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Featured Application: Interfacial sensors or light modulators made of transparent dielectric
materials alone.

Abstract: A simple scheme for single-channel coherent perfect absorption (CPA) of transparent
materials is proposed and experimentally realized using total internal reflection by grazing inci-
dence, with a single dielectric layer sandwiched by semi-infinite dielectric layers. In a 1.48-um
thick polyvinylpyrrolidone (PVP) film, dip-coated on a MgF, substrate both transparent in the
visible, reflectance dips due to nearly 90% absorption by single-channel CPA were observed in
the wavelength range of 370-800 nm, with white light from a Xe lamp incident on the side face
of the substrate and extracted from the other side through multiple reflections in the PVP layer.
This is a simple and inexpensive CPA scheme, and it is expected to have various applications by
changing the substrate/polymer material or dispersing molecules in the polymer film. This paper
also provides a design guideline for grazing-incidence waveguide-mode sensors using transparent
dielectric materials.

Keywords: coherent perfect absorption; total internal reflection; Fabry—Perot resonator; transparent
dielectric layer; critical coupling; complex refractive index; MgF,; polyvinylpyrrolidone; waveguide-
mode sensor; grazing incidence

1. Introduction

The concept and experiment of coherent perfect absorption (CPA), in which 100%
absorption is achieved by enhancing the absorption, due to the interference of (generally
multiple) coherent light beams in a Fabry—Perot (FP) resonator, was reported in 2010 [1,2].
Since then, its realization in various systems has been reported and has made an impact [3].
The original proposal was to make two opposing coherent beams incident on a sample and
to obtain complete absorption at the wavelengths that satisfy the CPA conditions. This
also allows for effective nonlinear optical effects due to weak light, where a slight change
in the intensity of one of the light beams changes the effective absorption coefficient. The
method of making a single beam incident from one side of a sample and obtaining the
counterpropagating beam from its reflection is now also regarded as single-channel CPA
(SCCPA). Multichannel CPA provides better control of the CPA but requires a coherent
laser light source and delicate alignment of the multiple laser beams, while SCCPA does
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not necessarily require a coherent light source and delicate alignment, but it needs a highly
reflective structure on the sample.

Historically, SCCPA has been studied as a Salisbury Screen, asymmetric FP resonator,
or critically coupled resonator [4-6]. The principle is as follows. The light reflected from
the sample surface and the light emitted from the sample after being incident to and
reflected multiply in the sample have the same amplitude and opposite phases, resulting in
destructive interference. It has attracted attention as a mechanism for obtaining absorption
close to 100% at subwavelength thickness [7] due to its potential application for highly
efficient photodetectors and solar cells. For SCCPA, the other side of the sample should be
highly reflective in order to obtain the counter propagating light coherent with the incident
light. For this purpose, metallic mirrors, or distributed Bragg reflectors (or dielectric
multiple layers), have been mostly utilized [4-6] while there have not been many studies of
SCCPA with total internal reflection (TIR), which readily realizes 100% reflection just by
preparing an appropriate dielectric interface. For example, SCCPA with TIR was observed
for a nanometer-order thick, lossy metallic film on a dielectric prism [8]. The cases of
subwavelength lossy layers (x ~ |n| where n and x are the real and imaginary parts of
the refractive index) sandwiched by dielectric layers have been extensively studied [7,9].
Surprisingly, however, there has been no report on experimental realization of SCCPA using
ordinary transparent dielectric layers with refractive indices of more than unity (n > 1 > «)
and using the layer interface as a reflective surface by TIR.

On the other hand, although the relation to CPA has not been widely recognized so
far, the detection of surface plasmon polariton (SPP) resonance, with a thin metal film
deposited on the hypotenuse surface of a right-angle prism, has long been used as an
interfacial sensor utilizing TIR. The principle that nearly 100% reflection dip is observed
when the film thickness is adjusted to a certain level below 100 nm is nothing but critical
coupling at which internal loss is equivalent to radiation coupling [10-12], i.e., SCCPA. In
addition to the SPP sensor, a waveguide-mode (WM) sensor, which includes transparent
dielectric layers on a prism, is also widely used [13-16]. In the SPP (WM) sensor, the angle
of incidence [10,13,14] or wavelength [11,16] of light, which is resonant with SPP (WM)),
sensitively changes depending on the refractive index of the medium in contact with the
metal film.

In this paper, we report the observation of reflection dips close to 90% for a thin film
of transparent polymer on a transparent substrate in the visible light region. By taking
advantage of the fact that CPA can achieve 100% absorption when there is a small amount
of absorption even in almost transparent materials, the transmission spectra of a faint
absorption of the film was measured with white lamp light illumination from side to side of
the substrate (incident on the thin film from the substrate and then, totally reflected at the
interface between the film and air). This work was motivated by a previous report [17] of
the observation of a huge signal due to the Pockels effect of water [18] with a commercially
available transparent electrode thin film on a glass substrate, which unintentionally satisfies
conditions similar to those of CPA. Compared to the SCCPA scheme reported so far, this
system can be easily prepared and is expected to have a wide range of applications,
including use as a material for basic research because of its configuration being feasible
without the need for expensive equipment or materials.

The thin-film structure and the optical geometry discussed in this paper are similar
to that of the resonant mirror sensor [14,15], which is a kind of WM sensor. However,
the thin-film structure proposed in this paper is not exactly the same as such sensors in
that it requires grazing incidence to the thin film layer. To the best of our knowledge,
there is surprisingly little literature that clearly describes the principles and conditions for
the generation of sharp resonance in WM sensors, so this paper also provides a design
guideline for a WM sensor of grazing incidence using transparent dielectric materials.
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2. Principle

Let us explain the principle of SCCPA, considering the system as shown in Figure 1.
Here, ny, n1, and n, are the refractive indices of the substrate, the thin film (thickness d),
and the surrounding medium, respectively. It is assumed that 1y and 7, are real while
ny = n + ix is complex, with x being the extinction coefficient. When the angle of incidence
to each layer is 6;, the wavenumber of the incident light in vacuum is k, and the phase
change due to one-way propagation in the thin film is ¢ = knjdcos8; = p + ig, the
complex-amplitude reflection coefficient considering multiple reflections in the monolayer
film is expressed by [19]
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Figure 1. Schematic of SCCPA with substrate 0, thin film 1, and surrounding medium 2. Collimated
white light incident from the side of the substrate enters the thin film and is totally reflected at the
interface between the thin film and the surrounding medium.

Therefore, the required condition of CPA is rg; + r12¢%% = 0. When the incidence
angle is greater than the critical angle of TIR (n11 sinf; > ny) from nq layer to n, layer and
k=0, ry = X with Qx being the phase shift by TIR for X (p or s) polarization. Then,

ro1 + e!Ox 219

N 1+ TQ1€iQX€2i¢
thus necessary for CPA to occur so that the thin film has even a small amount of absorption
(x # 0) [17]. In this case (17 = n + ix), ro; is complex and r1, is not only complex (as
usual for TIR) but also |r1| < 1. For CPA (r¢; + 12649 = 0), therefore, the following two
equations of real and imaginary parts (or magnitude and phase) should be simultaneously
satisfied [7]:

and rg1, Qx and ¢ are real, so |r|2 = 1 and no reflection dip occurs. It is

ro1| = |r1ale™ )

and
Po1 = P2 +2p+ (2m+ 1)1 3)

withr;; = |rij |ei¢if . If Equations (2) and (3) are satisfied with ¢ = p + ig, then g1 + r1pe2¢ =
|r01|ei¢01 + |r12|ei¢12gi2P*2‘7 = |r12|e*2‘7 (ei‘POl + ei(¢12+2P)) = ‘712|g*2‘7gi(4’12+2p) (ei(2m+1)7r +1)
= 0. This means perfect absorption because the energy reflectance R = > = 0 and the
energy transmittance T = 0.
Since we are interested in the case where the thin film is almost transparent
(np = n+ix, k < 1, x < n, g < 1) but has a small absorption, it can be approxi-
mately assumed that rg; is real and |r12| ~ 1 by TIR. Then, the approximate condition for
CPA to be realized is
|ron| == e~ (4)
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From g < 1, we know that |rg;| must be close enough to 1. Therefore, note that
Equations (10) and (11) in Ref [17] are approximate conditions for CPA and are not strictly
correct.

To realize SCCPA in a transparent thin film using TIR, the following conditions
must be satisfied, assuming that the thin film has very weak absorption (n; = n + ix,
0 < k < n,n1 ~ n(real)) as a prerequisite:

(@) The reflectance at the interface between the film and the substrate must be high

[Equation (4)].

(b) The film material must have a higher refractive index n1 than the surrounding medium
ny for TIR (ny > ny).
(c) From Snell’s law of
nosinfy = nqsinfy = npsin6, 5)

and Fresnel formulas for the reflection coefficients of s- and p-polarization:

1y cos 61 — ng cos 6y
1y cos 01 + ng cos b

1—)01’105:

(6)

and
ngcos 61 — nq cos 6y

1o cos 01 + ny cos by’

1—=0rp = )
where the condition (a) tells that 6y or 6; should be large (close to 7r/2). In addition,
it is necessary that the light is incident from ng to n1 [A: ngsinfy = n;sin6;] and
TIR occurs from nq to np [B: nysinf; > ny]. If ny > ng > ny, these conditions are
satisfied by bringing 6y closer to 7r/2. If ny > ny1 > ny, these conditions are satisfied by
bringing 6; closer to 7t/2. However, multiple interferences at a nearly 7r/2 reflection
angle within the thin film severely deteriorates visibility of interference when the
beam size is finite. If ny > ny > ng, when [A] is satisfied, then there is a real angle 6,
to satisfy 11 sin ¢y = ny sin 6, (TIR does not occur). Therefore, the necessary condition
for SCCPA utilizing TIR is 17 > ng > np. Under the premise that a nearly transparent
(g < 1) dielectric material is used as the 77 thin film, critical coupling, or SCCPA,
requires an incidence angle 6y from the substrate to the thin film close to /2, i.e,,
grazing incidence.

3. Materials and Methods

In the experiment, a polymer film and an inorganic substrate material with an appro-
priate combination of refractive indices were selected. The polymer film (77), sandwiched
between the substrate (1p) and the air (112), forms the FP resonator. Collimated white light
was incident from the side of the substrate at an angle slightly different from normal inci-
dence, and the light transmitted from the opposing side was detected. The light reflected
from the polymer film surface when incident from the substrate and the light emitted from
the film after being incident on and multiply reflected in the film cancel each other out by
destructive interference, which is observed as a sharp reflection dip (CPA).

An MgF, plate (refractive index 1.38, 20 x 20 x 5 mm?) purchased from Oyo Koken
Kogyo Co., Ltd. (Tokyo, Japan) was employed as the substrate, and polyvinylpyrrolidone
K25 (PVP, refractive index 1.53 at 510 nm, extinction coefficient ~ 0.003) was purchased
from FUJIFILM Wako Pure Chemicals Co. (Osaka, Japan). We chose PVP because it
has a relatively high refractive index among polymers and can be deposited without
water on MgF,, which is slightly soluble in water. A PVP film was dip coated on the MgF,
substrate. For dip coating, a linear guide (stroke length 100 mm, Heechoo, Shenzhen, China)
was driven by a stepping motor (NEMA 17, 17HS4401, RATTMMOTOR, Changzhou,
China) and stepping motor controller (LD09, Longruner, Shenzhen, China). Its speed
was controlled by an Arduino Uno (Arduino). The MgF, substrate was lifted from the
chloroform solution containing 0.12 g/mL of PVP. The film thickness was adjusted to be
uniform by varying the lifting speed from 4.08 to 4.04 mm/s.
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Refractive index

Figure 2a shows the experimental setup for observing CPA, and Figure 2b shows how
the light beam was incident on the sample for CPA. The white light from a Xe lamp, a
laser-driven light source (LDLS EQ-99 X, Energetiq Technology, Wilmington, MA, USA),
whose luminous spot size is specified as 100 x 180 um?, was collimated with a Cassegrain
mirror to form the collimated beam of about 1.3-mm diameter just before sample incidence.
The light was s- or p-polarized with a polarizer and then, incident from the side of the
substrate at an incidence angle of nearly 90°(87.5° to 89.5°), as defined in Figure 2b. The
multiply reflected light in the sample was emitted from the opposite side of the sample.
The light was sent through a fiber bundle to a polychromator (Acton SpectraPro-300i, Acton
Research Co., Acton, MA, USA) with a diffraction grating of 150 lines/mm, 500 nm blaze,
and the spectrum in the wavelength range of 370 to 800 nm was detected with a CCD.

CCO
(a) (Roper) Polychromator (b)
0
Polari - Incident Angle
0 afIZCf' MgF2+PVP . 'L—_—__-_—"_'_ /
LDLS —— i
(Xe lamp) :] ] 1 — |. Fiber bundle MgF,
. . Pinhole
Cassegrain  Pinhole diameter250um = Ve
mirror diameter200um 90
Figure 2. (a) Experimental setup. (b) Definition of the incidence angle in the experiment. The
incidence angle for each layer in Figure 1 is determined so that 1, sin (% — 6,ir) = ngsin(%§ — 6p),
ngsinfy = nq sin 6y, and ny = nyy;.

All the calculations were performed by Python using Equation (1), where the wave-
length dependence of the refractive indices of MgF, and PVP and that of the extinction
coefficient of PVP were considered using the data in Refs. [20,21] as shown in Figure 3a,b.
It is known that MgF is a birefringent crystal, although its anisotropy is small (for example,
1o = 1.38040 and ne = 1.39233 at 480 nm) [20], but we used the averaged refractive index
for the calculation because the crystal axis is not specified in the substrate MgF5.

1.40 . : : ; ; 0010
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x . 54
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Figure 3. The wavelength dependence of the refractive index (1) of MgF, (a), and that of the
refractive index (1) and the extinction coefficient (x) of PVP (b) [20,21].

4. Results and Discussion

Figure 4a—d show the sample photo and the evaluation procedure of the PVP film
thickness, which was determined to be 1480 nm. The measured and calculated results
of CPA, at an incidence angle (6,;;) of 88.5°, are shown in Figure 5a,b, respectively. The
measured reflectance is normalized to a maximum value of 1. From the full width at
half maximum of the mercury emission line, the wavelength resolution of the experiment
is 2.57 nm.
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Figure 4. (a) The photo of the PVP coated MgF, substrate. At nine positions in (b), the reflectance
relative to aluminum mirror was measured at an incidence angle of 5° in air using a spectrophotometer
(SolidSpec-3700 DUV, Shimadzu, Kyoto, Japan) as shown in (c). The position dependent variation of
the interference fringe patterns was not significant. The film thickness was determined to be 1480 nm
by comparing the experimental results (c) with the calculated result (d) using Equation (1).

Figure 5a,b show that the experimental results were close to the calculated results,
and that dips with a depth of nearly 90% were observed with the white lamp light source.
The calculation shows that a dip with a 99.28% depth can be observed with p-polarization
at 783 nm if the ideal measurement is realized. In the experiment, the depth of the dips
decreased drastically when the angle of incidence was lower than 87.5 degrees (not shown).
In Appendix A, the incidence angle (6,ir) dependences of |r|2, the real and imaginary parts
of rg1s, To1p, 7125, and r1pp at the wavelengths of the reflectance dips, are calculated to show
that the deepest dip reaches 99.41% in depth.

The reasoning of the experimental CPA being a bit far from the 100% expected from
the calculations is that the calculations were made assuming a plane wave (i.e., infinitely
wide wavefront) and a perfectly flat and uniform thin film, whereas in the experiments,
the beam was not perfectly collimated (because we collimated the light from an incoherent
white light source with the finite spot size to a beam diameter of 1.3 mm) with an incidence
angle distribution. Even without the angle distribution, oblique incidence with the finite
beam size also deteriorated the visibility of interference. In addition, the thin film was
neither perfectly flat nor uniform, and the spectrometer resolution was finite.

It is interesting to note that the spectral separation of the dips between s- and p-
polarization is systematically larger in the experiment than in the calculation. A possible
contribution of birefringence of the PVP film or the MgF, substrate was checked by measur-
ing the interference spectra of normal incidence, as in Figure 4c, with vertical and horizontal
polarization, but little difference was found. Currently, therefore, the reason for this larger
separation is unknown.
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Figure 5. (a) Reflection spectra (p- and s-polarized) of the transparent PVP film on the transparent
MgF, substrate at 0,5, = 88.5° incidence in air, obtained from the side-to-side transmitted light
spectra at 88.5° incidence, divided by the baseline transmitted light spectra at 90° incidence (= normal
incidence from the side, thus transmitted through the substrate without being reflected by the PVP
film), and normalized to 1 at the maximum value. The depth of the deepest reflectance dip is 92.6%
at 594.7 nm for s-polarization and 89.4% at 559.4 nm for p-polarization. The raw reflection spectra,
before normalization, and the baseline spectra are shown in Appendix B. (b) Calculated reflection
spectra at the incidence angle 0y = 88.92° from MgF, to PVP, which corresponds to the incidence
angle 6,;; = 88.5° in air, with the thickness of the PVP layer assumed to be 1480 nm. The deepest
reflectance dip has a 99.28% depth at 783 nm for p-polarization.

5. Conclusions and Prospect

We have theoretically explained and experimentally demonstrated that CPA is realized
for an almost transparent sample in the visible light region, with a single dielectric layer
sandwiched by semi-infinite dielectric layers. In the experiment, the transparent PVP film
was deposited on the transparent MgF, substrate, where the PVP film sandwiched between
MgF, and the air makes the FP resonator with TIR at the interface with air. Collimated
white light from the lamp source was incident from the side of the substrate at an angle
slightly deviating from normal incidence, and the minimum transmittance of over 90%
(92.6%) dip was observed in the spectrum of the transmitted light emitted from the opposite
side. The requirements (necessary conditions) for CPA in this configuration (a single layer
slab thin film) are: (I) the transparent thin film must have a small amount of absorption,
(II) nq > ng > np, where ng, ny, and n, are the refractive indices of the substrate, the thin
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film, and the surrounding medium, and (IlI) grazing incidence. The condition (II) is so
constructed that light can enter the thin film when incident from the side of the substrate,
and large reflectivity at the thin film-substrate interface as well as TIR at the thin film-
surrounding medium interface are realized. The need for grazing incidence (III) comes from
the approximate CPA condition of Equation (4): For transparent materials, 4 is nearly zero,
requiring |ro1 | nearly equals unity. Although the reflectance increases with the refractive
index difference, as evident from Equations (6) and (7), grazing incidence allows |rg1| to be
as close to unity as possible, even when the refractive index difference is small. Therefore,
there are countless other substrate-thin film combinations of transparent dielectric materials
that can make CPA feasible, not only with the combination of solid-solid, but also with that
of solid-liquid or liquid-liquid. For example, it has already been reported in Ref. [17] that it
can be realized on a glass substrate (119 = 1.52), with an ITO thin film (11 ~ 2) and water
(np = 1.33) as the surrounding medium.

The proposed configuration is one of the simplest and most inexpensive methods to
realize CPA, as far as we know, and it is expected to have a wide range of applications
due to its simplicity and extensibility. It can be immediately applied to optical notch filters.
It can also be applied to interfacial sensors, including WM sensors [13-16], that detect
refractive index changes at interfaces with high sensitivity, and optical modulators [17]
that use the interfacial Pockels effect, both of which have already been realized. As a
variation of WM sensors, a mechanical strain sensor, or bending sensor, is possible using
polymer-polymer combination. Window glass that functions as a transparent solar cell [22]
is now in practical use, and SCCPA can be used to increase its conversion efficiency when
sunlight is obliquely incident (front and back surfaces should be non-parallel) by designing
the CPA dip to be located just above the band gap. Faint absorption in the visible region
of a thin film of a transparent material can be sensitively evaluated by solving the inverse
problem, from the incidence angle dependence, of the SCCPA reflection spectra to obtain
the complex refractive index n + ix (from the CPA dip, the approximate value for g can
be immediately obtained from Equation (4)). Since the visible absorption of water and
organic solvents is very weak and difficult to measure by ordinary methods [23], there may
be demand for this method, especially for ionic liquids for which it is difficult to prepare
large quantities of samples [24]. Furthermore, it can be applied to experiments of nonlinear
CPA by the Kerr nonlinearity [25] or by two-photon absorption [26] of polymers, liquids,
or suitable dye molecules/nanoparticles dispersed in them using pulsed laser light, as well
as to the photothermal imaging of transparent samples with nearly no absorption, which is
a disadvantage of photothermal microscopy [27,28], where super-resolution images can be
observed as long as the sample has absorption without the need for fluorescent labeling.
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Appendix A

The calculated incidence angle (6,i,) dependences of |r|2. The real and imaginary parts
of rg1s, *o1p, 125, and r1op at the wavelengths of the reflectance dips are shown in Figure Al.
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Figure A1. The calculated incidence angle dependence of the reflection. The reflectance |r\2 spectra
of p- and s-polarized light at the incidence angle of (a) 6, = 88.5° (6y = 88.92°) and (b) 8, = 86.5°
(6o = 87.83°). The wavelength of the dip shifts with the incidence angle. (a) The deepest dip is 99.
28% at 783 nm for p-polarization. Between 550 and 600 nm, there are dips of an 87.77% depth at
580 nm for s-polarization and of 92.50% at 564 nm for p-polarization. (b) For s- and p-polarization,
the deepest dip of a 99.41% depth at 582 nm and of 97.98% at 452 nm, respectively. The 580 and
564 nm dips at 6,;, = 88.5° are shifted to 582 (99.41%) and 566 nm (97.86%) at 0,;; = 86.5°. The
incidence angle (0,;,) dependence of the reflectance |r\2 of s- and p-polarization (c) at 580 and 582 nm
and (d) at 564 and 566 nm. The incidence angle (6,;;) dependence of the real and imaginary parts of
(e) ro15,p and (f) r125 p at 564 nm.
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Appendix B

For the reader’s reference, the raw reflection spectra before normalization and the
baseline spectra for Figure 5a are shown in Figure A2.

15 . . 15— . . , . ‘
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(a) (b)

Figure A2. Raw experimental spectra before normalization processing in Figure 5. (a) The reflected
light intensity spectra (p- and s-polarized) of the transparent PVP film on the transparent MgF,
substrate at ,;; = 88.5° incidence in air. (b) The baseline transmitted light spectra (p- and s-polarized)
at 90° incidence (= normal incidence from the side, thus transmitted through the substrate without
being reflected by the PVP film) used as the denominator for normalization.
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