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In present work, we use an electromagnetic surface mode excited at the interface of a finite one-dimensional
photonic crystal utilizing a modified attenuated total reflection setup by capturing the images formed by the
scattered surface waves under transmission to determine the thickness distribution of a non-uniform thin film
(<100 nm) over an extended millimeter-sized area. The sensitivity of the proposed technique is analyzed by
considering a step coating that presents two different regions of different thickness, which shifts the resonant

conditions of the surface mode.
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1. INTRODUCTION

Some years after the invention of photonic crystals (PC), sur-
face electromagnetic waves (SWs) that can exist at the interface
between a semi-infinite one-dimensional photonic crystal
(1DPC) and a bulk material or vacuum [1-3] were proposed
to be applied in a sensing device based on attenuated total re-
flectance (ATR) in a similar way to surface plasmon polaritons
(SPPs) on metals [4,5]. As with SPPs, the key idea behind these
photonic sensors is to measure the optical properties of thin
films and liquid substances [6] or to determine the presence
of very thin layers of organic materials [7]. After the introduc-
tion of SWs on a sensing device, an analytical theory based on
equivalent systems that compliments the numerical methods
borrowed from solid-state physics like the plane waves method
[3] was proposed to study the properties of SWs [8,9], and
some experimental work to verify their existence was developed
[10-13]. During the last 15 years, extensive work has been
done on experimental analysis of SWs applied in the basic sens-
ing device. Some of the more recent work can be found in
Refs. [14,15]. In recent years, a comparative analysis between
SWs and SPPs using the sensitivity as a point of view has been
proposed by Sinibadi ez 4/ [15]. An interesting application of
SWs as the basis for an atomic force microscope has been
considered by Shilkin ez 4/ [16]. Finally, another interesting
application that seems a bit related to the method we are pro-
posing here is the use of fluorescent substances deposited on
top of a truncated 1DPC with a grating of rectangular groves
[17]. The idea is to excite the fluorescent substance, which
emits in the range of frequencies of two different SWs

0740-3224/19/092526-08 Journal © 2019 Optical Society of America

corresponding to the top and the bottom of each grove.
Although this technique discriminates between two different
thicknesses of a structured material constituting the grating,
it has not been tested to analyze the morphology of systems
over an extended area.

It is worth mentioning that in contrast to SPPs, SWs present
some important advantages in sensing devices based on the
ATR configuration, since the PCs necessary to support the sur-
face modes are built from highly stable dielectric materials that
are not very susceptible to degradation even after a number of
different tests, as eventually happens with metallic thin films.
The 1DPC-bulk system can be constructed to present SWs at
any frequency of the electromagnetic spectrum in both polar-
izations, and their sensitivity can be manipulated depending on
many factors such as the truncation of the layer in contact with
the bulk material, the extinction coefficient of composing di-
electric layers, and the number of periods of the finite 1DPC.
All these factors will affect the penetration depth of the electro-
magnetic waves within the PC and the decaying length along
the surface; therefore, by managing them we can modify the
sensitivity of this sensor. Quite recently also it has been exper-
imentally observed that by analyzing the scattered transmission
field of an extended area along the sample, it is possible to get
essential information about a SPP and its perturbation in virtue
of the presence of a variable thickness dielectric overlayer
[18,19].

In this work we use a similar method but considering PC-
bulk SWs instead, given some advantages those present over
their plasmonic counterparts. In this context, a subtle property
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that deserves to be emphasized in comparing SW with SPPs is
the maximum overlayer thickness that can be measured. While
with SPPs we are able to measure a layer thickness up to
100 nm, with SW the thickness of the sensed layer can be much
larger, depending on the design of the PC and the region of the
spectrum where the mode is located. Therefore, the contribu-
tion of this paper resides in presenting a technique for the
measurement of the thickness distribution of a dielectric thin
film along an extended area by using 1DPC-bulk SWs and the
scattered light under transmission.

2. THEORY

As our results are based on the excitation of SWs at the IDPC—
air interface, let us state the basic theory to determine the band
structures and the mathematical conditions that must be sat-
isfied in order for SWs to exist. In the formalism of the char-
acteristic matrix method of propagation of light through
multiple layer systems [8], each thin film can be associated with
a2 x 2 matrix that is a function of the parameters of the jth film
and the frequency of light w as follows:

cos(5;) L sin(6;)
’7 .

) (1)
cos(5;)

m("]j’ 5]‘) =

in; sin(5;)

This characteristic matrix relates the electromagnetic fields
from one medium to the next. In the last expression,

2~

represents the phase thickness,

g = { /@
/ ym;@/k;; TM polarization

TE polarization,

3)

stands for the optical admittance of the corresponding thin

film, and
Y @

is the reduced perpendicular component (to the interfaces) of
the wave vector. The constant y represents the optical admit-
tance of a vacuum. Here @ = wA/2zc and f = fA/2x re-
present the reduced frequency and the reduced parallel
component of the wave vector, respectively. The constant A
has the same dimensions as the thickness of layers and is a scal-
ing constant, ¢ is the speed of light in a vacuum, and 7; is the
refractive index of the jth medium. The band structures in both
polarizations can be determined by using the expression for the
equivalent optical admittance function §, for an infinitely
periodic system composed of a period of two layers p and ¢,
respectively, as follows:

cos(6,) = cos(6,) cos(d,) - pt sin(6,) sin(5,), (5)

p+=l<@+n—7). (6)
2\n,

The band gap boundaries exist at frequencies where J, changes
from being a purely real to purely imaginary quantity (or vice
versa) for a given value of the parallel component of the wave

where
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Fig. 1. Schematic description of the multilayer system.

vector ff. On the other hand, SWis can exist at the interface of a
truncated 1DPC in contact with a bulk material or vacuum.
For example, if we consider a system of % periods plus one over-
layer of a p material with phase thickness &, (Fig. 1), the
characteristic matrix of this multilayer will be

My My, ,
{Mﬂ Mzz} = mlny, &) m(ny. 6,)mny, )1, (7)

and the total optical admittance of the multilayer supported by
a substrate medium of admittance #, will be given by

_ My +n M, ©)
My +nMy,

Then, the condition for the existence of a SW at the 1DPC-air
interface [8] corresponds to

Y = -n. )

It can be demonstrated that a SW, which is a highly localized
mode along a PC-bulk interface, must be located in regions of
the dispersion diagram below the light line of air or a vacuum
and within a band gap in order to exist [3,8]. In Fig. 2(a) we
show the band structure under TE polarization of a 1DPC
whose period is composed of two dielectric layers p and g with
refractive indices and thicknesses 7, = 2.37, ¢z, = 80.2 nm,
n, = 1.46,and #, = 130.1 nm, respectively. In this dispersion
diagram we used the normalization constant A = t,+t,.
Within the first band gap a SW is indicated by a dashed curve
with spheres. In Fig. 1(b) the reflectance as a function of the
wavelength in the region around the SW is graphed for a finite
system with four periods #=4 and an overlayer with
t]’, = 48 nm, when the incidence medium is a BK7 optical glass
under an incidence angle of 56°. In order to observe the SW, an
absorption index of /ep = 0.0117 was assumed for the high
index material.

One fact that deserves a particular explanation is the appar-
ent existence of the SW outside of the first band gap. It is worth
recalling that the edges of band gaps are determined for ideal
infinitely periodic photonic crystals. However, when we deal
with finite truncated systems composed of a few periods, the

borders of band gaps become diffusely located and defined.
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Fig. 2. (a) Band structure of IDPC under TE polarization. Allowed
bands are indicated by shaded regions and band gaps with white color.
The light line for vacuum is shown with the red line. (b) Reflectance
versus wavelength in the region around the SW for f = 0.375 and
@ = 0.298, which corresponds to 0 = 56°, and a wavelength
A =706.5 nm, with an incident medium of 7, = 1.52. The inset
in (a) shows the intensity of the field at such point.

Despite this fact, the condition given above, ¥ = -7, guaran-
tees the validity of our SW.

Additionally, we can verify that the SWs located apparently
outside this band gap are real by calculating the field amplitude
across the multilayer at the point of interest; for example, for
the mode given in Fig. 2 located at # = 0.375 and @ = 0.298,

(a) Zone 1 Zone 2

T
80.2 nm = [

N

ﬁ Sio,

130.1 nm )

IGIass substrate [0.17 mm] ‘
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the field profile shown in the inset of Fig. 2(a) makes evident
that the envelope at both sides of the air-(truncated) 1DPC is
exponentially decaying. This is the main characteristic that

defines a SW.

3. MATERIALS AND METHODS
The sample consists of a finite IDPC prepared using a high-

vacuum electron-beam evaporation system. The multilayer was
deposited on a BK7 glass substrate, and it consisted of a
periodic intercalated stack system of TiO, and SiO, thin films
(eight layers in total) with thicknesses of 80.2 nm and
130.1 nm, respectively. An extra layer of TiO, was deposited
on top of this finite 1DPC, but this time a step was created in
the middle of the area to have different thicknesses at each half
of the outermost layer of the sample. The step was fabricated by
a two-run evaporation process that is described as follows: first,
a layer of 48 nm of TiO, was deposited over the 1DPC, then
one half of the sample was obstructed with a physical barrier to
finally add an additional 17-nm-thick layer of TiO, on top
[Fig. 3(a)]. The result consisted of a 1DPC divided in two
regions, namely, zone 1 and 2, with the difference of the extra
layers of fractional thicknesses #; = 48 and 7, = 65 nm,
respectively.

In order to observe a finite width deep at the mode
frequency, some absorption was added to the TiO, layers by
controlling a background oxygen pressure of about
10~ mbar during the deposition of all the layers of this
material. The optical constants of the deposited materials were
characterized using UV-VIS  spectrophotometer (Agilent
spectrophotometer Cary 5000). The refractive indices deter-
mined by transmittance measurements were 1.46 and
2.38-0.0117: for the SiO, and TiO, films, respectively, along
the range from 700 to 900 nm. For the purposes of this
work, the 1DPC was designed to exhibit a photonic band
gap within the wavelength range of 700-900 nm and taking
into account the range of accessible wave vectors, given the
physical constraints of the angle of incidence associated with
the generation of evanescent waves and prism coupling.

The experimental configuration consists of a modified
ATR setup (Fig. 4). The main modification permits a two-
dimensional acquisition of the image produced by the scattered
light at the surface of the sample. A charge-coupled device
(CCD) camera and a system of lenses, which rotate along with

(b)

Fig. 3. (a) Schematic diagram of the fabricated sample. The top layer consists of two zones with a step difference of 17 nm and thicknesses

d; =48 and d, = 65 nm. (b) SEM image of the edge of our multilayer composed of 9 thin films: glass—4(p q)—p'air.
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the rotation stage, were used to store the images of the surface at
each angle of incidence. The experiments were performed using
a continuous-wave Ti:sapphire tunable laser (Spectra-Physics,
model 39008, 700-1000 nm) as the light source. The coupling

Fig. 4. Experimental setup for measuring the scattered transmitted
field under the ATR configuration by using a CCD camera and an
optical system (LS). A beam expander (BE) was used to illuminate
the sample completely. The prism (P) moves along with the rotation
stage (R) to image the same point at every angle.

Vol. 36, No. 9 / September 2019 / Journal of the Optical Society of America B 2529

prism consisted of a right-angle prism, where the sample was
positioned on the hypotenuse face using index-matching oil.
More details of the experimental setup can be consulted in
[19], as it was used in a previous work to reconstruct the thick-
ness distribution of a dielectric thin film using the scattering

produced by SPPs.

4. RESULTS AND DISCUSSION
A. Numerical Calculations

The optical properties of the fabricated 1DPC were studied nu-
merically. The reflectivity of the system, as a function of the
wavelength and angle of incidence, was obtained using the
characteristic matrix method for TE polarization. The calcula-
tions were performed using the fabrication parameters men-
tioned in the previous section as well as the estimated
refractive index of the materials. The obtained reflectivity dis-
tributions show the presence of ATR for several combinations
of @ and f3, which are clear indications of the excitation of SW
modes [Figs. 5(a)-5(d)]. More importantly, the calculations in-
dicate that it is possible to excite a SW within the desired wave-
length range and in the accessible angular interval for the
available materials.

The reflectivity distributions were calculated for the two
IDPC systems with different top layers. The difference

a 1 e) 1
@ | £,=48 nm ©)
| 0.8
I fy
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Fig.5. (a)-(b) Calculated reflectivity of the finite 1D photonic crystals with truncated layers of (a) #; = 48 nm and (b) #, = 65 nm. The red line
corresponds to the light line in a vacuum (critical angle), and the blue line delimits the inaccessible experimental range of 8; > 90° (light blue region).
Attenuated total reflection can be observed to the right of the light line of vacuum, showing the existence of evanescent surface modes.
(0)—(d) Amplified images of (a) and (b). The dashed horizontal line corresponds to the wavelength used in our experiments 2 = 800 nm
(@ = 0.262). The black arrows indicate the value of § at the intersection of the minimum reflectivity with w. The green dashed line is a guide
for the eye showing the calculated dispersion of the surface modes. (e)—(f) Cross sections of the reflectivity as a function of the angle of incidence at a
wavelength of 800 nm for the photonic crystals of (a) and (b), respectively.
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between the tops is better observed with a cross section along a
specific frequency @ = 0.2629, which corresponds to 1 =
800 nm [Figs. 5(e) and 5(f)]. The thickness of the outermost
layer determines the position of the resonance (minimum re-
flection) with respect to the angle of incidence. The calculations
show that for #; = 48 nm the coupling occurs at an angle
0; = 44.1°, and for #, = 65 nm the resonant coupling is
observed at 6; = 48.4°. Bearing in mind that it is clear that
the inverse process can be done, i.e., if the resonant coupling
angle is known and so are all the physical and optical param-
eters of the 1DPC, it is possible to estimate the thickness of the
top layer with high precision.

The propagation length can be estimated by measuring the
full-width at half-maximum (FWHM) of the dip in the reflec-
tance curves around the resonance angle for both the theoretical
and numerical results by using an approximation for the reflec-
tivity function based on the Lorentzian distribution [20]

const.
[.(0) - B'F + (B")*

where £,.(0) = kyny sin(@) is the parallel component of the
wave vector of the incident wave, f’ is the real part of the
SW wave vector, and "' is its imaginary part. By fitting our
reflectance curves given in Figs. 5(e) and 5(f) we have found

RO) =1- (10)
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ky = 27/ 2 is the free-space wave vector. Therefore, the propa-
gation length of the SWs in both cases is determined by the
relation

1

Lsw =5 (11)

to be Lgy = 2.2 and Lgy = 1.5 pm, respectively. Although
these propagation lengths could be perceived as relatively short
compared to other typical Bloch SWs, this effect is explained by
the fact that these SWs are located very close to the edge of the
band gap. Therefore, the radiative losses represent the main
mechanism of optical loss along propagation and the principal
reason for the resonance broadening [21].

The finite-difference time-domain (FDTD) method was
used to calculate the field and intensity distributions of the
SW modes (Fig. 6). The simulation parameters consisted of
an s-polarized illumination source with a wavelength of
800 nm, incident at two different angles of 44.1° and 48.4°
for two top-layer thicknesses of 48 and 65 nm, respectively
(at the resonance). These values were taken from the theoretical
prediction and from the reflectivity results shown previously.
From the field intensity distributions, it is possible to calculate
the propagation length of the mode by taking an intensity pro-
file along the direction of propagation x. The propagation

that B = 0.029%, and ) = 0.043%,, respectively, where length Lgy is defined as the distance where the SW mode
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(a)—(d) FDTD calculations for the top-layer thickness of 48 nm. (a) Electric-field intensity distribution |E(x, z)|? and (b) real part of the

transverse electric-field Re{Z(x,z)} distribution. (c) Intensity and (d) field profiles along the propagation direction at the position z = 0.
(e)-(h) FDTD calculations for the top-layer thickness of 65 nm. (e) Electric-field intensity distribution |E(x,z)|* and (f) the real part of the
transverse-electric field Re{Ey(x, z)} distribution. (g) Intensity and (h) field profiles along the propagation direction at the position z = 0.
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intensity drops to 1/e. The resulting lengths, Lgyw (48 nm) =
2.2 pm and Lgw (65 nm) = 1.7 pm, are in good agreement
with the previously obtained values from the reflectivity
calculations.

B. Experimental Results

First we characterized the average thickness of the two regions
of the sample by comparing the experimental results with the
numerical calculations. The resonant coupling angles were ob-
tained using standard ATR measurements for the wavelength
range of 740—-800 nm with steps of 10 nm. The illumination
laser-beam spot covered an area of ~1 mm? and was set for s
polarization [Fig. 7(a)]. The FWHMs of the measured reso-

nance curves are ~3° and 5° for #; and #,, respectively. This
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Fig. 7. (a) Experimental dispersion diagram and numerical fits
showing the resonant coupling angle as a function of the free space
excitation wavelength for the two zones of the sample.
(b) Scattering measurements (squares) obtained with the CCD cam-
era, and numerical fits (solid lines).
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results are in good agreement with the numerical calculations
of Section 4.A. The relatively small broadening of the resonance
is explained by the inherent surface roughness. The dispersion
plot details the performance of the PC bandgap in the regions
of interest and shows the average thickness of each zone. In this
sample, the angle of minimum reflectivity decreases with incre-
ments of the wavelength and increases with the thickness of the
outermost layer. The same results can be obtained if the
scattered light is detected from the surface using our imaging
system. In such case, the obtained measurements consist of
peaks of maximum intensity produced by the scattered light
associated with the field enhancement at the surface when cou-
pling to the SWs [Fig. 7(b)]. The refractive index of the TiO,
film was estimated from numerical fitting, yielding a value
of 2.361 - 0.015:.

Now we focus on the main objective of this work, which is
to get an estimation of the local point-by-point optical proper-
ties and reconstruct the thickness distribution of the dielectric
layer deposited on top of the 1DPC. The images of the surface
were taken at each angle in the angular range 8; = 40-60°. The
sample was aligned to the imaging system in such way that the
boundary between the two zones was at the center of the image.
As the stage was rotated, it was possible to observe in the CCD
camera how each half of the surface of the sample scattered the
SWs around the resonance angles appeared as bright and dark
regions (Fig. 8). These sets of images are further processed to
get an estimate of the local thickness. Every pixel of the CCD
camera is treated as an individual power detector, and a numeri-
cal fitting is processed for each using an automated MATLAB
script. The algorithm finds the best fit, leaving the thickness as
a fitting parameter. To improve the quality of the detected sig-
nal, an array of 3 x 3 physical pixels of the CCD camera were
averaged, resulting in an optical lateral resolution of ~12 pm. A
complete description of the algorithm was reported in a pre-
vious work [18]. It is important to mention that the amplitude
of the scattering cross section was also set as a fitting parameter
to account for the different scattering local properties of the
surface. The result is a three-dimensional thickness distribution
of the top layer (Fig. 9). The reconstructed surface reveals the
surface features of the fabricated sample. Each of the zones with
different thicknesses are very clearly distinguishable, and so is
the boundary between them. With this technique, it is even
possible to observe the limitations of the fabrication technique
with regards to the barrier used to divide each zone during
evaporation, as it is possible to observe the irregular line that
divides each zone. The latter is an indication of material filtra-
tions though the edge of the barrier. The scattered light is not
uniformly distributed in the image because the average local
roughness is also not distributed homogenously over the sur-
face. A combination of different grain sizes and geometries
can significantly enhance or decrease the scattering cross sec-
tions. Nevertheless, the real part of the effective mode index
of the SW, which determines the position of the maximum
scattered light, remains unaltered with such small variations
(1-5 nm) of the grain size on the surface, if compared to
the overall film thickness. For these reasons, it is possible to
observe brighter regions distributed in the image produced
by the scattered light (Fig. 8), which are not present in the
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Fig.8. Optical images of the 1IDPC top-layer surface at the resonant coupling angles of incidence of (a) 44.1° and (b) 48.4°. The illuminated areas
correspond to the scattering of SW produced by the surface roughness. The boundary between the two regions of the sample can be observed in the
middle of both images with a different contrast. The imaged area has dimensions of 4.7 x 3.5 mm.
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Fig. 9. Thickness distribution of the top layer of TiO,.

thickness distribution (Fig. 9). The lateral resolution in this
technique is fundamentally limited by the propagation length
of the SWs, i.e., the resonance is not strictly local but weighted
over at least one propagation length. Nevertheless, in this case,
the propagation lengths of both modes (~2 pm) are consider-
ably smaller than our pixel size (~12 pm), i.e., 6 times smaller
than our optical resolution system. Therefore, the thickness dis-
tributions presented here can be considered local to this extent.
It is worth mentioning that relatively large irregularities could
in principle cause a shadowing effect that could cause distor-
tions in the reconstructed thickness distribution, depending
on the illumination direction. This last constitutes a limitation
to the average roughness of the samples that could be mapped
with this technique.

5. CONCLUSION

With this technique it is possible to reconstruct 3D thickness
maps of dielectric thin films through the detection of scattered
light from SWs existing at a 1IDPC-bulk interface by using a
modified ATR setup. The high sensitivity of the SW, due to

changes in the geometrical parameters of a multilayer, allows
us to determine the local (point-by-point) thicknesses of a thin
film at the subnanometer scale. With our experimental setup, it
is possible to determine the thickness distribution of a thin film
along an extended area that is correlated to every pixel of the
image associated to each point in the surface of the sample by
using an automated post-processing algorithm based on
numerical fitting. The use of this technique could be useful
for future characterization of SW-based photonic devices on

top of 1DPCs.
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