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Fabry—Perot cavities (FPCs) provide a simple and precise alternative to measure the refractive indices of gases and
liquids. The performance of an FPC is very sensitive to the quality of its dielectric multilayer mirrors. In this
article, a combined ab-initio and transfer-matrix study is carried out for a realistic Fabry—Perot microcavity made
of TiO, /Si0,, including interface atomic diffusions and possible layer thickness variations. The refractive indices
obtained from the density functional theory are used as the input of cavity transmittance calculations. The per-
formance of such a Fabry—Perot cavity is monitored by the quality factor, finesse, and full width at half maximum
(FWHM) of its main resonant peaks. The results confirm the exponential decrease of FWHM with the number of
layers and then an exponential growth of the finesse. An analytical solution for the optical transmittance of few-
layer cavities is also presented. Furthermore, the results reveal non-uniform shifts of the resonant peaks, due to the
presence of a finite-layer interface width or layer thickness fluctuation. Finally, simulated measurements of the
refractive indices of CO, and ethanol by using this ab-initio designed realistic Fabry—Perot microcavity are
analyzed in detail. © 2018 Optical Society of America
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1. INTRODUCTION

Recent developments of thin-film Fabry—Perot (FP) photonic res-
onant microcavities have attracted considerable attention [1-3].
Such FP cavities (FPCs) consist of a central planar defect placed
between two dielectric multilayer mirrors made of a periodic ar-
rangement by alternating high and low refractive index materials
with a quarter-wave thickness. The transmission spectrum of
these cavities contains a narrow high-transmittance resonant peak,
whose full width at half maximum (FWHM) exponendially de-
creases with the number of layers in the mirror [2]. This fact can
be used for an accurate and real-time determination of the refrac-
tive indices of liquids and gases found in the planar defect.

In general, the quality of an FPC can be evaluated by means
of the parameters, such as FWHM, the spacing between two
nearest neighboring transmission maxima called free spectral

range (FSR) [4], and the finesse of an FPC given by [5]
FSR

FWHM’

From the theoretical point of view, the design of an FPC with a

high finesse value depends essentially on the refractive-index
contrast of dielectric multilayer mirrors, the number of layers,

U]

Finesse =
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and the variation of these refractive indices with the wave-
length. For an FPC operating in the visible region, these dielec-
tric layers should additionally possess a wide electronic band
gap. Nowadays, the rapid development of ab-initio quantum
calculation methods provides an alternative way to search
proper materials to build an accurate FPC. In this article,
we report an ab-initio study of a realistic FPC for the optical
refractive index detection of gases or liquids.

2. MODELING FABRY-PEROT CAVITIES

For one-dimensional photonic devices, the transfer matrix
method has been a simple and powerful tool to study the propa-
gation of electromagnetic waves in multilayer structures. Such
propagation through each layer can be divided into two parts:
(1) the transmission within each layer and (2) the wave refrac-
tion at the layer—layer interface. The former is described by the
transfer matrix (Pj) of layer j given by [4]

P — <cos 5]- -sin 6j)’ @)

J in S )
sin 5] cos 5]

where 6, = 2zn;d; cos 0;/4, A is the wavelength, 0; is the

refraction angle determined by Snells law, and n; and
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d; are, respectively, the refractive index and thickness of layer /,
while the latter is characterized by

1 0
By = , 3
Y (0 qj+lvnj+1/”j> ©)

where g, ,; = cos 0,/ cos 0, for the polarization s or trans-
Verse.ele?trlc (TE) mode and i1 = cos b, / cos 0, for the
polarization p or transverse magnetic (TM) mode [4]. Hence,
the resulting transfer matrix (/) of IV layers can be written as

myy My

N
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M = ( 11 12) =BN+1|NHPijU-1’ (4)
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where j = 0 and j = IV + 1 correspond the boundary media
of the multilayer, being usually vacuum or air. Then, the trans-
mittance (7°) of this multilayer is given by [6]

4

gy 4 mp)? A+ (myy - myy)?

(5)

Figure 1 shows the transmittance (7°) with normal incidence as
a function of 4y /4 for (a) an FPC of nine layers as illustrated in
its inset and (b) three FPCs of 21 (red circles), 41 (green
squares), and 61 (violet triangles) layers, where all FPCs are
placed in vacuum and made of a central defect (D) with a thick-
ness of 4p = 1500 nm and a refractive index of 7np = 1.0 sur-
rounded by two periodic dielectric mirrors built by low (A) and
high (B) refractive index layers with 7y, = 1.5 and ng = 2.5,
whose thicknesses are d, = 250 nm and 45 = 150 nm, re-
spectively. The quantities of FWHM and FSR are also indi-
cated in Fig. 1(a).

There is an analytical solution of the transmittance for the
nine-layer FPC given by
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Fig. 1. Transmittance (7) versus the inverse of wavelength (1o/1)
for (a) Fabry—Perot cavity (FPC) of nine layers and (b) FPCs of 21, 41,
and 61 layers.
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where

V= 2a+ PA@Q- - fOF + PR, (1)
R=2[f" - 2ay + &> + P)FPQ+ 2P QNQ 2, (8)
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with a = cos?[zAy/(24)] - Q sin’[zhy/(24)], B = 0.5(1+
Q) sin(zly/A), y = cos?[zhy/(2A)] - Q1 sin?[xdy/(22)],
& = np/ng, and Q = ng/ny. Moreover, notice in Fig. 1(b)
that the minimal values of 7" around the main peak at A =
Ao and its FWHM both decrease with the number of layers
in the FPC.

In Fig. 2, we plot the dependence of (a), () FWHM and
(b), (d) finesse (a), (b) on the number of layers (V) and (c), (d)
on the refractive index of central defect (72p) for the FPCs up to
113 layers with the same layer parameters as Fig. 1 and resonant
peaks around A =500 nm (red open circles) and 1=
1500 nm (blue open squares). Figures 2(c) and 2(d) are ob-
tained from the FPC of 113 layers.

Notice in Fig. 2(a) that the FWHM of both peaks exponen-
tially decreases with 2V, and the width of peak at 4 = 500 nm is
always smaller than that of the peak at 4 = 1500 nm, where
the former grows faster than the latter with 7p, as illustrated
in Fig. 2(c). Observe in Fig. 2(b) the extremely high value of
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Fig. 2. (a), (¢) Full width at half maximum (FWHM) and (b),
(d) finesse as functions of (a), (b) number of layers and (c, d) refractive
index of central defect (7p) for (a), (b) FPCs from nine to 113 layers
and (c), (d) FPC of 113 layers with 4y = 1500 nm for resonant peaks
around 4 = 500 nm (red open circles) and 2 = 1500 nm (blue open
squares). Insets (), (d), respectively, illustrate transmittance spectra
around 500 nm and 1500 nm for an FPC of 21 layers with different
values of np.
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finesse (~10'?) for an FPC of 113 layers, and it decreases with
np, being faster than that associated with the peak of 500 nm
because the finesse is inversely proportional to the FWHM.

Insets (¢’) and (d’) in Fig. 2 show the transmittance spectra,
respectively, around 500 nm and 1500 nm for an FPC of 21
layers. Note the remarkable shift in the peak at 500 nm towards
long wavelength, while its FWHM grows when the refractive
index of the central defect 7 increases from 1 to 1.2.

3. AB-INITIO CALCULATIONS
The density functional theory (DFT) is currently the most used

ab-initio method to calculate electronic and structural properties
of molecules and solids. In this article, the DFT calculations were
carried out by using the CASTEP code [7] within the Biovia
Materials Studio, in which the same parameters of Ref. [8] were
used, except that on-site Coulomb electron—electron interaction
parameters of U, =7 ¢V and U =2 eV are, respectively,
used for &- and p-orbital electrons in TiO, [9], and a scissor op-
erator of 3.1 €V is considered for SiO, in order to produce a
correct band gap of 9 eV [10]. In general, the local density
approximation (LDA) underestimates the band gap by 30%-—
50% [11], but it gives the correct sum rule for the exchange-
correlation hole, leading to properly calculated optical properties
[12]. The resulting real (n, red open circles) and imaginary (4,
green open squares) parts of the refractive index corresponding
to TiO, and SiO, are, respectively, presented in Figs. 3(a)
and 3(b), whose atomic unit cells and electronic band structures
are shown in their insets. Observe that the TiO, rutile phase has
an almost direct band gap of 3.2 eV and a refractive index with
n~2.5 and £~ 0 for 1 > 400 nm, while the SiO, a-quartz
phase possesses an indirect band gap of 9 €V and a refractive index
with 7~ 1.42 and £ =~ 0 for 4 > 140 nm. The relationship (1)
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Fig. 3. Real (1, red open circles) and imaginary (4, green open
squares) parts of the refractive index versus wavelength (1) for
(a) TiO; rutile and (b) SiO, a-quartz phases, whose atomic unit cells
and electronic band structures are shown in their insets.

obtained from ab-initio calculations for TiO, and SiO, will
be used in the next section as the input of FPC transmittance
calculations.

4. IMPERFECT FABRY-PEROT CAVITIES

In this section, we study the effects of atomic diffusion at layer
interfaces and of systematic layer-thickness mistakes during the
multilayer fabrication on the light transmission spectrum of
FPC. To consider the atomic diffusion, we introduce a layer
interface width (A;), where the refractive index changes linearly
with the position instead of an abrupt variation. For the pos-
sibility of a systematic layer-thickness mistake, we add an extra
constant layer thickness (Ay) to each layer of the FPC, which
leads to layer thicknesses of dy = Ay + do/[4ns0,(4)] and
dB = Ad + /10/[4”Ti02 (ﬂo)] Wlth ﬂsioz (/10 = 1500 nm) ~
1.4121 and 770, (4 = 1500 nm) = 2.5032.

Figure 4(a) shows the light transmission spectrum for an FPC
of 21 layers without any structural imperfection like that in
Fig. 1(b), except for the use of ab-initio wavelength-dependent
refractive indices 74 (4) and ng(4) from Figs. 3(a) and 3(b).
Figures 4(b) and 4(c) present magnifications of the transmittance
spectrum in color scale, respectively, around 500 nm and
1500 nm, both as functions of the wavelength and of the cen-
tral-defect-layer refractive index (7p). Observe the resonant peak
at 513.26 nm for np = 1, and its shift towards the right side
(long wavelength) of the stop band when 7p grows. At the same
time, another resonant peak arises from the left side and crosses
the stop band. Similar behavior is noted for the resonant peak
around 1500 nm.

In Fig. 5, extra layer thickness (Ay) effects on the resonant
peaks around (a) 500 nm and (2) 1500 nm are shown for the
same FPC in Fig. 4 with Ay = 0 nm (violet solid lines), Ay =
0.4 nm (green open down triangles), and Ay = 0.8 nm
(orange open up triangles) added to each layer, as illustrated
in Fig. 5(2”). Note the shifts in both resonant peaks towards
long wavelengths.
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Fig. 4. (a) Transmittance spectrum obtained from ab-initio refrac-
tive indices for an FPC made of (SiO, - TiO,)’D(TiO, - SiO,)?,
and (b), (c) amplifications of (a), respectively, around 500 nm and
1500 nm, illustrating the resonance peak location as a function of 7p.
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Fig. 5. Shifts in resonant peaks for the same FPC of Fig. 4 around
(), (b) 500 nm and (@), (b") 1500 nm due to (a), (2) layer thickness
addition (Ay) and (b), (b) interface width (A;), both schematically
drawn in Figs. 5(@"), (b”).

Displacements of resonant peaks around 500 nm and
1500 nm are, respectively, shown in Figs. 5(b) and 5(b’) when
a finite interface width (4A) is considered for the same FPC in
Fig. 4 with A; = 0 nm (violet solid lines), A; = 3 nm (blue
open circles), and A; = 6 nm (red open squares). Figure 5(b”)
schematically illustrates such finite interface width modeled by
four sublayers. It is worth mentioning that the resulting trans-
mission spectra in Figs. 5(b) and 5(b’) are essentially unchanged
for sublayer numbers larger than four, and then only such
almost-infinite-sublayer spectra are presented in Fig. 5.

Notice that the displacements of resonant peaks in Figs. 5(b)
and 5(b’) are smaller than those in Figs. 5(a) and 5(2) with an
opposite direction, although the considered Ay is significantly
larger than Ay, because the former does not break the quarter-
wavelength condition. In addition, a detailed analysis of these
transmission spectra reveals an almost constant FWHM of such
analyzed main resonant peaks from these two cavity-structural
perturbations.

Let us further analyze the functionality of a realistic FPC
with the mentioned structural disorders by using it to measure
the refractive indices of two compounds, such as CO, and etha-
nol (C,HsOH). When one of these compounds is introduced
into the central vacuum space of the FPC, we should observe a
shift in the measured resonant peak, which reveals the refractive
index value of the compound. Figure 6 shows the variation of
this resonant peak wavelength as a function of both the inter-
face width (Ap) and the extra layer thickness (Ay) for CO, and
ethanol.

Notice that the signs of these two variations are different,
positive for Ay and negative for A, both with respect to a per-
fect FPC (A; = Ay = 0). Moreover, these two surfaces in
Fig. 6 are essentially parallel with an error less than 1%, which
means that a unique relationship between the refractive index
and the resonant peak shift can be used for the measurement of
the refractive index. In other words, for two FPCs with differ-
ent degrees of the analyzed structural disorders, which lead un-
like initial resonant peak positions for the vacuum case, the
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Fig. 6. Resonant peak wavelength around 500 nm as a function of
the layer interface width (A;) and extra layer thickness (Ay) for CO,
and ethanol.

refractive index of fluid can be obtained exclusively from the
shift of this resonant peak.

In Fig. 7, the quality factors [13], defined as the ratio
between the resonant peak wavelength and its FWHM, for
CO; (blue rhombuses) and ethanol (red circles) are plotted ver-
sus the FPC layer number without structural disorder. When an
interface width of 10 nm and an extra layer thickness of 1 nm
from the quarter-wavelength condition are introduced into the
FPC, the diminished quality factor values are shown by the
error bars. The inset in Fig. 7 illustrates the resonant peaks
of CO, from an FPC of 41 layers with (blue squares) and with-
out (violet line) the structural disorders. Notice that the quality
factor exponentially grows with the number of layers and
slightly diminishes with the presence of structural disorders,
due mainly to the increase in FWHM, as shown in the inset
in Fig. 7. Observe a quality factor of 10° archived by an FPC of
only 41 layers, even containing the mentioned structural
disorders. This analysis reveals the robust performance of such
an accurate FPC made of TiO, and SiO,.

_.,....,....,...“.,....,....,....,....,...8;
T L  —
10’ ;g 10 — without disorder £ 3
E S o with disorder £ 8 8
FEos 3
10°F 2 g8 3
F S 8
I E ™ 00513512 51351 514422 514424 ]
L% 1055- Wavelength (hnm) 8 3
E @ ]
= 1 4 L n
10°F ¢ o co 3
E @ 2
i o % o C,HOH
gel PEETETES BETETET S VSTl BT RS S ErAr i ST ErAr R

Number of Layers

Fig. 7. Quality factor as a function of the FPC layer number for CO,
(blue rthombuses) and ethanol (red circles), while diminished quality fac-
tor values of FPC with structural disorders are shown through the error
bars. Inset: resonant peaks of CO, from an FPC of 41 layers with (blue
squares) and without (violet line) the structural disorders.
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5. CONCLUSIONS

We have presented a hybrid model by combining the quantum
mechanics with the classical electromagnetism for the study and
design of realistic FPCs. The refractive index obtained from a
specific atomic arrangement by using the DFT was taken as the
input of cavity optical property calculations through the trans-
fer matrix method. This #b-initio hybrid model has the advan-
tage of being simple and capable to predict macroscopic
properties of devices. As an example, we have analyzed an
FPC made of TiO,/SiO, multilayers, whose optical transmit-
tance has been studied in detail, including the effects of a finite
layer interface width originated from the atomic diffusion at
interface, as well as those derived from a possible systematic
layer thickness variation.

The numerical results, partially verified by the analytical
ones, reveal an exponential diminish of the FWHM with
the layer number of the FPC and in consequence an exponen-
tial growth of the finesse, which ensures a high-quality FPC can
be built by using tens of dielectric layers. However, there are
other limitations, such as the refractive index contrast and the
electronic band gap of the layers. In this sense, the DFT cal-
culations can correlate these parameters with the atomic-scale
structural arrangement and the chemical element election.
Another important factor of a high-quality FPC is the structural
purity. The results of this article show that a constant deviation
of layer thickness around 0.4 nm (~0.2%) can cause a shift of
the main resonant peak larger than its FWHM. Hence, an ac-
curate control during the FPC growth is truly crucial, as dis-
cussed in Ref. [2]. Nevertheless, the obtained results also
indicate that neither a constant addition of the layer thickness
nor the introduction of a finite interface width may produce a
significant growth of the FWHM of the resonant peaks. This
fact permits a reestablishment of the reference peak position in
a real FPC with these two types of structural disorders and
makes possible an accurate measurement of the refractive indi-
ces of gases and liquids. In summary, the FPC represents an
accurate manner to determine the refractive indices of fluids,
whose structure can be designed via the present hybrid method.
This method can be carried out without the use of experimental
data, allowing a wide-range search of new materials with high
refractive index contrasts around the resonance frequency,
which is fundamental for the fabrication of accurate FPCs.
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