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This paper puts forward a novel method of measuring the thin period-structure-film thickness based on the Bloch
surface wave (BSW) enhanced Goos–Hänchen (GH) shift in one-dimensional photonic crystal (1DPC). The BSW phe-
nomenon appearing in 1DPC enhances the GH shift generated in the attenuated total internal reflection structure. The GH
shift is closely related to the thickness of the film which is composed of layer-structure of 1DPC. The GH shifts under
multiple different incident light conditions will be obtained by varying the wavelength and angle of the measured light, and
the thickness distribution of the entire structure of 1DPC is calculated by the particle swarm optimization (PSO) algorithm.
The relationship between the structure of a 1DPC film composed of TiO2 and SiO2 layers and the GH shift, is investigated.
Under the specific photonic crystal structure and incident conditions, a giant GH shift, 5.1× 103 times the wavelength of
incidence, can be obtained theoretically. Simulation and calculation results show that the thickness of termination layer
and periodic structure bilayer of 1DPC film with 0.1-nm resolution can be obtained by measuring the GH shifts. The exact
structure of a 1DPC film is innovatively measured by the BSW-enhanced GH shift.
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1. Introduction
The photonic crystal film, composed of periodic combi-

nations of materials with different dielectric constants or mag-
netic permeabilities,[1] has developed rapidly in recent years.
It is widely used in optical devices, such as the high preci-
sion chemical and biosensors,[2–8] the optical filters,[9,10] the
optical switch,[11] the optical color modulation,[12] the optical
absorbers,[13,14] and the optical resonators,[15] as it can im-
prove the reflectance of electromagnetic waves in a specific
wavelength band,[16] and reduce the light propagation loss.
The properties of photonic crystals are mainly dependent on
their periodic structure forms and their material refractive in-
dices. For one-dimensional photonic crystal (1DPC), the film
thickness, including the thickness of periodic bilayer, has a
great influence on the properties of the film. For example, the
forbidden bandgap of the structure and the surface resonance
modes excited, are modulated by the thickness of the photonic
crystal material periodically aligned as well as the termination
layer. Currently, the thickness parameters of 1DPC utilized by
most of the researchers are also limited to the designed thick-
ness of the periodical bilayer and the termination layer, rather
than the actual measurement values of 1DPC. It is found that
there are few reports on the methods of measuring the thick-
ness of each layer of the photonic crystal film. Most of the

photonic crystal films are processed and then calibrated for
parameters prior to being used, rather than reaching the pre-
designed parameters. Therefore, the method to measure the
thickness of 1DPC film is required in order to accurately char-
acter the properties of the photonic crystal film.

Bloch surface waves (BSWs) are electromagnetic surface
waves existing at the interface between a homogeneous di-
electric medium and an abruptly terminated photonic crystal,
typically a periodic dielectric multilayer.[17] The BSW has its
unique advantages, for example, it can be excited by TM or TE
waves. The BSW does not require the precious metal coupling
layer adopted by surface plasmon resonance (SPR), and has a
wider range of material selectivity. The following problems
are avoided: the damping and resonant broadening effects of
the absorption of incident light by metal layer, the parameter
adjustment inconvenience,[18] due to the relative fixation of
the conditions suitable for stimulating the SPR effect.

The Goos–Hänchen (GH) shift is a well-known optical
phenomenon in which a light beam undergoes a small trans-
verse displacement when it reaches an interface that satisfies
the total internal reflection (TIR) condition.[19] This lateral
displacement is proportional to the abrupt phase variation of
the angular-dependent reflectance.[20] The GH effect can be
enhanced by surface waves at the reflection interface[21–25]
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or the quasi-bound states in the continuum,[26] and many re-
ports have demonstrated that GH shift can be enhanced to tens
or even hundreds of times the wavelength by coupling the
BSW[27] due to the electromagnetic surface waves excited at
the interface between a homogeneous dielectric medium and
an abruptly terminated photonic crystal. Many studies have
demonstrated that the GH shift is closely related to the partial
derivative of the reflection phase with respect to the incident
light angle when the GH shift is investigated by the stationary-
phase approach.[20,28–31] The GH shift can reach its maximum
when the rate of phase variation is maximum. Because GH
shift detection is the measurement of relative position, it is
not affected by optical common-mode noise and has a higher
signal-to-noise ratio than optical intensity detection. However,
there is no report on the crystal period and termination layer
thickness analysis by using an enhanced GH shift coupled with
BSW.

Based on the above considerations, a characterization and
measurement method for 1DPC film thickness by the GH shift
coupled with BSW is proposed. The variations of the light
reflectance and the GH shift of the 1DPC composed of TiO2

and SiO2 layers are investigated by the transmission matrix
method. The effects of the angle of incidence, medium disper-
sion and surface roughness are taken into account, also.

2. Principle of Goos–Hänchen shift enhanced by
Bloch surface wave
The 1DPC consists of two dielectric layers with different

dielectric constants as shown in Fig. 1. When the high refrac-
tive index material A and low refractive index material B are
arranged in a periodic alternating pattern, the 1DPC film pos-
sesses a photonic bandgap, which prevents light from prop-
agating in certain directions at specified frequencies.[1] The
reflectance of the light with the wavelength in the bandgap in-
creases dramatically. The film thickness and the dispersion
of the material are the most important factors in determining
the photonic bandgap of a 1DPC,[32] and the desired photonic
bandgap as well as its width can be obtained by designing its
structure appropriately. The BSW is a localized mode that ap-
pears at the interface between a 1D photonic crystal and a di-
electric. When the periodic structure of the photonic crystal
is broken, the surface mode is greatly enhanced,[33] and the
transmission loss is small. In this paper, the Krestchmann–
Rather configuration is adopted to excite the BSW as shown
in Fig. 1. The dielectric constant of the covering layer is ε0

and the dielectric constant of the prism is εS. The dielectric
constant of the layer A and the termination layer A′ are both
εA, and the dielectric constant of the layer B is εB. The corre-
sponding values of thickness are denoted as dA, dA′ , and dB,
respectively.

Covering: ε0

1DPC 
Film

Period

Layer A′: εA, dA′

Substrate: εS

Layer B: εB, dB
Layer A: εA, dA

Fig. 1. Scheme of 1DPC Krestchmann–Rather configuration.

The characteristic matrix of single-layer film is expressed
as

M j =

[
cosδ j − i

η j
sinδ j

−iη j sinδ j cosδ j

]
, (1)

where j is the subscript and denotes the layer A, B or A′, where
the phase shift δ j is obtained from

δ j =
2π

λ
n jd j cosθ j, (2)

with λ being the wavelength of the incident light in the vac-
uum, n j the refractive index of the film, d j the physical thick-
ness, θ j the refractive angle between the wave vector of the
light in this layer and the normal of the film interface, and η j

the optical admittance. When the light of incidence is trans-
verse electric (TE) wave, the optical admittance is expressed
as

η j =ϒ0n j · cosθ j. (3)

While for the transverse magnetic (TM) wave, the optical ad-
mittance is given by

η j =
ϒ0n j

cosθ j
, (4)

where ϒ0 is the optical admittance in vacuum. Then, the to-
tal characteristic matrix MT of the N-periodic photonic crystal
can be obtained by concatenating the characteristic matrices
of the single-layer film as follows:

MT = (MAMB)
N MA′ =

[
M11 M12
M21 M22

]
. (5)

The reflection coefficient r and the phase φ of the reflected
light are given by

r =
η0M11 +η0ηSM12−M21−ηSM22

η0M11 +η0ηSM12 +M21 +ηSM22
, (6)

φ = arg(r) . (7)

By using Eqs. (6) and (7), the reflection properties of thin film
of 1DPC with different materials and structures under different
light of incidence can be studied.

The GH shift expressed in Eq. (8)[30] is well suitable
for the beams with a reflection angle greater than the criti-
cal angle. It must be emphasized that the equation is appli-
cable only for the incident wave that is a plane wave or well
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collimated and the beam waist is wide enough.[29,34] In re-
cent studies, equation (8) can be applied to all incident angles
when the reflection occurs at the absorbing surface.[29] The
1DPC combined with special materials such as indium anti-
monide (InSb)[35] or the graphene-based hyperbolic metama-
terial (GHMM),[36] will possess a GH shift around 182 times
the wavelength. The BSW can also be used to enhance the GH
shift.[20,25,34,37] When they are combined, the much larger GH
shift which increases up to 2520 times the wavelength can be
achieved.[37]

∆x =− λ

2π

∂φ

∂θ
. (8)

3. Calculation results and discussion
3.1. Feasibility of measuring film thickness via Goos–

Hänchen shift coupled with Bloch surface wave

The substrate material is BK7 glass. The 1DPC consists
of TiO2 as material A and SiO2 as material B. The thicknesses
of materials A and B are denoted as dA and dB, respectively.
The material of terminating layer is TiO2 and its thickness
is dA′ , and its covering layer is air. The incident light is in
the TE mode. Owing to the importance of refractive index
in the thickness solution, it should be determined first. The
TiO2 and SiO2 nanoscale layers are deposited on silicon sub-
strates by using the ion assistance electronic beam deposition
technique and measured by ellipsometry. The refractive index
dispersions of the constituent materials in a wavelength range
of 210 nm–1200 nm are shown in Fig. 2(a), and the extinc-
tion coefficients are displayed in Fig. 2(b). The optical con-
stants of SiO2 are fitted by the Cauchy model,[38] those of BK7
glasses are fitted by the Cody–Lorentz model,[38,39] and those
of TiO2 by using the Tauc–Lorentz model.[38,40] The details
of the models and values of the fitting parameters are given in
Appendix A.

To match the energy loss due to the roughness of the thin
film, the extinction coefficient of TiO2 is set to be 10−3 in the
visible light range.[27] Based on the same consideration, the
extinction coefficient of SiO2 is assumed to be 1×106.

When the 1DPC film with dA = 144.1 nm and dB =

161 nm is considered as a semi-infinite (N = 300, the num-
ber of periodic layers) film, figure 3 shows the bandgaps (for
TE mode) of the structure clearly. The deep red area shows
a low reflectance area, and the incident light in this area is
allowed to pass through this film. The yellow area shows a
high reflectance area. In this area, the incident light is forbid-
den to pass through this film, e.g. the bandgap. And then, the
structure is simulated as a finite (N = 3) and interrupted pe-
riodic structure by a layer of TiO2 (dA′ = 41.5 nm), and the
reflectance is shown in Fig. 4(a) while the incident light is in
the TE mode. The deep red curve, in a wavelength range of
612 nm–939 nm, shows a deep reflectance dip which is caused

by the excited BSW in the bandgap. Several reflectance decay
phenomena can be seen in Fig. 4(a) (at smaller wavelengths),
which are caused by the bandgap edge of the photonic crys-
tal. The depths of these changes are less than the reflectance
minimum values associated with the excitation of a BSW. The
research is therefore focused on BSW.
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Fig. 2. Curves of (a) refractive index and (b) extinction coefficient versus
wavelength of constituent materials.
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Fig. 3. Reflectance of 1DPC (dA = 144.1 nm, dB = 161 nm) under ap-
proximate semi-infinite conditions for TE mode, with deep red region
regarded the photonic bandgap.

Figure 4(b) shows the spectral reflectance when the angle
of incidence is 70.5◦, the lowest reflectance at a wavelength of
676.1 nm is 0.01. In order to show the variation of reflectance,
phase and GH shift more clearly, the axes are restricted to 68◦–
73◦ and 650 nn–700 nm in Figs. 5–7.

017802-3



Chin. Phys. B 32, 017802 (2023)

400 450 500 550 600 650 700 750 800

Wavelength (nm)

Wavelength (nm)

0

0.2

0.4

0.6

0.8

1.0

R
e
fl
e
c
ta

n
c
e

Incident angle=70.5O

80

75

70

65

60

55

50

In
c
id

e
n
t 

a
n
g
le

 (
O
) 0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Rs

400 600 800 1000

BSW

(a)

(b)

Fig. 4. (a) Reflectance of finite 1DPC (dA = 144.1 nm, dB = 161 nm, N = 3,
dA′ = 41.5 nm) and (b) spectral reflectance versus wavelength at θ0 = 70.5◦

for TE mode.
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Fig. 5. Reflectance versus incident angle and wavelength for TE mode of
finite 1DPC with dA = 144.1 nm, dB = 161 nm, N = 3, and dA′ = 41.5 nm.

To show the condition of the GH shift peak position more
clearly, the reflectance of the region, where the peak GH shift
is located (wavelength from 650 nm to 700 nm, incidence an-
gle from 68◦ to 73◦), is intercepted as shown in Fig. 5. The
phase of the reflected light, shown in Fig. 6, also changes dra-
matically with the reflectance decreasing sharply. Since the
sampling interval is 0.05 nm, the lower right part of the curve
in Fig. 6 is serrated. If the sampling interval is small enough
(less than 0.0001 nm or 0.0001◦, the curve will become
smoothly. It is unnecessary to display such a smooth curve
here because the actual system cannot take so fine sampling
interval. The position with the lowest reflectance is not the po-
sition with the largest phase change, but the position has the
largest phase change rate. The GH shift is proportional to the
angle-dependent phase variation when experiments are per-
formed with a single wavelength light source.[20,28–31] When
the wavelength is modified, the derivative of the phase with re-

spect to the incident angle varies consequently. Thus, a large
GH shift can also be generated by changing the wavelength.
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Fig. 6. Phase versus incident angle and wavelength of reflected light for
TE mode of finite 1DPC, with dA = 144.1 nm, dB = 161 nm, N = 3,
and dA′ = 41.5 nm.
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of finite 1DPC, with dA = 144.1 nm, dB = 161 nm, N = 3, and
dA′ = 41.5 nm, and deep red point at the intersection of the white dashed
lines indicating the largest GH shift.

Although a few of obvious phase variations can be seen
in Fig. 7 when the wavelength is above 685 nm, there are no
GH shifts with larger values than that at an incident angle of
70.5◦ and a wavelength of 676.1 nm, as the rate of phase varia-
tion is the most decisive factor. It should be additionally stated
that the accumulated phase change will goes beyond the range
from −π to π . In order to calculate the rate of phase change,
the phase is expressed not only as the phase in one period, but
also as the cumulative change of the phase from the beginning
to the present, to avoid the calculation error of the GH shift
caused by subtracting 2π .

It can be found that the huge GH shift peaks, which are
shown in Fig. 7 and distributed along the curve of the abrupt
reflectance change as indicated in Fig. 5, seem to be distributed
discretely. This is because only the specific combination of in-
cident angle and wavelength can excite large GH shift, and the
calculations are performed by interval sampling to obtain theo-
retically continuous angular and wavelength variations, there-
fore, these GH shift peaks appear to be discretely distributed.
When θ0 = 70.5◦ and λ = 676.1 nm, the largest GH shift,
3.46×106 nm, about 5120 times the wavelength, will occur
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as shown by the dark red point in Fig. 7. Based on this dis-
crete distribution, it can be more easily to discern the change
in thickness of the 1DPC film.

3.2. Peak shift and peak wavelength of Goos–Hänchen
shift versus layer thickness

As shown in Fig. 8, when the thickness of the termination
layer (i.e., dA′) varies from 41.1 nm to 41.5 nm (θ0 = 70.5◦),
the value of GH shift peak increases from 2×106 nm to about
5×106 nm and the wavelength position where the peak is
located (called peak wavelength), shifts from 673.4 nm to
676.1 nm. For every 0.1-nm change in termination thickness,
the peak wavelength varies approximately linearly by 0.7 nm.
This resolution is sufficient to distinguish thickness changes of
at least 0.1 nm.
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Fig. 8. Simulated GH shift for TE mode with dA′ from 41.1 nm to
41.5 nm.

Like the termination layer, when the thickness values of
the periodic bilayers (dA and dB) change, the GH shift peak

and the peak wavelength also change as shown in Fig. 9.
The resolution of the periodic bilayers obtained from the peak
wavelength is slightly lower than that of the thickness of the
termination layer. The resolution obtained from the GH shift
peaks can provide enough support for obtaining the solution
of dA and dB.
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Fig. 10. Simulation for TE mode with dA = 71.3 nm, dB = 172.9 nm. (a) reflectance, semi-infinite (N = 300); (b) reflectance, N = 6,
dA′ = 42.0 nm; (c) phase, N = 6, dA′ = 42.0 nm; (d) GH shift, N = 6, dA′ = 42.0 nm.
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Similar conclusions can be obtained when a different
1DPC structure, e.g., dA = 71.3 nm and dB = 172.9 nm, is
simulated. If this structure is considered to be semi-infinite,
the reflectance is shown in Fig. 10(a). If a more realistic finite
structure (N = 6 and dA′ = 42.0 nm) is simulated as shown in
Fig. 10(b), reflectance dips due to BSW can be found in the
photonic bandgap. Both the phase and the GH shift also have
huge changes because of BSW as shown in Figs. 10(c) and
10(d). Similarly, when the thickness values of the termination
layer and the periodic bilayer vary at an interval of 0.1 nm,
the value of the GH shift peak and the peak wavelength also
change significantly. As shown in Figs. 11(a)–11(c), these
peak wavelengths change almost linearly, too. These results
prove that the detection of thickness by the enhanced GH shift
is not only useful for the special structure (dA = 144.1 nm,
dB = 161 nm, N = 3, dA′ = 41.5 nm), but also widely applica-
ble.

3.3. Method of determining layer thickness

When both dA and dA′ are uncertain (θ0 = 49.9 nm and
λ = 779.2 nm), the GH shifts, shown in Fig. 11(d), can be ob-
tained. It can be clearly seen that with some thickness combi-
nations, there are obvious GH shift peaks. But it is not enough
to solve the thickness of a particular layer alone. The feasible
solution is to obtain more such GH shift distribution maps by-
changing the wavelength and the angle of incidence to deter-
mine the unique thickness combination. As shown in Fig. 12,
there are differences in the distributions of GH shifts among
different films at different wavelengths, especially in the case
of excited BSW. These differences allow us to calculate the
thickness values of the films. It can be expected that the ac-
curacies of such calculations will further be improved if the

angular dimension is taken into consideration.
According to the simulation results, it is clear that both

the periodic bilayers and the thickness of the termination layer
have a decisive influence on the GH shift. When calculat-
ing the film thickness, the thickness of the termination layer
cannot be calculated without obtaining the thickness of the bi-
layer periodic structure. Therefore, the optimization algorithm
from machine learning technique is needed to perform the so-
lution of the overall 1DPC structure by sampling at different
incident light and wavelengths.
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Fig. 12. GH shift versus dA, dA′ , and wavelength in TE mode.

In this work, according to the target thickness in process-
ing, the limitations for the true thickness of the termination
layer and the periodic bilayer are preset. The particle swarm
optimization (PSO) is initialized to give a group of random
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particles (random solutions), and then to find the solution that
best meets the requirements for iteration, i.e., the optimal so-
lution under a specific evaluation function. In each iteration,
the particles gradually converge toward the optimal solution
by tracking the better solution. In addition, the trapping into
local optimum is avoided by adding unexpected variables. A
more accurate thickness combination can be obtained by in-
creasing the weight of the peak GH shift as well as the peak
wavelength in the evaluation function through the adjustment
for the evaluation function. The accurate film thickness can be
achieved when the thickness range of the termination layers
and the periodic bilayer are limited to ±10 nm and ±50 nm of
the target thickness respectively.

A more general film, with dA = 126.9 nm, dB =

236.1 nm, N = 5, and dA′ = 87.2 nm is chosen as the ob-
ject of thickness distribution solution. It is difficult to achieve
sub-nanometer accuracy when actually manufacturing the film
(therefore the film is not always a perfect periodic in structure),
so calculation results are retained to two decimal places to sup-
port the process. The GH shift obtained from the simulation is
used as the ‘measured value’ for the evaluation of the solution
method. As the solving results that are shown in Table 1, the
repeatability error of the termination layer thickness measure-
ment is less than 2% with an accuracy error of σ = ±2 nm,
and the repeatability error of the periodic layer measurement
is less than 3‰ with an accuracy error of σ = ±0.5 nm. The
first sample mentioned in this work (e.g., dA = 144.1 nm,
dB = 161 nm, N = 3, and dA′ = 41.5 nm) is also used as the
subject for calculation and the results are shown in Table 2.

Table 1. Solving result for dA = 126.9 nm, dB = 236.1 nm, N = 5, and
dA′ = 87.2 nm.

dA′ dA dB

1 88.84 126.94 235.85
2 85.88 126.83 236.82
3 84.92 126.82 236.84
4 87.57 126.95 235.96
5 86.30 126.77 236.98
6 87.36 126.97 235.76
7 87.37 126.97 235.82

Standard deviation 1.29 0.084 0.56
True value 87.2 126.9 236.1

Repeatability error (%) 1.477 0.067 0.236

Table 2. Solving result for dA = 144.1 nm, dB = 161 nm, N = 3, and
dA′ = 41.5 nm.

dA′ dA dB

1 41.45 144.44 161.32
2 41.3 144.4 162.36
3 41.3 144.66 162.05
4 41.59 144.28 160.05
5 41.53 144.61 161.08
6 41.16 146.04 160.911
7 41.48 144.58 161.24

Standard deviation 0.15 0.60 0.76
True value 41.5 144.1 161

Repeatability error (%) 0.367 0.416 0.471

As this sample induces a more intensive BSW, the re-
peatability error of the termination layer thickness measure-
ment is less than 5‰ with an accuracy error of σ =±0.5 nm,
and the repeatability error of the periodic layer measurement is
less than 5‰ with an accuracy error of σ = ±2 nm. It shows
that when the BSW is more intensive, the results are better
for the termination layer, while the accuracy of the calculation
will decrease for the periodic structure.

4. Conclusions
The models of 1DPC with different structures are stud-

ied by the transmission matrix method in the work. The re-
flectance, reflection phase, and the distribution of GH shifts
are given for different incidence conditions. It is demon-
strated that large GH shifts of the order of 5.1×103 times the
wavelength can occur under specific conditions (e.g., dA =

144.1 nm, dB = 161 nm, N = 3, and dA′ = 41.5 nm). When
multiple thickness values of the layers are varied, the peak po-
sition of the GH shifts and the peak wavelength changes ac-
cordingly. And another structure with a GH shift of 30 times
the wavelength magnitude is chosen as the object of thick-
ness distribution solution. The changes occurring are suffi-
cient to carry out the resolution of the thickness. Therefore,
after multi-wavelength sampling, the thickness of the termina-
tion layer and the periodic bilayer can be solved by GH shifts
combined with the PSO algorithm. As 1DPC-based sensors
and optical fibers are more and more widely used in the field of
optical communication and sensing, this BSW enhanced GH
shift provides an innovative idea of analyzation and calibra-
tion for 1DPC film, and can provide the guidance for on-line
application of multilayer film.

Appendix A: Material model and fitting param-
eters

In this section the models of the optical constants of the
materials are briefly presented, please see Fig. 2 in the main
body for the exact values. These values are calculated from
the internal analysis of the Ellipsometer. In all three models,
the E is light quantum energy. The Cauchy model[38] for the
optical constant of SiO2 is given by

nSiO2(λ ) = A+
B
λ 2 +

C
λ 4 , (A1)

kSiO2 = kamp · eexp(E−bandedge), (A2)

where λ is the wavelength in unit of µm, A, B, C, and kamp
are the their fitting parameters, bandedge is the parameter that
can be set manually,[38] specifically, A = 1.479, B = 0.00411,
C = 0, kamp = 0, and bandedge = 4 eV.

The Tauc–Lorentz model[38,40] for the dielectric constant
of TiO2 is given by

εT(E) = εT1 + iεT2, (A3)

where
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εT2(E) =


[

AmpTE0TBrT(E−EgT)
2(

E2−E2
0T

)2
+B2

rTE2
· 1

E

]
, E > EgT,

0, E ≤ EgT,

,

(A4)

εT1(E) =
2
π

P
∫

∞

EgT

ξ εT2 (ξ )

ξ 2−E2 dξ , (A5)

where P is the Cauchy principal part of the integral; AmpT,

BrT, EoT, and EgT are the variable fitting parameters, specifi-
cally, AmpT = 258.5002, BrT = 2.035, ET = 4.123, and EgT =

3.295.

The Cody–Lorentz model[38,39] for the dielectric constant
of BK7 is given by

εB = εB1 + iεB2, (A6)

εB2 (E) =



E1

E
exp

((
E−EgB−EtB

)
EuB

)
, 0 < E ≤

(
EgB +EtB

)
,

G(E)L(E) =

(
E−EgB

)2(
E−EgB

)2
+E2

pB

· ABEoBΓBE[(
E2−E2

oB

)2
+Γ 2

B E2
] , E > (EgB +EtB),

(A7)

εB1(E) =
2
π

P
∫

∞

0

ξ εB2 (ξ )

ξ 2−E2 dξ , (A8)

where

E1 =
(
EgB +EtB

)
G
(
EgB +EtB

)
L
(
EgB +EtB

)
. (A9)

The AB, ΓB, EB, EgB, EpB, EtB, and EuB are variable fit-
ting parameters. In this paper, AB = 0.00130, ΓB = 0.454,
EB = 4.492, EgB = 3.035, EpB = 8.339, EtB = 0.000, and
EuB = 0.500. The refractive indices and extinction coeffi-
cients of TiO2 can be calculated from εT1 = n2

TiO2
− k2

TiO2

and εT2 = 2nTiO2kTiO2 . For BK7, εB1 = n2
BK7 − k2

BK7 and
εB2 = 2nBK7kBK7.
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