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Optical systems offer rich modulation in light propagation, but sufficient quantitative descriptions lack when highly
complex structures are considered since practical structures contain defects or imperfections. Here, we utilize a method
combining a data-fitting method and a time-resolved system to describe light propagation near the band edges in one-
dimensional structures. Calculations after optimization of the method show little deviation to the measurements.
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1. Introduction

The propagation of light in the optical systems has at-
tracted interests in research. Due to different constructions
of structure, the optical systems show distinct properties of
light propagation. Periodic and quasi-periodic structures, with
their feature sizes comparable to the wavelength of light,
have bandgaps and pseudo-gaps.!' In addition, the latter
exhibits properties which periodic crystals do not have, such
as self-similar properties!*>! and critical states.!®! Although
band gaps do not appear in a totally random structure, nu-
merous work has reported on intriguing effects. In terms of
multiple scattering, light localization can exist in structures

with disorder introduced,!”~?!

as its electronic counterpart in
solids firstly predicted by Anderson.[!'3] This stimulates ex-
ploration in research of studying and modulating light propa-
gation, and inspires many studies on weak localization,!'*!3]
random lasing, ['7-2% light diffusion,*'->! etc.

Modulation of light propagation(?°-28 motivates differ-
ent constructions of photonic structures. Strong stretching
pulses are observed through the band-edge states in Fibonacci
multilayers,®>°! and the optical modes are also reported as
ones with fast decay in a positional-disordered multilayer. 3!
In higher-dimensional structures, strong scattering changes
light propagation®*! in random medium and group-velocity
dispersion near the band edge in periodic structures.*?! How-
ever, disorders or imperfections are inevitably contained in
practical structures. This may result in different or even unde-
sirable light transport. It is efficient to characterize a structure
with simple design, but it is nearly impossible for highly com-
plex structures with disorders or imperfections. Some methods
of characterization even need theoretical assumptions ahead.

Nevertheless, work on the characterization of structures is still
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limited in quantitative methods.

In this work, we illustrate quantitatively that numerical
simulations of light propagation become closer to the measure-
ments in one-dimensional (1D) multilayers of periodic and Fi-
bonacci types, without any assumption made ahead. Com-
bined with a data-fitting method based on the Levenberg—
Marquardt (LM) algorithms*3 and a time-resolved system,
simulations show slight deviations of spectra and time con-
stants to the measurements, although the simulation before
optimization shows huge deviation. Such a method can be ex-
tended for characterization for more different and complex op-
tical systems and stimulate further applications of light propa-
gation.

2. Results and discussion

The studied 1D structures are periodic and Fibonacci,
consisting of layers of two materials, SiO; and TiO;. The
Fibonacci multilayer belongs to the quasi-periodic structures
and forms in a specific fashion!!6-2]

Fi=F »+F_1, (D

where in our work F is chosen to be the layer of TiO, and
Fi, SiO,, and i is 12 so that the 12-order Fibonacci struc-
ture contains 233 layers. As a comparison, the periodic struc-
ture is constructed with 232 layers. Due to little absorption in
the near-infrared regime, these two materials create an advan-
tageous condition for measurements of localization near the
band edge. Therefore, the band gaps of the periodic and the
Fibonacci multilayers are designed to be centered at 1.62 um
and 1.74 pm, respectively. The samples, between 25 pm and
30 pm thick, are fabricated on the substrate K9 glass with the
thickness of 1.5 mm. Transmittance spectra are measured at
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normal incidence by Fourier infrared spectrometer. Figure 1
(black dashed lines) shows the transmittance spectra near the
band edges of the periodic (left panel) and the Fibonacci struc-
tures (right panel).
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Fig. 1. Transmittance spectra of the samples with (a) the periodic and
(b) the Fibonacci structures, respectively. In each panel, transmittance
spectra obtained in calculations before optimization (grey solid lines),
after optimization (red solid lines) and measured by Fourier infrared
spectrometer (black dashed lines) are all normalized.

To carry out the comparison between calculations and
measurements of the spectra, we employ the finite-difference
time-domain method (FDTD) to obtain the spectra. As can be
seen in Fig. 1, the measured (grey solid lines) and the calcu-
lated (red solid line) spectra are totally different in both struc-
tures. The spectral shift in wavelength and the sharp edges of
the band gap are observed in the calculated spectra in com-
parison with the measured spectra. This deviation may indi-
cate that the samples are not exactly the same as designed, and
may lead to different numerical descriptions of the behaviors
of light propagation in time domain.

To find out where this deviation originates from, we apply
a data-fitting method based on the LM algorithms to optimize
the parameters of multilayers. In this method, the gradients
can be obtained through the back-propagation algorithms, and
the process of optimization is achieved in a reasonable time.
It uses initial values of thickness and refractive index of each
layer in 1D structures, and alters them layer by layer, accord-
ing to the measured spectra. When finishing this process, it
generates a set of optimized parameters for structures of which
the spectra can fit better to the measurements. In our optimiza-
tion, the refractive index is given by the Cauchy’s equation,
and only the thickness is set for optimization. As a result of
the optimization, the method produces random parameters for
both types of the samples, and the optimized thickness fluc-
tuates randomly from its designed values. This verifies that
the two samples are not perfectly periodic or quasi-periodic
in thickness. The imperfections could be introduced during
the complicated fabrication. Moreover, as presented in Fig. 1
(red solid line), the calculated spectra after optimization are
slightly deviated from the measurements.

To compare the properties of light propagation near the
band edges in time domain, we build a time-resolved system.
It works as follows. First, a femtosecond pulse of laser goes
through a beam splitter, divided into two directions. One goes

through the sample and the other through the delay-line which
scans in the propagating direction. These two separated beams
meet again at a nonlinear crystal at a small angle, focused and
overlapping mostly to produce a sum-frequency generation
(SFG) signal. The two original light beams and their second-
harmonic generation signals are blocked. The SFG signal is
detected by a photodetector placed behind as the delay-line
moves, and a pulse envelope is recorded in time domain after
the process finishes. The duration and repetition rate of the
pulse are 150 fs and 1 kHz. As shown in Fig. 2, the pulse is
more stretching and delayed in the long-time tail (black solid
lines) when the wavelength is near the band edge, while the
pulse decays much faster (red solid lines) as the wavelength
moves away from the band gap. Additionally, the Fibonacci
structure possesses an oscillatory profile in the pulse envelope
(Fig. 2(b), black solid line), which could be explained by mode
beating.[®! All the pulses shift later after 2 ps mainly because
of the delay which the substrate introduces. We can see that
the light propagation near the band edge is strongly and differ-
ently modulated in these two structures.
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Fig. 2. Measured transmitted signals of (a) the periodic structure and
(b) the Fibonacci structure in time domain. Red and black solid lines
represent responses passing at wavelengths within the pass band and
near the band edge, respectively.

For further details of light propagation near the band
edges, we vary the wavelength of light pulses near the band
edges in these two structures. Two time constants are used
here: delay time and decay time.[®*¥ Delay time is calculated
as the difference of the center of mass of envelopes between
one pulse propagating through the sample and one through
only the substrate. Decay time is the time constant obtained
by fitting an exponential-decay function to the long-time tail
of the pulse envelope. As shown in Fig. 3 (black dots), the
time constants both show an increase near the band edge as
wavelength increases for the periodic and the Fibonacci struc-
tures. In addition, in the periodic structures (Figs. 3(a) and
3(b)), both of the time constants remain unchanged at first, and
decrease slightly in the bandgap, while in Fibonacci structures
(Figs. 3(c) and 3(d)), they exhibit a constant increase as wave-
length increases. These different changes of light propagation
in the Fibonacci structure could result from the effect of the
pseudo-gap. All the error bars in measurements are standard
deviations in experiments.

What we are more concerned about in terms of the results
is how well numerical simulations and measurements can fit.
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Therefore, we firstly use the same initial values before opti-
mization to simulate pulses transporting through multilayers
by the FDTD method. In the simulation, the pulse duration is
set to be 150 fs and the wavelength varies as used in the mea-
surements. The calculations (Fig. 3, grey dots) show a large
deviation from measurements: the time constants are three to
four times larger near the band edges in both structures, al-
though they match well at first. The deviation of the time con-
stants indicates again that the samples are not in perfect order
or quasi-order. Then, we use the optimized parameters ob-
tained before, to reconstruct multilayers, and simulate pulses
propagating in the structures under the same conditions, as
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shown in Fig. 3 (red dots). Surprisingly, the calculated de-
lay and the decay time increase more slightly near the band
edges, and fit better with the experimental results. The com-
parison again illustrates that the samples contain disorder in
thickness, and this disorder could be introduced in the fabri-
cation of samples. Notice that in the periodic structure, both
of the time constants in simulations after optimization reach
the highest values at a shorter wavelength, compared to the
measured one. This could be explained by the fact that the
transmittance spectrum after optimization is slightly deviated

near the band edge.
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Fig. 3. Delay time (a) and decay time (b) of the periodic structure, and delay time (c) and decay time (d) of the Fibonacci structure near
the band edges. The grey and the red dots represent simulation results before and after optimization, and the black dots, the experimental
measurements. A constant is subtracted from the results of the delay time. The calculated intensity distributions (e)—(h) near the band edges of
two structures. (e) and (f) The periodic and the Fibonacci structures before optimization. (g) and (h) The periodic and the Fibonacci structures

after optimization.

To find out why there is a huge difference in light propa-
gation between calculations before and after optimization, we
could turn to the existence of extended necklace states, 3!
which exhibit more symmetric pulses with fast decay com-
pared to localized states. As can be seen in Fig. 3, the intensity
distributions are calculated near the band edges of the struc-
tures. Figures 3(e) and 3(f) illustrate that before optimization,
the intensity decays exponentially, which shows light localiza-
tion. Figures 3(g) and 3(h) show different profiles, which are
the onset of the necklace states. Also, these extended neck-
lace states can coexist with the localized states in the samples.
Thereby, the emergence of the necklace states could be respon-
sible for the measurements to have such a huge drop from the

calculation before optimization.

3. Conclusion

We compare the time-resolved results between the peri-
odic and the Fibonacci structures, and between simulations
and measurements. Light propagation is strongly modulated
near the band edge in the periodic and the Fibonacci multilay-
ers. Without any assumption made ahead, the deviations be-

tween simulations and experiments reduce or even disappear
after optimization. The deviations could be the result of the
disorder which can be introduced in the process of the fab-
rication. Using the data-fitting method, combined with the
time-resolved system can help to study light propagation in
more disordered and complex structures, and to offer desir-
able designs of the structures to obtain the modulation in light
propagation.
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