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Abstract: We propose a novel topological photonic crystal nonlinear laser power limiter based
on topological edge states and optical Kerr effect. In the proposed laser power limiter, a
one-dimensional photonic crystal in topological edge state allows the relatively weak signal
light with a certain wavelength to pass through with high transmission, but blocks most of the
intense hostile or accidental laser with the same wavelength due to the change of topological edge
state generated from optical Kerr effect. Taking a 1064 nm wavelength as an example, we have
designed such a nonlinear laser power limiter corresponding to the wavelength. When the optical
power density is low (less than 0.12 MW/cm?), the light transmission can reach 82.54%, and
the transmission can be reduced to 1.04% when the optical power density is increased to 11.66
MW/cm?. Therefore, this method provides a new promising approach to realize laser protection
at the desired wavelength.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Because of the good characteristics of brightness, coherence, directionality and monochromaticity,
lasers are commonly used in various fields such as industrial, medical and military applications.
However, a high-energy laser beam usually produces irreversible damage to the human eyes
and optical detectors. For example, a Q-switched laser is easy to achieve a high power density
reaching the order of MW/cm?. Therefore, it is necessary to find an effective laser power limiting
method to avoid damage by the intense laser beams. In many cases, however, a weaker light is
the useful signal expected to be detected and thus does not need to be attenuated. Hence, it is
significant to design a nonlinear power limiter to allow the weak light pass through with a high
transmission, while block the strong light with low transmission.

The main approaches of laser power limiting technology are based on linear optics [1-3],
nonlinear optics [4—-6] and thermal phase transition [7-9]. Among them, the protective materials
based on the linear optical effect have the same light transmission for all the laser intensity,
and cannot provide a high transmission for the weak light and a high attenuation for a strong
light simultaneously. The typical laser protection material based on the principle of thermal
phase transition is VO, film [10]. VO, film has a good application prospect because of its
good thermal phase transition properties. However, it is very difficult to reduce the VO, phase
transition temperature and the film response time to truly realize the rapid laser protection [11].
The laser protection technology based on optical nonlinearity overcomes the shortcomings of
the linear optical protection method [12,13] and can realize the intelligent protection with the
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properties of high transmission for the weak light and high attenuation for the strong light [14].
The nonlinear protection technology generally depends on the nonlinear optical effects of the
constituent materials, including nonlinear absorption, nonlinear refraction, nonlinear reflection
and nonlinear scattering [15]. The nonlinear absorption effects include the reverse saturable
absorption and two-photon absorption. In materials the reverse saturable absorption can enhance
the absorption of light with the increasing light intensity, and thus is a good mechanism for
laser power limiting [16]. While for the two-photon absorption, the absorption coefficient is
generally small, and thus restricts its application in laser power limiting [17]. For the power
limiting techniques driven by nonlinear reflection, most incident radiation can be reflected and
thus can avoid the power limiter to be destroyed by the high power laser [18,19]. However, the
nonlinear reflective methods have an obvious drawback, which is the requirements of special
incident angles [20]. In protection techniques based on nonlinear scattering, the scatter generated
from non-uniform distribution of the liquid solution under strong light is used to achieve the laser
power limiting [21]. However, the optical limiting efficiency is degraded when the temperature
of the suspension increases due to the high light intensity [22].

In this paper we innovatively propose a topological photonic crystal nonlinear laser power
limiter based on topological edge states (TES) and optical Kerr effect. The TES is a state in
which photons can be induced to transmit through the photonic crystal at frequencies in the
bandgap, which offers a new way to control photons transportation [23]. The TES can protect
the transmission of photons from the effects of scattering by impurities and defects in materials,
and the design based on the third order nonlinear effect enables the optical power limiter to
protect against pulsed laser irradiance in nanoseconds regime. In addition, because of the less
sensitivity of the incident light’s angles, the proposed structure has more applications in power
limiting than traditional thin film stacks [24]. Therefore, we envisage the realization of high
transmission or blocking of light by controlling the existence or disappearance of the TES. There
are many methods for constructing TES. Among them, it is a convenient way to design the TES
by controlling the band structure of photonic crystals. In nonlinear optical materials, the light
intensity will change the refractive index of the medium and the corresponding band structure
[25]. Therefore, through reasonable design, the laser power limiter can control the existence
or disappearance of the TES according to the change of the light intensity, and thus realize the
self-activated limiting of the light. Taking the 1064 nm wavelength as an example, the laser
power limiter we designed is effective to protect optical sensors, human eyes, and other sensitive
components. The layered film structure we proposed is relatively simple to fabricate. Compared
with the nonlinear limiting structures of gas and liquid, the proposed structure is layered films
and insensitivity to external environment. Our approach can be better applied to laser goggles,
optical sensor protection and a compact and efficient integrated optical limiter.

2. Principle

We propose a one-dimensional photonic crystal power limiter to construct the TES. The TES
generated in the photonic crystal is used to ensure photons transmission and obtain relatively
high transmission at low power density. Because of the optical Kerr effect, the refractive index
n of the photonic crystal changes as the incident light power increases. With a specific design,
the band gap of photonic crystals narrows as the optical power density increases, limiting the
transmission of light. When the incident optical power density continues to increase, the band
structure no longer meets the conditions of the TES. In such cases, the photonic crystal returns to
its original forbidden band state, preventing light with a certain wavelength from passing through
to achieve the purpose of light power limiting.

The proposed one-dimensional photonic crystal power limiter is shown in Fig. 1. The nonlinear
photonic crystal limiter is composed of a nonlinear photonic crystal L (PC_L) and a linear
photonic crystal R (PC_R). It consists of four materials that are periodically arranged. The
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PC_L includes two nonlinear materials A and B, and the PC_R includes two linear materials C
and D. The thickness of layer A, B, C and D is d4, dp, d¢ and dp, respectively. There are six
sandwich-like unit cells AgsBA( s make up the whole PC_L and the unit cell is marked with a
red dotted rectangle box. In each unit cell, a layer B is sandwiched in the middle of two halves of
layer A. The subscript 0.5 represents half of a complete layer A. The similar six sandwich-like
unit cells CysDCy 5 are arranged in PC_R, where a layer D is sandwiched in the middle of two
halves of layer C in each unit cell.

Photonic Crystal L(PC_ L) Y Photonic Crystal R(PC_R)

A B C D
Input Output
- — == - ey z
d dg O dc  dp

Fig. 1. The structure of a one-dimensional photonic crystal laser power limiter. The
photonic crystal L (PC_L) includes two nonlinear materials A and B, and the photonic crystal
R (PC_R) includes two linear materials C and D.

By designing a suitable linear index of refraction for the power limiter, the TES of the power
limiter appears at low light power density, causing the appearance of a transmission peak at the
position where the photonic crystal is originally forbidden. This means the light that could not
be passed originally can achieve high transmission in this state. As the optical power density
increases, the refractive index of the nonlinear portion of the photonic crystal changes due to the
optical Kerr effect, i.e. n(I)= ng+ny-I, where ny is the linear refractive index of the nonlinear
material, n, is nonlinear-index coefficient of the nonlinear material and 7 is incident light intensity.
As a result, the position of the transmitted peak will be restored to the forbidden band again,
preventing the light from passing through the limiter. The center frequency of the band gap w,,_r,
and w,,_g of the PC_L and PC_R can be calculated by the relation [26]

Wm_L = mﬂ'c/(”ada + nbdb)’ )

Wm_ R = m]TC/(I’lcdc + nddd)’

where ¢ represents the speed of light in vacuum, m is a positive integer, n,, np, n. and ny
represent the refractive indices of the media A, B, C and D, respectively. When the four media are
determined, we can adjust the thicknesses of the unit layers to make both of the center frequencies
wm_r, and w,,_g close to the corresponding wavelength A to be limited.

In order to allow the useful weak signal light to pass through the power limiter, we need to
generate the TES at the desired wavelength A by adjusting the parameters of PC_L and PC_R.
The TES of a one-dimensional photonic crystal can be simply thought to be related to the Zak
phase, which can be calculated by [27]

/A
o= [ N [ st @02 da @
/A unitce.

where A is the length of the complete unit cell constituting the photonic crystal, £(z) denotes
the function of permittivity, u, 4(z) is the Bloch electric field eigenfunction of the n—th band
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with a Bloch wave vector g. For such a 1-D photonic crystal, u, 4(z) can be calculated by the
transmission matrix method [28]. In particular, for a 1-D mirror system, the Zak phase can be
quantized at either O or  [29]. The topological symmetry of n-th gap can be determined from the
sum of the Zak phases, %%, of all the bands below it, and we calculate sign of the topological
properties [26] of PC_L and PC_R by using

senl(~1"exp(>)" 67)] (3)

where 6§29 is the Zak phase of the m—th band of photonic crystal and sgn is the sign function. If
the sign of the topological properties of PC_L and PC_R are respectively denoted as sgn(TPpc 1)
and sgn(TPpc g), and neither of the band gap of PC_L and PC_R is zero, the existing condition
[25] of the TES of the power limiter can be described as sgn(TPpc L)+sgn(TPpc R) 0. In
addition, the Zak phase of the lowest 0—th band of the PC_L (90 L) or PC_R (90 R) can be
determined by the sign of [1-g,up/epp,] or [1-g.pglequc] [26], i.e.

exp(if“}) = sen[1 — saptp/phtal, @
exp(lggj) =sgn[l — ecpa/eapc],

where €4, €p, €c, €4, Ha» Mp, Me and pg are the dielectric constant and permeability of media A,
B, C and D, respectively. Once the TES is formed, incident light with the wavelength of A can
achieve high transmission at low power.

Next, we use the schematic diagrams in Fig. 2 to further clarify the principle of nonlinear laser
power limiter based on topological edge states and optical Kerr effect. The periodic structure
frequency w and Bloch wave vector K of a one-dimensional photonic crystal satisfy the dispersion
relationship

2 _ K?

ueo £ ler])’
where w. are the spectral band edges, u is the permeability tensor, €y and £ are the zeroth
and first Fourier component of the dielectric tensor, respectively. Taking the unit cell Ayg5BAg 5
and CysDCy 5 of PC_L and PC_R as examples, we calculated their band structures at different
optical power density, as shown in the first and second columns of Fig. 2. And the corresponding
transmission is shown in the last column of Fig. 2. The rectangles in the figure represent the
band gap, and the positive and negative signs of the topological properties are corresponding to
the red and blue color of the rectangles, respectively.

The sgn(TPpc 1) and sgn(TPpc g) are opposite when the input optical power density is low.
In such cases, the center position of the band gap (0.5vg corresponds to 24¢) appears a TES,
inducing photons to transmit through the photonic crystals at frequencies within the bandgap.
For linear optical materials, their third-order nonlinear coeflicients are too small to make their
dielectric constant and permeability change with the increasing incident power density. In the
proposed design, the PC_R is composed of two linear optical materials. Therefore, the band
structure of PC_R can remain unchanged with the increasing incident optical power, as shown in
Fig. 2. However, the band gap of PC_L gradually narrows as the input power density increases
because the PC_L consists of two optical nonlinear materials A and B, which results in the
gradual decrease of the light transmission to achieve the purpose of optical limiting. As the input
power density continues to increase, the two bands around the gap of PC_L are reversed, and the
sign of the topological property changes from positive to negative. In such cases, the topological
properties of PC_L and PC_R are the same and the TES disappears, and the original bandgap
state can still play the role of power limiting. The specific relationship between the band gap
width of PC_L and the input optical power density is shown in Fig. 3. The red area in the left
part indicates that Gg“k = m, and the topological property of the band gap is positive. In contrast,
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Fig. 2. The schematic diagrams of the nonlinear laser power limiter based on topological
edge states and optical Kerr effect. The change of the band structure and transmission curve
of the photonic crystal with the increase of the incident light power density. The Zak phase
of each individual band is represented by a green number (0 or ), and the numbers of the
bands are listed with red labels (0 and 1). The positive and negative signs of the topological
properties are corresponding to the red and blue color of the rectangles, respectively.

the blue area in the right part indicates that Qg“k = 0, and the sign of the topological properties of
the band gap is negative.

Sh ~,

Bandgap width(THz)

[=]

0 L i
Input Intensity (MW/cm?)

Fig. 3. The trend of PC_L’s bandgap width with increasing input optical intensity. The f;
is the band gap width of the initial structure, and /¢ is the critical power density where the
topological property of the bandgap changes from 7 to 0.
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3. Structure and material properties of nonlinear laser power limiter

Taking the 1064 nm wavelength as an example, we used this new method to design the optical
limiter. As shown in Fig. 1, the PC_L is composed of two Kerr nonlinear materials A and B,
and the PC_R is composed of two linear materials C and D. The periodic unit cell for PC_L is
AosBAos. The parameters of Kerr nonlinear media A and B are as follows: ny=2.40, ng=1.59,
ds=111nm and dg=158 nm. Similar to the PC_L, the unit cell of the PC_R is CysDCy5. The
parameters of media C and D are as follows: nc=1.48, np=2.29, dc=169 nm and dp=115 nm.
Each photonic crystal consists of six unit cells of AgsBAos and Cys5DCys, respectively. The
nonlinear refractive index of medium A is 74=2.10x10~% cm?/W, and the nonlinear refractive
index of medium B is nyp=—1.84x10"% cm?/W. To meet the refractive index requirement, we
choose nano-Au:(nano-Fe:BaTiOs3) [30] as the material of medium A, and Sn doped ZnO thin
films with 1% doping concentration (1% Sn-ZnO) [31] as the material of medium B. The
absorption coefficient @ and laser damage threshold I, of the substrate materials of medium A
and B are 4=0.02cm™" [32], @=5.03cm™! [31], Ithr_4=0.54 GW/cm? [33] and Iy,_5=1.06
GW/cm? [34], respectively. In addition, we chose PMMA and ZnS as materials for linear media
C and D to meet linear refractive index requirements. The nonlinear refractive index of materials
C and D are nyc=5.78x10""" cm?/W [35] and nop=5.76x107' cm?/W [36], respectively. The
absorption coefficients of materials C and D are 0.15 cm~! [37] and 0.25 cm™! [38], and their laser
damage thresholds are 2.63 GW/cm? [39] and 0.34 GW/cm? [40], respectively. The parameters
of the four materials are shown in Table 1.

Table 1. Related parameters of the four materials.

Nonlinear
Linear refractive index Absorption Laser damage
Thickness refractive coefficient coeflicient threshold

Medium d(nm) index ng no(cm?/W) a(cm™h) Iine(GW/cm?)
A(nano-Au:(nano-Fe:BaTiO3)) 111 2.40 2.10x1078 0.02 0.54
B(1% Sn-ZnO) 158 1.59 —1.84x1078 5.03 1.06
C(PMMA) 169 1.48 5.78x10711 0.15 2.63
D(ZnS) 115 2.29 5.76x10719 0.25 0.34

4. Results and discussion

In order to effectively block the incident laser at the wavelength of 1064 nm, the wide photonic
band gaps of PC_L and PC_R around 1064 nm are necessary. Firstly, we separately calculate the
transmission spectra of PC_L and PC_R at the laser wavelength from 800 to 1300 nm under low
light condition (0.12 MW/cm?) by finite element analysis software, and the results are shown in
Fig. 4(a). It should be noted that, for the transmission curves we obtained in the range from 800
to 1300 nm, the refractive indexes of the four materials used in the calculation are the refractive
indexes corresponding to the wavelength of 1064 nm. Since the linear refractive index changes
of these four materials are small within the near-infrared wavelength range of 800~1300 nm, the
calculation results in Fig. 4 are reliable. We can see that the photonic band gap of the PC_L is in
the range of 900~1100 nm and that of the PC_R is in the range of 1000~1150 nm. There is an
overlap (1000 nm-1100 nm) between the band gaps of these two photonic crystals, which meets
the design requirements for laser power limiting at 1064 nm with high power density.

The reason why the overlap section appears is that the optical path lengths of the smallest
periodic unit cell in them are approximated, i.e. na-da+np-dp=nc-dc+np-dp. Next, we construct
a TES at the interface between the PC_L and the PC_R to ensure that a weaker signal light can
pass through. By calculating the transmission spectrum of the entire limiter in the range of
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Fig. 4. (a) The transmission curves of the PC_L and PC_R in the range of 800~1300 nm. The
forbidden bands of the PC_L and the PC_R overlap around 1064 nm. (b) The transmission
spectrum of the entire laser power limiter in the range of 800~1300 nm.

800~1300 nm, it can be seen that the TES we want to obtain appears at 1064 nm, as shown in Fig.
4 (b). The red dotted rectangle marks a transmission peak at 1064 nm due to the TES.

Next, we consider the changes in the limiting structure during the process of increasing light
intensity. In the case of weaker light intensity, the 1064 nm laser can be successfully transmitted
the limiting structure by the TES. As the light intensity increases, the effective refractive indices
of materials A and B vary with the change of power density of incident laser driven by optical
Kerr effect. As shown in Fig. 5, we calculated the refractive index of the photonic crystal power
limiter at low optical power density (0.12 MW/cm?) and high optical power density (11.66
MW/cm?). The blue dotted line and the red solid line represent the refractive index distribution of
the power limiter at low and high optical power density, respectively. It shows that the refractive
index of the nonlinear materials of PC_L change significantly at high optical power density. The
change in refractive indices is inhomogeneous due to the inhomogeneous distribution of light
field. Because of the difference in the nonlinear refractive index coefficients n,, the refractive
indices of layers A and B increase and decrease, respectively.

—_ - - . Low power density
= 3.0 - — High power density
g

T 25,

=

v

=

E 2.0

=

b5}

A 1.5

1.5 -1.0 0.5 0.0 05 1.0 15
Z(um)

Fig. 5. The refractive index distribution of the photonic crystal power limiter at low and
high optical power density The parts of Z <0 and Z > 0 are corresponding to the PC_L and
PC_R, respectively.

The change of the effective refractive index due to Kerr effect causes the photonic crystal band
properties to change, resulting in the gradual disappearance of the TES. Then we compute the
optical limiting effect of the structure by finite element analysis. Considering the incident light
entering vertically from the left side of the limiter, we calculate the electric field distribution of
the nonlinear limiter for a laser with a wavelength of 1064 nm in the conditions of weak light
(0.12 MW/cm?) and strong light (11.66 MW/cm?), as shown in the Fig. 6(a). The green area on
the left is corresponding to the PC_L, and the yellow area on the right is corresponding to the
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PC_R. The black solid curve represents the electric field distribution under low light conditions,
indicating that a TES exists at the interface between the PC_L and PC_R. The red dotted curve
represents the distribution of the electric field under strong light, and it can be seen that the
TES almost disappears in this case. It is obvious that the strong light is well limited from the
electric field distribution diagram. In the proposed structure, we practically make the absolute
value of the dp/d4 to be the same with nps/nyp. This allows the effective optical path length
na-da+np-dp to be constant with the same intensity of light, thereby ensuring that the position
of the transmission peak of the structure does not change. We continuously added the incident
optical power density and the transmission peak decreased accordingly, as shown in Fig. 6(b). In
order to obtain the transmission curves in the wavelength range from 1060 nm to 1074 nm, the
refractive indexes and nonlinear refractive index coefficients of the four materials used in the
calculation are that of corresponding to the wavelength of 1064 nm. As the changes of refractive
indexes and nonlinear refractive index coefficients of the four materials are small within the
narrow wavelength range from 1060 nm to 1074 nm, the obtained transmission curves have
high reliability. Each of the transmission curves in Fig. 6(b) is obtained by sweeping the laser
wavelength while keeping the laser power. The value of the maximum power density we applied
is much lower than the laser damage threshold of the four materials, and thus a desired limiting
effect can be achieved. The optical limiting threshold, one of the parameters to describe the
performance of optical power limiter, is defined as the incident intensity where the transmission
drops to 50% of the initial linear value [41]. The optical limiting threshold of the structure is
found to be 0.31 MW/cm?2. The value is lower than some other nonlinear materials such as Cgp,
porphyrins, and phthalocyanines [42—44], and thus shows that this structure has better power
limiting sensitivity.

a b
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S s 2 ——0.35 MW/cm?
= = 04 —— 0.69MW/cm?
6 g 1.73 MW/cm?
g
4 = 02
2
-1.5 -1.0 0.5 0.0 05 1.0 15 1060 1064 1068 1072
Z(um) Wavelength (nm)
(c) 05 = (d) 05
0.8 .\' » N 0.8 —es— Transmission \é
); Output —a— Limiter Output
= - Sl &
0.6 P ~ 0.64 <
= dqam | = = -
2 03 2 2 03 &
3 04 —e— Transmission 3 :’ 04 2
= 0. a— Limi = 044 )
E Limiter Output 0.2 ?’ 5 02
£ 02 = g EE 0.2 AT 3
& 0. .2 4 01 3
-— 0.1 ‘J; A= S
S e 5
00— ——e— e 1 0.0 3 0.0 1 . . . . 0.0 &,
0 2 4 6 8 10 12 © 00 01 02 03 04 05
Incident Power Density (MW/cn?) Incident Power Density (MW/cn?)

Fig. 6. (a) The electric field distribution of the photonic crystal power limiter at low and
high optical power densities. (b) Five transmission spectrum of optical limiter with input
power density increased from 0.12 MW/cm? to 1.73 MW/cm?. (c) The transmission and
output power density curves as the incident intensity increases from 0.12 MW/cm? to 11.66
MW/cm2. (d) An enlarged plot of the transmission and output power density when /, input<0.5
MW/cm?, which is marked by the yellow dotted box in Fig. 6(c).



Research Article Vol. 28, No. 8/13 April 2020/ Optics Express 12088 |

Optics EXPRESS i NN

We also calculated the transmission with different light power densities at incident wavelengths
of 1064 nm. The optical transmission and output power density versus incident intensity is shown
in Fig. 6(c). The Fig. 6(d) is an enlarged plot of the transmission and output power density when
the incident power density is less than 0.5 MW/cm?, which is marked by the yellow dotted box
in Fig. 6(c). The blue line with red triangle represents the output power density after passing
through this optical limiter, and the black line with red circle is the transmission corresponding
to the incident optical power density. The trend of the proposed limiter output is very close
to the response of the ideal optical limiter proposed in the Ref. [45]. It can be seen that the
transmission decreases rapidly from 82.54% to 1.04% as the incident power density increases
from 0.12 MW/cm? to 11.66 MW/cm?. The output power density talso increases linearly with the
input power density (Zpu:<0.2 MW/cm?), and finally the value is stable around 0.14 MW/cm?,
which is a low output power density that one would expect from a good power limiter [46].
The results show that the laser power limiter we designed has a good protection effect on the
1064 nm laser. The method of finite element analysis has been used for analyzing optical limiters
[24,47]. The comparison with the results of laser power limiter reported in recent years is shown
in Table 2. The optical limiter we designed shows a good performance in laser power limiting.
Compared with most power limiting methods, the proposed power limiter possesses higher linear
transmission. Simultaneously, the transmission of the power limiter under strong light (11.66
MW/cm?) can be reduced to 1.04%. Although the limiting method based on phase change
materials has better performance [20], the photothermal effect induced phase change requires
much longer time and cannot respond quickly to narrow laser pulses. In contrast, the proposed
power limiter based on TES and the optical Kerr effect has a good limiting effect on nanoseconds
pulses [24].

Table 2. The effect of several limiting methods.

Transmission Transmission Laser damage The on-set
under weak under strong threshold threshold
The limiting methods light(T7) light(7>) I,h,(GW/cmz) (MW/cmz) Reference
Nonlinear laser power limiter 82.54% 1.04% 0.34 0.12 This paper
based on topological edge states
Reflective nonlinear photonic 42% 2.4% 7.39%1070 - [18]
structure
Reflective optical limiter using 85% 0.02% - - [20]
GST phase change material
2D nonlinear photonic crystals - 0.89 9 [24]
Optical limiter using 55% almost 0% - - [47]
epsilon-near-zero grating
23.4(peak
Photonic crystal limiter 60% 14% input power) - [48]
embedded in an absorbing
defect layer

5. Fabrication feasibility and tolerance analysis

Compared to the complicated and difficult fabrication process of two-dimensional, three-
dimensional photonic crystal, one-dimensional photonic crystals can be easily realized by various
mature fabrication processes [49]. The existing technology can easily prepare a nano-scale
photonic crystal film, making the fabrication of the power limiter possible. For example, some
works have prepared ZnO films by atomic layer deposition where the surface roughness value can
reach 0.12 nm [50]. Some researchers have prepared PMMA nano-films with a surface roughness
of 0.14 £ 0.01 nm [51]. In another work, researchers have prepared SiO,/TiO, one-dimensional
photonic crystals by sol-gel method, and the root mean square deviation of SiO; film is 0.346 nm
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[52]. It can be seen that different types of films and different fabrication processes result
in different values of surface roughness. Considering the possible surface roughness of the
fabrication process, we further analyze the effect of surface roughness on the limiting effect
of the structure with the low power density incident light of 1064 nm. Practically, compared
with the theoretical thickness of each layer, we assume the deviation thickness of each media
layer in the power limiter changes from —0.5 nm to 0.5 nm while fixing the thickness of other
dielectric layers. By alternately changing the thickness of media A, B, C and D while keeping
the thickness of other dielectric layers, we calculated the transmission with the incident intensity
of 0.12 MW/cm?. The values of transmissions are shown in Fig. 7(a). The curves of the four
colors of purple, green, dark blue, and light blue indicate the effects of the surface roughness of
the media A, B, C, and D on the light transmission at 1064 nm, respectively.
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Fig. 7. (a) The transmission curve of the 1064 nm laser with weak light (0.12 MW/cm?)
caused by the surface roughness of the limiting structure medium. (b) Light intensity
distribution inside the power limiter with an incident optical power density of 11.66
MW/cm?.

It can be seen that the value of light transmissions at 1064 nm are lowered with the increasing
absolute value of deviation thickness, which can be explained by the above formula (1). The
surface roughness of the dielectric layer causes the position of the peak of the transmission deviate
from 1064 nm. In order to ensure a high transmission of 1064 nm signal light or probe light, we
use 70% transmission as the minimum standard to consider the allowable surface roughness of
each medium. The allowable surface roughness of the medium A, B, C and D are 0.45, 0.75,
0.75 and 0.55 nm, respectively. The allowable surface roughness of each medium layer can be
fabricated using modern technology in References of [5S0-52].

In addition, we also considered the influence of heating due to the linear light absorption in
the materials during the process of the laser power limiting. We calculated the light intensity
distribution inside the power limiter with an incident optical power density of 11.66 MW/cm?, as
shown in Fig. 7(b). The maximum light intensities corresponding to the media A, B, C, and
D are 41.37, 17.34, 18.11, and 20.01 MW/cm?, respectively. According to Beer-Lambert law,
which is I=Ipe*X(I and I, are respectively the output and input light intensity of the media,
«a is absorption coefficient, and L is the thickness of the media), we calculate the light energy
absorbed by the materials. For composite materials A and B, we mainly consider the influence of
the substrate materials BaTiO3; and ZnO. The related optical and thermal parameters of the four
materials are listed in the Table 3 [53-55]. Therefore, we can obtain the temperature change AT
of each medium by
(0] Al

AT = — = —,
Cm Cpl

(6)
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where Al is the absorbed light intensity, 7 is the laser pulse width, C is the specific heat capacity
and p is density of the materials. In order to fully consider the influence due to the heat generated
from light absorption inside the medium, we take the effective lengths [ as that corresponding to
90% of the maximum light intensity of the four media. According to the light field distribution
obtained by using finite element analysis, the effective lengths / of the media A, B, C and D are
45,5, 5 and 37 nm, respectively. We use the region with the largest thermal expansion to estimate
the deformation of the entire power limiter due to photothermal effect. We obtain the thickness
change AL of the four media by the thermal expansion formula AL=BLAT, where 3 is coeflicient
of thermal expansion. When the incident optical power density reaches 11.66 MW/cm? and the
pulse width is 10 ns, the thickness changes of the media A, B, C and D are 1.27x 107%,2.20x1072,
5.50x1072 and 4.95x10~* nm, respectively. Since these thickness changes are so small and thus
can be neglected, the influence of the heat generated from light absorption on the performances
of the power limiter can be omitted.

Table 3. Optical and thermal properties of the four materials.

Absorption Specific heat Coefficient of

coeflicient Density capacity thermal expansion Thickness
Medium a(cm™) p(g/em?) C(J/kg'K) Bk changes AL(nm)
A(BaTiO3)  0.02 6.02 527 6.50x1076 1.27%x107°
B(ZnO) 5.03 5.68 520 1.48x1075 2.20x1072
C(PMMA)  0.15 1.18 1464 6.14x1075 5.50x1073
D(ZnS) 0.25 4.09 469 2.57x1075 4.95%x1074

6. Conclusion

In conclusion, combining the TES of the photonic crystal structure and the nonlinear optical
Kerr effect, we propose a novel photonic crystal nonlinear laser power limiter. The limiter can
allow weak signal light to pass through with high transmission at a certain wavelength, but blocks
most of the intense hostile or accidental laser with the same wavelength. Taking the 1064 nm
wavelength as an example, the transmission of the proposed limiter can reach 82.54% when a
weak incident optical intensity is less than 0.12 MW/cm?, and the transmission can be reduced
to 1.04% when the incident intensity reaches 11.66 MW/cm?. In addition, combined with the
existing fabrication process, we analyze the effect of surface roughness on the limiter and give the
allowable surface roughness of each medium. We also consider the influence of heating due to
the light absorption in the power limiter, and the calculation results show that it is too small and
thus can be omitted. Our work provides a new approach to design high-performance nonlinear
laser power limiter.
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