive-index
sensing.

As with the development of any sensing platform, dissi-
pation and losses of optical energy are important factors
that determine the feasibility and suitability of a given
sensing mechanism and device. As a major difference with
comparable plasmonic sensing strategies, ZAL multilay-
ers are expected to be essentially lossless. The absence of
absorption implies that when an incoming field is coupled
to a ZAL stack in the TIR regime, the reflectivity R reaches
unity, regardless of the illumination conditions (including
those of resonance). For that reason, one cannot observe
the classical absorption valley, and this is a key difference
with plasmonic sensing. However, other remaining criteria
can provide a channel for detection, such as light scatter-
ing, phase properties, and spatial profile of the reflected
beam. For example, scattering from interfacial roughness
is proportional to the stationary field and also exhibits
enhancement at the resonance. The scattering may thus be
collected at the input or the output surface. Similarly, the
phase of the fields undergoes a step at the resonance. Here,
we explore the reflected beam’s profile as this constitutes
the simplest measurable criterion.

Our presentation is organized as follows. In Sec. II,
within the scope of the present work, we recall the prin-
ciples of the ZAL design technique. In Sec. III, we use
an exact wave-packet calculation to analyze the angular or
spatial shape of a Gaussian beam reflected by a ZAL mul-
tilayer. Sections IV and V are devoted to the fabrication
and metrology of the coatings, as well as to validating all
predictions. In Sec. VI we quantify the sensitivity of the
technique before concluding in Sec. VII.

II. ZERO-ADMITTANCE LAYERS

All-dielectric multilayers are lossless stratified media,
which are known to allow tailoring of light proper-
ties (spectral, spatial, and temporal shape) with numer-
ous degrees of freedom [41–44]. Mostly used in free
space, these materials provide a variety of passive opti-
cal functions including antireflection coatings, beam split-
ters, dichroic and polarizers, narrowband filters, broadband
and chirped mirrors [41–44]. Prior to describing the ZAL
principles, we consider the following preliminaries.

A. Propagating and evanescent fields at surfaces of
periodic material domains

Prior to presenting our analysis of the fabricated dielec-
tric system, it is prudent to address the terminology
employed to describe the interaction of light with the mul-
tilayer system. The description of materials with finite or
short-range periodicity in its atomic or molecular arrange-
ments, or in its specific arrangement of dielectric domains
can benefit from the formulation and treatment of crystals
in condensed matter. An example is the photonic crystal,
which is made up of mixed high- and low-index dielec-
tric domains. Drawing analogies from condensed-matter
crystals, one poses the question of how to control the prop-
erties of the material to achieve control over its photonic
response, that is, “light-dielectric stack” interaction.

Dielectric stacks or multilayers constitute a class of
materials that may be characterized as a one-dimensional
(1D) quasiperiodic system. In the present case, the pla-
nar material domains are of infinite extent compared to
the wavelength of the interacting field, and thus a one-
dimensional formulation is sufficient. Considering the
short-range periodicity in one dimension (in the z direc-
tion perpendicular to the thin-film planes), the analogy
still proves to be illuminating. Dispersion, band gaps, and
Bloch waves are helpful in the description of any wave
phenomena in a periodic or nearly periodic potential. A
ZAL optical system bears close resemblance to a photonic
crystal, which designates a low-loss dielectric medium
with periodicity in its material constituency. A photon’s
propagation through the photonic crystal obeys specific
dispersion and band gap. Thus, under proper design con-
ditions, light of specific frequency and direction entering
the multilayer system may not be allowed to propagate.

Additionally, many material domains, such as stacks,
exhibit surface modes. By a surface wave [48], it is implied
that the wave is bound to the dielectric-dielectric interface
(including dielectric-vacuum or air) and decays exponen-
tially away from the boundary. For a dielectric-air inter-
face, at the input side (dielectric), an index-guided mode at
a critical angle can describe the TIR, while at the air output
boundary, the index-guided mode can create an evanescent
field. A similar analysis may be applied to calculate the
photonic response of periodic metal-dielectric multilayers,
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where the plasmon dispersion relations may be obtained
from the Bloch theorem.

In the present case, an optical mode of a dielectric stack
is the solution of the general eigenvalue equation:

∇ ×
(

1
ε
∇ × H

)
= ω2 μH , (1)

where the dielectric function and the field are defined for
each layer, and the satisfaction of the usual boundary con-
ditions is given. The given harmonic mode of the dielectric
system is the eigenfunction H for a given eigenvalue,
which is proportional to the frequency of the mode. For
a dielectric function with the following general form:

ε = ε(z) =
∑

i
εi+1�(z − zi)�(zi+1 − z), (2)

where � is the Heaviside function, if one can define, for a
specific set of εi, a unit cell so that the same dielectric pat-
tern can be repeated, one may then consider the following
general (on-axis) solution or mode:

H(x, y, z) = h(x, y, z)ejKz, (3)

which represents a Bloch state if h is z-periodic, in analogy
with the electron wave function in a solid in the pres-
ence of a periodic potential. Ideally, following the standard
description of a 1D photonic crystal, we require

ε(z + �) = ε(z), (4)

where � is the period. Further interest is in the regime
where � ∼ λ, with λ denoting the wavelength. Clearly, in
the present case, i is finite and we neither have a full trans-
lational symmetry, nor a partial one that scales with λ.
For a medium with large i, we also note that, for off-axis
modes, if the angle of incidence is larger than a critical
angle, the Bloch mode will not propagate in the z direction
but in the perpendicular direction.

For a similar situation arising in mechanical systems
described by an ordinary differential equation, the state is
referred to as the Floquet mode [49]. Thus, the notion of
the Bloch wave here is to emphasize the quasiperiodicity of
the modulation of the dielectric function. Takayama et al.
further reviews Bloch surface waves in close comparison
with Tamm waves or optical Tamm states [48], which also
require a (truncated) periodic permittivity.

For an alternating dielectric function, the resulting mul-
tilayer structure or the one-dimensional photonic crystal
can form a Bragg mirror. Unlike an ideal one-dimensional
photonic crystal, due to the finite length of the repeated
layers, the periodicity in the dielectric function is not com-
plete. Therefore, the field and their energy density may not
exhibit a full symmetry in the z direction. Although it is
not the main focus of our current presentation, it may be

possible to define a critical number of layers below which
the periodicity may be sufficiently compromised for the
results to differ significantly from the Bloch formulation.
Nevertheless, even if the dielectric stack possesses a weak
periodicity, a photonic band gap can still be formed, and
its size can be estimated using perturbation theory. Notice
however that at the top surface, the application of the ZAL
breaks the symmetry and periodicity and a photonic mode
can be localized there, forming a surface state.

To proceed, we note the following additional points,
which necessitate use of another formalism. The first point
is connected with the illumination beam coming from
a superstrate, which breaks again the symmetry of the
geometry and leads us to consider spatial frequencies that
are not necessarily the modes of the structure. The sec-
ond point pertains to the TIR regime that occurs in our
lossless dielectric multilayers and implies that the reflec-
tion is unity in a whole spatial frequency band (above
the refraction-angle limit). This is valid regardless of the
design of the multilayer (the TIR limit is only connected
with the refractive index of the output medium); therefore,
the concept of band gap is irrelevant for this geometry.
Eventually the response of finite nonperiodic multilayers
can be classically modelized with the admittance formal-
ism (see next section), whether the field is a mode of the
structure or not, and whether the illumination comes from
the extreme media or not.

Electromagnetic modes within 1D planar dielectric mul-
tilayers characterize fields, which satisfy the boundary
conditions in the absence of sources. Their amplitude
distribution in the harmonic regime can be written as

Em(x, z) = Am(z)ej σg,mx , (5)

with σ g,m a modal spatial pulsation. From the admittance
formalism we note that [50,51] the modal spatial pulsations
σ g,m are the real poles of the reflection factor r(σ ) of the
dielectric multilayer extended at higher frequencies (above
the free-space limit), that is, 1/r(σ g,m) = 0, and that these
poles (when they exist) lie in the frequency range given by

max(k0, ks) < σg,m < max(ki) with ki = 2πni/λ, (6)

with λ the wavelength, n0 and ns the indices of super-
strate and substrate respectively, and ni the stack indices.
The field of a mode can be trigonometric or hyperbolic
within the multilayer, but it is evanescent (with exponential
decrease) in the extreme media (superstrate and substrate).
Hence, these modes are confined within the stack and carry
energy in the transverse directions (perpendicular to z),
with no loss in the extreme media assumed to be nonab-
sorbing. Note for this modal geometry that the extended
reflection function is not bounded since it is not involved
in an energy balance.

If we now illuminate the multilayer under TIR, we
lose the previous (source-free) mode configuration. The
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reflection poles cannot be real anymore since reflection
is now bounded and involved in an energy balance in
the form R + A = 1, with R and A the energy coefficients
of reflection and absorption. Hence, due to the modifica-
tion of boundary conditions, the previous modal constraint
(1/r = 0) vanishes and there is no more discretization of
frequencies. Actually, these frequencies can now be arbi-
trarily adjusted at low spatial frequencies with the illu-
mination conditions. However, poles may still exist in
the reflection coefficient, but they are necessarily complex
(even with zero absorption). At specific frequencies and
under the assumption of slight imaginary indices of the
thin-film materials, these complex poles (σ m) may have
slight imaginary values σ ′′

m together with real parts σ ′
m

very close to the previous modal frequencies σ g,m, that is

σm = σ ′
m + j σ ′′

m with σ ′
m ≈ σg,m and σ ′′

m/σ ′
m � 1.

(7)

These real frequencies, σ ′
m, are those where resonances

occur and may create giant field enhancement in the
TIR regime, and we recall in the next section how these
enhancements can be chosen, designed, and optimized.
The fields at the TIR resonances in our case may be viewed
as different from the modal guided waves in photonic crys-
tals since the total incident light is reflected (rather than
coupled within the stack). Nevertheless, they exhibit dis-
tributions in the stack and substrate that resemble Bloch
modes. We keep in mind that under TIR the field is evanes-
cent in the substrate, while the incident and reflected beams
interfere at the input surface of the multilayer, with R = 1
for lossless dielectric materials. To summarize the above
discussions, we assert that the description of the fields
within our system bears both similarities and differences
with a photonic crystal composed of a 1D periodic slab
embedded between two homogenous media (the super-
strate and the substrate in Fig. 1), a system that can be
described using the Bloch-wave properties.

B. Field enhancement for sensing applications

Field enhancements usually occur in the spacer layers
of multidielectric Fabry-Perot-type filters [52]. Such an
enhancement increases as approximately β2N with β being
the ratio of the refraction indices of the two materials that
constitute the filter, and 2N the number of thin-film layers
[1]. This effect is classically related to the high reflectiv-
ity of the two mirrors on each side of the spacer layer, in
addition to a phase-matching condition [41]. However, this
field enhancement takes place within the bulk of the fil-
ter, which cannot be used for sensor applications, where
the field maxima must be close to the output surface of
the component. Hence, another design must be found for
sensing applications (Fig. 1). One idea consists in keeping
one multidielectric mirror (on the illumination side) and

FIG. 1. Schematics of the experiment set up and a multidielec-
tric stack on a prism, with a ZAL layer between the substrate
and the quarter-wave mirror. An incoming beam making an angle
θR, resonantly couples into a multidielectric stack composed of
a quarter-wave structure (QWS), ending with a zero-admittance
layer. x and z are the coordinates of observer, and x′ and z′ are the
coordinates of Gaussian beam.

taking advantage of the TIR regime to suppress the sec-
ond mirror. This TIR procedure first requires working at
high incidence angle (above the critical angle), so that the
first mirror must be matched for this incidence (details are
given in the next section). The second mirror is provided
by the semi-infinite substrate since reflection is total at the
output surface (reflection is unity under TIR). Then a thin
layer is inserted between these two mirrors (the multidi-
electric mirror and the substrate), and a matching condition
is adjusted, which relates the two mirrors and this spacer
layer. With this procedure we are able to retrieve a field
amplification similar to that of a Fabry-Perot filter, except
that the enhancement occurs in the neighborhood on the
substrate, and that the field is evanescent in the substrate
(transmission is zero). We get into more detail in the next
section.

C. Calculation of the field enhancement

We now recall the principles of ZAL [1] to design giant
resonances in such multilayers. We consider dielectric
materials that may be produced by high-energy deposition
technologies [45–47]. Such materials are known to pos-
sess imaginary indices that are lower than 10−5. Therefore,
absorption may be neglected, i.e., A ≈ 0. As depicted in
Fig. 1, we consider two quarter-wave multidielectric Qm
structures in series:

Q1 = Sup(LH)N PZALSub,
Q2 = Sup(HL)N PZALSub, (8)
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where H and L, respectively, denote high- and low-
index quarter-wave layers, and (LH)N means that the LH
sequence is repeated N times. Further, PZAL is an addi-
tional layer, Sub denotes the emergent medium (substrate),
while Sup represents the incident medium (superstrate).
The structures Qm are said to be quarter-wave dielectric
mirrors since they are currently used to reflect light at a
specific design wavelength λR. The H and L layers are
therefore index matched for oblique illumination θR at the
design wavelength λR, that is

niei cos θR = λR/4, (9)

with n and e being the indices and thicknesses of the films,
and θR the illumination angle in the superstrate (incident
medium), with ni sinθ i = constant. To summarize, the Qm
structures are classical quarter-wave mirrors matched for
the illumination conditions (θR, λR). We assume that these
illumination conditions satisfy the condition:

ksub < σ < kL < kH , (10)

where the spatial pulsation (identical for all media) is given
by σ = ki sin θ i with ki = 2πni/λ. Such a condition first
allows angles (θH , θL) to be defined in each film medium,
so that the field is the sum of trigonometric functions
(rather than hyperbolic) in these media. Furthermore, con-
dition ksub < σ is required for TIR to occur, so that the
field is evanescent (hyperbolic) in the substrate. Hence,
no Poynting flux is carried through the substrate, so that
reflection is unity for transparent stacks.

Following the admittance formalism [41], the matrix
transfer of these multilayers follows at the design wave-
length:

Q1 = (MLMH )N = (−1)N
(

βN 0
0 β−N

)
, (11)

Q2 = (MH ML)
N = (−1)N

(
β−N 0

0 βN

)
, (12)

where N represents the number of doublets (HL or LH),
p = 2N the number of quarter-wave layers, and β denotes
the ratio of the effective indices for both TE and TM
polarizations:

β = ñH/ñL, (13)

ñi = niki

αi
= ni/cos θi for TE polarization, (14)

ñi = niαi

αi
= nicos θi for TM polarization, (15)

αi =
√

k2
i − σ 2 = ki cos θi, (16)

Eventually, the enhancement is given by

∣∣∣∣ Es

E0
+

∣∣∣∣
2

=
∣∣∣∣ 2βN ñ0

Ys + ñ0β2N

∣∣∣∣
2

for Q1 = (LH)N S, (17)

∣∣∣∣ Es

E0
+

∣∣∣∣
2

=
∣∣∣∣ 2βN ñ0

ñ0 + Ysβ2N

∣∣∣∣
2

for Q2 = (HL)N S, (18)

where S designates the substrate, Ys the substrate
admittance, E0

+ the tangential incident field, and Es the
tangential field at the substrate surface (output surface).
Following Eqs. (17) and (18), we observe that the enhance-
ment tends to zero (irrespective of β) with the layer
number N. However, this asymptotic behavior would be
modified if the substrate admittance were zero; this is not
possible at this step since Ys is given by the substrate effec-
tive index in Eqs. (14) and (15). Indeed, in the substrate the
field is not stationary (but progressive evanescent) so that
the admittance reduces to the effective index. For that rea-
son, we consider the addition of a single layer (p) on this
substrate, the function of which is to cancel the admittance
(Yp−1 = 0). While no solution can be found in the classical
free-space regime (σ < ksub), we obtain in the TIR regime

tan(αpep) = �(Ys)/ñp . (19)

Equation (19) provides the optical thickness npep of the
additional ZAL layer. Eventually, with this ZAL layer
inserted between the substrate and the Qi structure, the
enhancement now yields at the top surface of the ZAL
layer:

∣∣∣∣ Es

E0
+

∣∣∣∣
2

= 4
β2N for Q1 = (LH)N PZALS and

TM polarization, (20)

∣∣∣∣ Es

E0
+

∣∣∣∣
2

= 4β2N for Q2 = (HL)N PZALS and

TE polarization. (21)

We see that the ZAL thickness is very slight, so that
the enhancement at the output substrate surface does not
need to be corrected (to first order). Hence, according
to the β powers in Eqs. (19) and (20), huge overinten-
sities may occur in the stack, and this can be designed
for arbitrary illumination conditions (wavelength, polar-
ization, and incidence). In what follows, these stacks are
denoted ZAL stacks. Notice that the field is enhanced
under the condition [1] that β > 1 for TE polarization and
β < 1 for TM polarization. While the first (TE) condition
is always satisfied in the angular range, the second (TM)
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condition requires working at large angles, that is, at angles
greater than the Brewster angle [53]:

σ > σc, with σc = kH kL√
k2

H + k2
L

. (22)

At this step, we stress on the fact that [1] the enhance-
ment a priori increases with the number of layers (no
upper bound in the matrix formalism). Actually, the field
limitation [1] is forced by intrinsic and extrinsic factors.
Intrinsic factors are nonlinearities and damage thresholds,
and (even slight) absorption and scattering. Extrinsic fac-
tors are related to the incident illumination band passes (in
divergence and wavelength) [54], and the accuracy of the
multilayer design [1,34]. Such limitations were previously
analyzed [34–47] in detail since they require a compro-
mise leading to a limited number of layers, and a realistic
enhancement around four decades.

D. Theory of dielectric multilayers and transmission
lines

Similar to the analogy between the description of a
mechanical system using classical equation of motion
versus using circuit theory, there is an illuminating anal-
ogy between the description of certain optical systems
using classical optics versus using transmission-line the-
ory [55]. Examples include dielectric thin-film multilayers,
slabs, channel optical waveguides, directional couplers,
anisotropic waveguides, etc. More specifically, for exam-
ple, in Ref. [56], they present the optical equivalent of an
antireflection quarter-wave transformer, optical tunneling,
FTIR (frustrated TIR), and other quantities of importance
in filter design. Generally, identification of the salient
quantities from each formulation facilitates the correspon-
dence. For transmission lines, the voltage V and current I
along the line, and for optical systems, the electric E and
magnetic H fields can facilitate the connections. Therefore,
propagation of the optical field through the presented stack
and the propagation of a voltage pulse (or radio waves)
along a transmission line can be described analogously if
the optical fields (E, H ) are identified with the electrical
quantities (V, I ). A lossless dielectric thin film is analogues
to a lossless transmission line such that the optical thick-
ness of the film is equivalent to the electrical length of
the line. Similarly, the refractive index of the thin film
and the admittance of the segment of the line are on equal
footing. The refractive index of the substrate of the stack
may be identified with the load admittance of the line, etc.
Following such an analogy, we note that condition (18)
translates into a condition for a segment of a transmis-
sion line connected to a termination impedance to have
an infinite input impedance [see Eq. 2.44 [57], and equate
the denominator to zero]. Likewise, Eqs. (11) and (12)
correspond to the ABCD matrices of two transmission-line

segments, with quarter wavelength, resulting in a voltage
transformer. From this analogy, one may infer that we here
implement a series of voltage transformers to enhance the
voltage V (corresponding to E) at the expense of the cur-
rent I (corresponding to H ) since the total power does not
change. The use of the ZAL then terminates the line with
an open circuit. Finally, we note that optical polarization
and incidence can be simulated [58] from the impedance of
the transmission line via ZTM = ηcosθ and ZTE = η/cosθ .

III. DIVERGENT BEAM REFLECTED BY A
ZAL STACK

Due to the extreme sensitivity of the ZAL stacks around
their design wavelength, even low beam divergences play
a key role in the response of the multilayer. In Fig. 2,
we show the enhancement (four decades) of a ZAL mul-
tilayer versus the spatial pulsation σ for a design of
(HL)6PZALS and for TE polarization, with λR = 632.8 nm
and θR = 45°. Materials have real indices nH = 2.25 and
nL = 1.49. The ZAL layer is a high-index layer with thick-
ness ep = 9.77 nm. Note that in the absence of refractive-
index dispersion, both angular and wavelength behavior
can be deduced from the curve in Fig. 2, since we have
λ = λσ /σ and θ =σ /α, with θ , λ, and σ the
angle, wavelength, and frequency widths of the curves.
The enhancement is given for a plane-wave calculation and
shows an intrinsic bandpass σ = 2.163 × 103 m−1, that
is, λR = 0.3 nm and θR = 0.16 mrad.

Here, we choose to work with a He-Ne laser beam with
a spectral bandpass of around λ= 2 pm, which is much
less than that of the stack (λR = 0.3 nm). Therefore, the
beam can be considered monochromatic. On the other
hand, the divergence θ of the He-Ne beam is of the same

FIG. 2. Enhancement of an incoming TE polarized field ver-
sus spatial frequency. The stack is designed for a wavelength of
632.8 nm and an illumination angle of 45°.
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order of magnitude as that of the stack (θR = 0.16 mrad)
so that its impact must be analyzed in detail. In this section,
we use an exact spatial wave-packet formalism to analyze
the wave front of the field reflected by the ZAL multilayer.

A. Analytical calculation

We consider a Gaussian beam illuminating the structure,
as shown in Fig. 1. We work under the average condi-
tions, θ0 = θR, and λ0 = λR, that is, the central incidence
angle and wavelength are matched to the corresponding
quantities at resonance. We express the incident wave as a
two-dimensional (2D) monochromatic wave packet in the
form

E(x′, z′) =
∫

σ ′
A(σ ′)ej [σ ′x′+α(σ ′)z′]dσ ′, (23)

with A(σ ′) the amplitude distribution of the packet. Here,
the (x′, z′) coordinates are beam related (z′ is the aver-
age propagation direction, see Fig. 1) so that the amplitude
function A(σ ′) has a maximum modulus at σ ′ = 0. In other
words, Eq. (23) is given for a wave packet written in its
intrinsic coordinate system.

Assuming a Gaussian shape of the illuminated area in
the form

|E(x′, z′ = 0)
2| = |E0|2e−2

(
x′
L

)2

, (24)

with 2L the dimension of the illuminated area, the ampli-
tude function A(σ ′) is related from the Fourier transform
of Eq. (23) as

|A(σ ′)|2 = |E0|2
(

L
2π

)
e−

(
σ ′L
2π

)2

. (25)

The quantity L describing the Gaussian beam spot size at
1/e is therefore linked to the beam divergence θ0 by

σ ′
max L
2π

= 1
yields−→ θ0 ≈ λ0/(n0L). (26)

Extension of this wave-packet formulation to oblique inci-
dence is usually performed with an integral similar to
Eq. (23), in the form

E(x′, z′) =
∫

σ ′
A(σ ′ − σ ′

0)ej [σx′+α(σ ′)z′]dσ ′, (27)

with σ ′
0 being the central frequency. However, Eq. (27) is

not correct since it retains the shape of the illuminated area
when incidence is modified. In order to correct Eq. (27), we
modify the amplitude distribution by maintaining Eq. (23)
but rotating θ0 of the (x′, z′) plane to describe the same

wave packet in the (x, z) plane at an average oblique inci-
dence θ0 on the sample. The change of coordinates in
Eq. (23) leads to

E(x, z) =
∫

σ

1
α

(σ sin θ0 + α cos θ0)A(σ sin θ0 − α cos θ0)

× ej [σx+α(σ)z]dσ , (28)

where σ = σ ′ cos θ0+α′ sin θ0 and α =α′ cos θ0−
σ ′ sin θ0, so that σ is in the range [k0 sin(θ0−θ0), k0
sin(θ0 +θ0)]. Thus, the elliptical shape of the illumina-
tion region with oblique incidence is now attained. Then,
the reflected beam is described by a relation similar to
Eq. (28) but one in which the new amplitude function is
weighted at each frequency by the reflection coefficient
r(σ ), that is

Er(x, z) =
∫

σ

1
α

r(σ )(σ sin θ0 − α cos θ0)A(σ sin θ0

+ α cos θ0) × ej [σx−α(σ)z]dσ . (29)

In the absence of absorption, we note

r(σ ) = ej φ(σ), (30)

as the TIR condition yields |r(σ )| = 1.

B. Numerical calculation

Equation (29) is implemented to calculate the beam
wave front reflected by a ZAL stack. We design a
(HL)6H ZALS quarter-wave stack (identical to that of
Fig. 2), with high index nH = 2.25 and low index nL = 1.49

FIG. 3. Calculated spatial distribution of intensity in the
reflected field profile registered in the CCD plane for various
angular divergence θ0. The typically observed canceled field
region, appearing in experiments as a dark line (black arrows) in
the reflected beam spatial profile is clearly retrieved, as shown
in the intensity plots. They are normalized to the maximum
intensity of the incident beam.
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(a) (b)

FIG. 4. Calculated distribution of the incident (a) and reflected
(b) fields in the incidence plane at the resonance angle. Case of
divergence θ0 = 5θR = 0.80 mrad.

at the illumination wavelength λR = 632.8 nm and angle
θR = 45° for TE polarization. The incident medium is
glass (BK7) with n0 = 1.52 and the emergent medium
is air (ns = 1). There is a 9.77 nm ZAL layer with
nH = 2.25 between the QWS and the substrate to cancel
the admittance. High- and low-index thin-film materials
are Nb2O5/SiO2, respectively.

The results are given in Fig. 3 and show how the spa-
tial distribution of intensity depends on the angular beam
divergence. The calculation is performed using spatial
scales corresponding to a CCD matrix in a plane normal
to the average reflection and positioned at 25 cm from the
structure. We observe a clear modification of the reflected
beam with divergence. In particular, we retrieve the well-
known [55] dark line region, which is characteristic of field
cancellation in the detector area, due to destructive inter-
ferences (and not to absorption) or shift rays. Also, we
notice the shift of the beam from one figure to another,
as the result of a Goos-Hänchen [59] effect. These results
show that the divergence of the incident beam should
be properly suited to the resonance of the stack, since
it determines the parts of transferred energy in the CCD
area. Accordingly, a properly matched divergence would
enhance the phenomena.

(a) (b)

FIG. 5. Local field intensity visualized in logarithmic scale.
The wave vector of the incident field and the location of the ZAL
layer are annotated for clarity. (a) is obtained at the resonance
angle with a 103 enhancement, while (b) is out of resonance with
a field enhancement around unity.

For a specific divergence θ0 = 5θR = 0.80 mrad, the
field is visualized further in the whole incidence plane
(along propagation) in Fig. 4, which now allows us to
directly compare the incident and reflected beams at the
resonance. We notice again the dark region of the reflected
beam along propagation. Similarly, the depth distribution
of the field in the stack can be examined, as shown in
Fig. 5(a) at the resonance. These figures show both the
enhancement in the bulk and the associated lateral asym-
metry. For comparison, the enhancement is also plotted
in Fig. 5(b) for an incidence (46°) different from the res-
onance angle (45°). Notice in all figures that the field is
evanescent in the substrate.

IV. FABRICATION OF THE ZAL STACK

As proof of concept, the designed structure is fabricated
using plasma-assisted electron-beam deposition (Bühler
SYRUSpro710) with residual initial pressure approxi-
mately 10−6 mbar. As an embodiment of the ZAL stack
designed in the previous section, that is θR = 0.16 mrad
and λR = 0.3 nm, we prepare a stack consisting of six
bilayers of Nb2O5 (79.31 nm)/SiO2 (154.02 nm), as high-
and low-index materials, respectively, and an 8.5-nm
Nb2O5 layer as the zero-admittance layer. The ZAL thick-
ness is different from that of Fig. 2 because we use the
indices that are measured (see further in text), which show
slight differences with the theoretical indices of Fig. 2.
Pellets made of Nb2O5 and SiO2 are, respectively, placed
into Mo and Cu crucibles. Deposition is achieved though
e-beam evaporation of the raw materials at a rate of
0.25 nm/s for Nb2O5 and 0.5 nm/s for silica. The prisms
to be coated are made of N-BK-7 with n0 = 1.5151 at
632.8 nm. All samples are placed on a rotating substrate
holder at a distance of approximately 600 mm from the e-
beam source in order to achieve high uniformity of ±0.5%
over a 100-mm diameter aperture. To guarantee dense lay-
ers with no porosity, an advanced oxygen plasma source is
directed towards the samples during deposition, enabling
the growth of dense and fully oxidized layers.

The refractive-index dispersion of each thin-film mate-
rial is determined on previously fabricated single layers
to accurately model and predict the behavior of the mul-
tilayer structures. The procedure consists in measuring
transmittance and reflectance spectra of the samples with
a spectrophotometer (Perkin Elmer Lambda 1050), before
implementing reverse engineering to extract dispersion
properties of the real and imaginary parts of the refractive
index of each material [60]. A precision better than 10−3

could be achieved for the real part of the refractive index
while negligible absorption (k � 10−4) is demonstrated for
both materials in the visible and near-IR range. At the res-
onance measurement wavelength, i.e., 632.8 nm, the real
indices are nL = 1.484 and nH = 2.264. These measured
index values are used for the ZAL design.

054064-8



EXCITATION OF BLOCH SURFACE . . . PHYS. REV. APPLIED 13, 054064 (2020)

FIG. 6. Comparison of the experimentally measured and the-
oretically computed reflection spectra of the ZAL stack sys-
tem. Excellent agreement is achieved. A normal illumination is
considered on the witness sample (see text).

An in situ optical thickness monitor (Bühler OMS
5000) is used to minimize errors in the thickness of each
deposited layer with respect to their designed values. This
monitoring strategy can not be performed directly on the
ZAL sample deposited on the prism, which works in the
TIR regime (no spectrophotometric information is avail-
able under TIR to check the design since reflection is
total for multidielectrics). Hence, we use a real-time sin-
gle wavelength monitoring strategy [61] in transmittance
mode on a witness glass substrate (without prism). The
results are checked with the spectral measurements of
reflectance recorded on the monitoring (witness) sample at
quasinormal illumination. The resulting experimental data
are plotted in Fig. 6 together with the calculation results
for the ZAL design at 632.8 nm but for normal illumi-
nation. We observe that, over a broad spectral range of
several hundreds of nanometers, the average error between
theoretical and experimental profiles on the witness sub-
strate is <1%, confirming that the fabricated stack is very
close to the required design. Postdeposition analysis of the
spectral transmittance shows that the equivalent average
random errors on the thickness of each layer of the quarter-
wave stack is below 0.5%. Concerning the ZAL thickness,
which behaves in a different way, the accuracy is estimated
to be approximately 5%. It is noticed that errors in the
ZAL thickness design can be compensated by adjusting the
incidence angle on the prism.

V. METROLOGY OF THE REFLECTED BEAM
WAVE FRONT

To characterize the reflected beam of the previous ZAL
sample, we employ a TE polarized He-Ne laser beam with
a wavelength of 632.8 nm and a linewidth of λ = 2 pm.

(a) (c)

(b) (d)

FIG. 7. Comparison of experimental (left) and theoretical
(right) results for the spatial distribution of the reflected beam
at the resonance. (a) and (c) display reflected beam shape. (b)
and (d) are the corresponding cross sections indicated in (a) and
(c). Each pixel is 25 µm2.

This incident beam is coupled into a single-mode opti-
cal fiber. The fiber output is collimated, and the resulting
divergence is 0.993 mrd (i.e., 0.056°). The reflected beam
at the resonance is recorded on a CCD detector (Fig. 1) at
the distance of 25 cm.

The measurement result is shown in Fig. 7(a), and com-
pared to the theoretically computed reflected beam profile,
shown in Fig. 7(b). As can be seen, an excellent agree-
ment is achieved for the spatial distribution of the mea-
sured reflected beam. All effects are consistently observed,
including beam-shape modification, average beam shift,
and canceled field region (“dark line”). Such an agreement
now allows us to use the criterion of the reflected beam
shape as an analytical method for chemical and biological
measurements.

We now aim to carry out analytical measurements
to demonstrate how a sensing signal may be generated.
Therefore, we seek the detection of trace amounts of an
analyte interfacing the output surface of the proposed
structure. For this purpose, we prepared a new ZAL coat-
ing designed to operate in distilled water (rather than air).
The design is (HL)3LZALS. This stack is optimized for a
resonance at λR = 632.8 nm and θR = 63°, for TE polar-
ization. Notice that the incidence angle is higher than
the previous ones, for which reason the number of lay-
ers is reduced. Hence, we have three bilayers of Nb2O5
(90.21 nm)/SiO2 (407.61 nm), as high- and low-index
materials, respectively. The zero-admittance layer (117.73-
nm SiO2) is calculated for a substrate of distilled water (at
room temperature the refractive index of distilled water is
n = 1.3319 [62]).
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This new substrate configuration is easily achieved by
the deposition of 30 droplets of distilled water on the ZAL
layer. Recall that the ZAL plane is a horizontal plane (see
Fig. 1). The droplets spread in the form of a thin water layer
on the ZAL layer, which covers the illumination area. Due
to the fast decrease of the evanescent wave in the water
layer (146-nm penetration depth), the thickness of this
water layer is long enough for the water to be considered
as a semi-infinite substrate.

In a second step, we introduce trace amounts of a NaCl-
water mixture into the water layer. For this purpose, one
additional droplet of a known saline water mixture (1%
NaCl in water with an index of 1.3339 [63]) is deposited on
the water layer. A few minutes’ delay is necessary to reach
equilibrium with a quasihomogeneous layer. Assuming a
linear variation at low concentration [64], the variation of
effective index is evaluated around n = 6 × 10−5.

The measurement results are shown in Fig. 8. With the
introduction of the NaCl mixture, as can be seen, the beam
profile undergoes significant changes when compared to
that with only water. This preliminary experiment demon-
strates the utility of the technique to detect index modifi-
cations of approximately 10−5. Further addition (one more
droplet) of trace amounts of saline water results in an index
modification of n ≈ 1.2 × 10−4, and the results are also
plotted in Fig. 8.

However, we observe in Fig. 8 that the baseline (curve
A in red) does not match as well as in Fig. 7, since its
minimum level is far from zero. This may originate from
the roughness scattering of the multilayer, which is intense

×

×

FIG. 8. Experimental measurement of the output beam pro-
files. The baseline data (A) represents the response to water, that
is, before the introduction of the analyte. The response after the
introduction of droplets of 1% NaCl-water mixture is labeled B
and C. An analysis of the data yields a change in the refractive
index of 6 × 10−5 and 1.2 × 10−4 corresponding to an increase
in the analyte concentration.

at the resonance, since it is proportional to the stationary
field at interfaces [40]. Hence, the scattering may alter the
dark region and reduce the contrast of the baseline curve.
Results may vary from one baseline curve to another,
depending on the substrate and coating quality (roughness
and cleanliness, local defects) that are different in Figs. 7
and 8. Furthermore, the enhancement in Fig. 7 is lower
(around 103) than that of Fig. 8 (around 104), which may
explain why the contrast is better in Fig. 7, due to a lower
scattering.

To further support the experimental observations, in
Fig. 9 we display the corresponding theoretical results
and they show good qualitative agreement. Note at this
step that additional differences may also originate from
the accuracy of the design (recall that the ZAL thickness
accuracy is 5%). We observe that the calculated contrast
variation is in opposition with the experimental one, which
may again be attributed to the scattering effects. Indeed,
scattering decreases with departure from the resonance
(reduction of enhancement), so that a better experimental
contrast is obtained far from the resonance (that is, with
increasing values of n). This parasitic light at the res-
onance holds whatever the origins of scattering (surface
roughness or bulk inhomogeneities), though surface scat-
tering is known to be predominant in high-quality optical
coatings deposited on polished substrates [50,51,65–69].
Relying on first-order electromagnetic theories [50,51,65–
69], the scattering surface currents are proportional to
the stationary field at the stack interfaces, for which rea-
son roughness-induced scattering is much higher at the
resonance angle (by several orders of magnitude).

Another difference between Fig. 8 (experiment) and
Fig. 9 (calculation) concerns the order of magnitude of the

FIG. 9. Theoretical determination of the output beam profiles.
A shift in the response is clearly discernible with the introduction
of index changes employed in the experiments.
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lateral shifts (x coordinate). The calculated shift (between
baseline and lower contamination curve) is around 100 µm,
while the measured value is around 300 µm. Further work
will be necessary to explain this difference. At this step
one can incriminate a lack of accuracy in the divergence
values or an additional deviation due to refraction at the
prism output (not taken into account by the calculation)
and/or slight errors in the multilayer design. Despite the
noted variations, the results clearly demonstrate the util-
ity of the ZAL technique for detection of trace amounts
of elements. In the next section, we propose to quantify a
detection limit.

VI. SENSITIVITY OF THE SENSING MECHANISM

As mentioned before, the role of ZAL is to cancel the
admittance, resulting in a huge enhancement with high
sensitivity to the surrounding conditions. Then, once the
refractive index of the substrate (formerly air) is slightly
modified by trace amounts of impurities to be detected,
the zero-admittance condition would not be valid anymore,
resulting in a modification of the reflected wave front,
which eventually constitutes the detection criterion. Here,
we analyze and quantify the sensitivity of this sensing
mechanism. Unlike other detection criteria, such as those
of SPR, in which an angular or spectral shift of the absorp-
tion peak furnishes a sensing channel, here, the situation
is different since absorption is zero. For that reason, we
use the spatial profile of the reflected beam as a detec-
tion criterion. Thus, our sensing criterion is based upon
the detection of a modification in the beam profile, which
requires a pixelized receiver, as opposed to the measure-
ment of a global absorption or reflection (which can be
measured with a monobloc receiver).

Rather than considering a particular data on the beam
profile (amplitude or position of the extrema, contrast of
the dark region, edge fronts, etc.), we start with the most
basic criterion, which is the normalized distance between
the whole experimental and theoretical profiles. In order to
simulate this distance, we denote by Ro(x) and Ra(x) the
theoretically calculated reflection on the CCD area, where
Ro(x) is the original curve without trace impurities, and
Ra(x) is the calculated curve after addition of trace impu-
rities (when the substrate has changed). The normalized
distance D between these two curves is written as

D = 1
N

∑
n

[
Ra(Xn) − R0(Xn)

Ro(Xn)

]2

. (31)

Furthermore, taking into account the accuracy of mea-
surements, we consider that an easy-measurable departure
from the R0 reference (baseline curve without trace impu-
rities) is given by D > Dth = 4%, with Dth the detection
threshold. Notice here that we choose a very severe (high)
threshold in regard to metrology values that can be used

FIG. 10. Detection criterion D, as given by Eq. (31), as a func-
tion of the variation in the dielectric function n of the substrate.
We choose a sensing criterion of 4% difference with respect to
the ZAL coating before contamination. Curve A corresponds to
trace impurities in the (bulk) air substrate, while curve B corre-
sponds to trace impurities in a 1-nm functionalized layer that is
considered to be part of the ZAL coating.

(lower than 1%). The results are given in Fig. 10. Curve
A corresponds to the case when the trace impurity occurs
in the whole substrate; that is for example, when the air
substrate is replaced by a gas of real refractive index
ng . In Fig. 10 the distance D is plotted versus the index
difference n = ng−nair and emphasizes a sensitivity of
n = 5 × 10−6. For completeness, we also plot curve B,
which represents the most common situation in sensing
when the last ZAL layer is functionalized. A typical func-
tionalization layer has thickness and refractive-index val-
ues close to ef = 1 nm and nf = 1.3, respectively. Hence,
in the calculation of curve B, the thickness of the ZAL
layer is redesigned to include this 1-nm functionalized
layer via Eq. (19) where ñs is replaced by Ys. Therefore, the
resulting stack includes the quarter-wave mirror, the ZAL
layer and the functionalized layer, and this ensures that
the stack properties are not modified. Upon trace-element
incorporation, the refractive index of the functionalized
layer is modified by a value n. The results are plotted in
Fig. 10 (curve B) and reveal a n sensitivity of 2.3 × 10−3.
Such a value obviously depends on the thickness of the
functionalized layer and penetration range of the trace ele-
ments; here, we only plot one curve (corresponding to
a 1 nm thickness of the functionalized layer) due to the
fact that the trace elements are expected to roughly pene-
trate 1 nm in this layer. Now to conclude this section, we
must stress on the fact that depending on the trace-element
incorporation process, either the functionalized layer, the
substrate, or both (substrate and functionalized layer) can
incorporate the trace elements and therefore both curves A
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and B are necessary. Also, we keep in mind that the the-
oretical sensitivity obtained can be improved by changing
the detection criteria (using a lower threshold for instance,
or an extrema or edge-front criteria in the beam profile)
or the detection channel (using phase information or light
scattering).

VII. CONCLUSION

Our parametric studies of the ZAL based upon the char-
acteristics of the reflected beam profile enable evaluation
of the sensitivity of planar ZAL multilayers. In addition
to furnishing a detection channel, these studies can enable
further optimization of the performance of the stack. For
example, similar studies can assess the ability to further
optimize the sensing response based on the use of beam
profiles other than Gaussian. Employing the shape mod-
ification of the reflected beam at resonance as a detection
criterion is motivated here by the ZAL stacks having negli-
gible absorption. The exact calculation of the output beam
shape changes upon reflection of the incoming beam on the
ZAL coatings, including m-line [55] and Goos-Hänchen
[59] effects, constitutes a robust method for evaluating
other potential input beam shapes, albeit with an added
complexity. This is evident from the successful compari-
son of theoretical and experimental data that validate the
calculations presented. Assuming a sensitivity threshold
of 4% (normalized value) on the changes of the reflected
beam profile results in a refractive-index sensitivity of
n = 5 × 10−6 in the case of trace impurities addition to
the (complete) bulk substrate, and of n = 2.3 × 10−3 in
the case of trace impurities addition to the 1-nm func-
tionalization layer. These results demonstrate the potential
of the proposed system for quantitative sensing. We will
also investigate different criterion that could lead to even
better sensitivity. We conclude that the ZAL coatings (pla-
nar multilayers without nanostructure) can be used with
high sensitivity in the field of sensors. Future work will
include integration with microfluidic systems [70] in order
to develop and demonstrate a ZAL-based sensor system
with different functional layers.
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