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基于向日葵型圆形光子晶体的高灵敏度
太赫兹折射率传感器*

严德贤 1)2)†    李九生 1)2)    王怡 2)

1) (中国计量大学太赫兹研究所, 杭州　310018)

2) (中国计量大学信息工程学院, 浙江省电磁波信息技术与计量检测重点实验室, 杭州　310018)

(2019 年 7 月 4日收到; 2019 年 8 月 15日收到修改稿)

在基于太赫兹技术的生物化学传感应用中, 折射率传感逐步引起了广泛的研究兴趣. 为了提升太赫兹传

感器的性能, 本文提出了基于向日葵型的圆形光子晶体折射率传感器. 所设计的传感器包括两个在光子晶体

谐振腔中心对称分布的样品池. 研究了传感器性能与结构参数之间的依赖关系, 并讨论了这些参数的选择从

而优化了传感器的性能. 最后, 所设计的折射率传感器在不同参数下获得的最大灵敏度为 10.4 µm/RIU, 最大

的 Q 因子为 62.21, 最大的品质因数为 1.46. 该项工作将圆形光子晶体传感器扩展到太赫兹波段, 实现了高性

能太赫兹波折射率传感器.
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1   引　言

光学传感器, 包括温度传感器 [1]、湿度传感器 [2]

和折射率传感器 [3] 等, 可以应用在诸多领域. 太赫

兹波具有指纹特性, 能够区分由分子旋转和振动模

式引起的生物和化学物质的特性 [4−8]. 为了提升太

赫兹波和分析物之间的相互作用程度, 使用具有强

约束性的各种微结构来设计传感器, 比如光子晶

体、纳米线、等离子体结构和超材料等. 中国计量

大学 Cheng等 [9] 提出了一种新型的基于光子晶体

谐振腔结构的传感装置. 该传感器是由两个相同的

光子晶体板条组成, 板条是由在硅基底上按照正方

形晶格排列的硅基圆形柱构成. 该传感器在 529.2 GHz

频率处具有较窄的透射共振峰, 其品质因数 (FOM)

为 529. 深圳大学 Xiang等 [10] 通过激发石墨烯表

面等离子共振实现高灵敏度太赫兹气体传感器.

优化后的灵敏度约为 147°/RIU.  Keshavarz和

Alighanbari[11] 提出了一种基于 Tamm等离子体

激元的新型太赫兹折射率传感器, 由布拉格反射器

和石墨烯层组成. 该传感器在 1.132 THz处的灵敏

度为 175.5 µm/RIU. 斯坦福大学的 Padhy等 [12]

数值研究了基于铜线波导等离子体的太赫兹折射

率传感器 . 获得的峰值灵敏度和分辨率分别为

59.9 RIU–1 和 1.66 × 10–4 RIU, 在 269.8 µm处的

穿透深度为 48 µm. Janneh等 [13] 报道了一种高

Q 因子超表面太赫兹完美吸收器, 并研究了谐振模

频率随折射率的变化情况. 获得最大的灵敏度和

FOM分别为 360 GHz/RIU和 19.1.

基于二维 (2D)光子晶体谐振腔的太赫兹波传

感器因其优异的传感性能而被广泛应用于科研及

工程领域 [14−17]. 光子晶体是折射率的空间分布具
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有周期性的人工微结构. 由于其具有光子带隙, 可

用于设计许多的光学器件, 如反射镜 [18]、偏振选择

器 [19] 和吸收器 [20] 等等. 光子晶体传感器具有无标

记传感、高灵敏度、高 Q 因子和快速响应等优点.

根据不同的传感参数, 光子晶体传感器可以分为气

体传感器 [21]、液体传感器 [22]、机械传感器 [23] 和电

磁场传感器 [24] 等. 根据不同的传感机理, 光子晶体

传感器可以分为波长灵敏型、强度灵敏型和相位灵

敏型等. 光子晶体具有较强的电磁波限制特性, 并

且谐振腔中产生的谐振模式对周围环境的变化具

有较高的灵敏性.

灵敏度是评估太赫兹波传感器工作特性的关

键因素之一. 研究人员设计了各种传感器结构, 如

异质结结构 [25]、狭缝波导结构 [26] 和非圆形棒结构 [27]

等. 这些结构比较复杂, 在实际应用中不易进行加

工, 使用成本较高. 在红外波区域, 基于圆形光子

晶体的传感器具有较高的灵敏度 [28]. 但在太赫兹

波区域, 关于圆形光子晶体传感器的研究尚未见报

道. 圆形光子晶体具有旋转对称性, 这样能够设计

出具有更高自由度的太赫兹波器件. 基于圆形光子

晶体结构的器件具有低损耗、小体积、高 Q 因子等

特性. 前期研究结果表明, 圆形光子晶体在高性能

太赫兹波传感器的应用领域具有较大的潜力.

本文提出了一种基于圆形光子晶体的太赫兹

波折射率传感器, 空气孔按照向日葵型分布在高密

度聚乙烯 (HDPE)基底上. 太赫兹波沿着传感器

入射, 并根据透射光谱得到圆形光子晶体的带隙.

当中心样品池填充具有不同折射率的分析物时, 使

用有限元法分析太赫兹波传感器的透射特性. 另一

方面, 还研究了太赫兹波传感器的工作特性. 数值

计算表明, 通过优化结构参数, 设计的传感器结构

可以分别获得较高的灵敏度 (S = 10.4 µm/RIU)、
Q 因子 (Q = 62.21)和品质因数 (FOM = 1.46),

可以应用于无标签生物传感. 

2   模型和理论研究

图 1给出本文所设计的基于向日葵型圆形光

子晶体太赫兹传感器结构图. 在 o-xy 平面上的散

射体 (HDPE基板中的气孔)的空间晶格位置由下

面公式描述 [29]: 

x(M,m) = aM cos
(
2mπ
6M

)
,

y(M,m) = aM sin
(
2mπ
6M

)
, (1)

其中 a 是晶格常数, M 是空气孔的环数, m (1 ≤

m ≤ 6M)是第 M 圈空气孔的数量. 为了降低加工

难度和降低传感器成本 , 所有的空气孔设置在

HDPE基底上, 空气孔半径为 r. HDPE材料在太

赫兹波段的折射率为 n = 1.535. 空气孔的深度

(与圆形光子晶体基板的厚度相关)在 z 方向上远

大于 a. 通过移除圆形光子晶体的中心、第一环和

第二环处的空气孔, 然后将两个较大的对称空气孔

作为样品池放置在中心区域从而构成折射率传感

器. 两个样品池对称分布在圆形光子晶体的中心区

域部分. 每个样品池是由两个半径分别为 r1 和 r2
的圆形空气孔取交集、一个宽度为 t 的 HDPE薄

壁以及两个半径分别为 R1 和 R2 的圆形空气孔取

交集组成. 中心缺陷结构可以降低样品填充的难

度, 同时较大的样品池可以使得太赫兹波与样品充

分互作用, 提高传感器性能. 两个样品池之间的距

离定义为 g. 具有 TE偏振态的太赫兹波从光子晶
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图 1    圆形光子晶体太赫兹波传感器　(a)二维结构; (b)三维结构

Fig. 1. (a) 2D structure of the terahertz wave sensor based on the circular photonic crystal; (b) 3D structure of the sensor. 
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体谐振腔左侧注入到传感器, 在传感器的右侧设置

监视器, 对传感器的透射特性进行监控. 所设计的

传感器结构参数的初始值设定为 : a = 100 µm,
r = 0.42a = 42 µm, R1 = 100 µm, R2 = 125 µm,
r1 = 80 µm, r2 = 125 µm, t = 10 µm和 g = 0 µm.

≫ ≫

使用 COMSOL Multiphysics软件分析太赫

兹波传感器的工作特性. 在传感器三维 (3D)模型

中, 空气孔在 z 方向上的深度 d 远远大于工作波

长 (l)和晶格常数 (a), 即 d    l, d    a. 在仿真

过程中, 使用 2D模型替代 3D模型进行计算, 从

而可以较大程度地减少计算时间和计算内存. 根据

之前报道的工作, 使用 2D和 3D模型计算所得到

结果相似 [28], 可以获得模型的基本物理特征. 本文

中模型的边界条件设置为完美匹配层从而吸收能

量. 模型的网络划分选用物理控制网格, 自由网格

的数量为 227661. 当仿真计算机的配置为 Intel(R)

Core(TM)  i5-8400  CPU  @  2.80  GHz和 RAM

8.00 GB时, 仿真所耗费的平均时间为 5227s.

首先仿真计算了无缺陷的圆形光子晶体 (蓝色

虚线)和本文所设计的传感器 (红色实线)在结构

参数为初始值时的透射光谱, 结果如图 2所示. 当

分析物样品的折射率为 n = 1.0时, 计算频率范围

为 0.5—2.0 THz的太赫兹波透射光谱. 从透射曲

线可以看出, 当圆形光子晶体没有缺陷时, 输入太

赫兹波不能够通过传感器. 当在圆形光子晶体中引

入缺陷构成传感器时, 具有特定频率的太赫兹波可

以通过传感器部分地到达输出端口, 相反, 某些频

率的太赫兹波不能够通过传感器到达输出端口, 这

为太赫兹波传感器的实现提供了基础.

为了评估传感器的性能, 本文计算分析了折射

率传感器的灵敏度 S, Q 因子和 FOM等性能参数.

灵敏度可以定义为 [28]
 

S =
∆λ

∆n
, (2)

其中 Dl 表示谐振波长的改变, Dn 表示折射率的

改变.

Q 因子可以定义为 [28]
 

Q =
−2πfR log 10(e)

2m
, (3)

其中 fR 是传输太赫兹波的谐振频率, m 是 SI单位

制的衰减斜率.

FOM是一个表征传感器整体性能的参数, 可

以定义为 [28]
 

FOM =
SQ

λR
, (4)

其中 S 表示灵敏度, Q 表示 Q 因子, lR 是谐振波长. 

3   研究结果及讨论

为了获得上述的物理量 (S, Q 和 FOM), 在图 3

中, 计算了分析物样品折射率 n 在 1.1—1.5变化

时在频率范围 0.5—2.0 THz内的太赫兹波透射光

谱, 折射率变化步长为 0.1. 传感器在填充有不同

折射率分析物时的透射光谱呈现出相似的变化趋

势, 如图 3所示.
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图 2    计算得到的无缺陷圆形光子晶体的透射光谱 (蓝色

虚线)和基于圆形光子晶体设计的太赫兹传感器的透射光

谱 (红色实线)

Fig. 2. Calculated transmission spectra of a circular photon-

ic crystal  without  defects  (dashed  blue  curve)  and  the  de-

signed sensor (solid red curve). 
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图  3    不同样品折射率时圆形光子晶体传感器在 0.5—

2.0 THz范围内的透射谱

Fig. 3. Transmission spectra  of  the  circular  photonic   crys-

tal sensor  ranging  from  0.5  to  2.0  THz  with  different   re-

fractive indices of the samples. 
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图 4给出了传感器在太赫兹波频率范围

1.15—1.35 THz内的详细的透射光谱. 图 4的插图

是传感器在频率为 1.233 THz、折射率为 1.0时的

2D电场分布, 此时入射到传感器的太赫兹波由于

散射或者反射, 无法到达传感器输出端. 随着分析

物的折射率 n 以步长 Dn = 0.1从 1.1增加到 1.5,

传感器的透射极小值频率从 1.233 THz降低到

1.220 THz, 如图 4所示.

根据(2)式可以计算得到灵敏度为6.475 µm/RIU.
根据 (3)式和 (4)式 , 可以获得对应的 Q 因子和

FOM分别为 52.57和 1.40. 该折射率范围表明本

文提出的太赫兹折射率传感器可以广泛应用于气

体传感或者液体传感领域.

为了提升传感器的传感性能, 对包括 t 和 g 在

内的传感器的结构参数进行了优化. 参数 t 和 g 对

灵敏度 S, Q 因子和 FOM的影响如图 5和图 6

所示.

当传感器的其他参数设置为其初始值时, 参

数 t 对灵敏度 S, Q 因子和 FOM的影响在图 5中

给出 . 当参数 t 以 Dt = 2 µm的步长从 0增加

到 20 µm时 , 灵敏度从 6.975 µm/RIU减小到

5.5 µm/RIU, 当参数 t 取值范围在 4—16 µm时,

灵敏度没有显著的变化. 同时, Q 因子从 49.6振荡

增加到 62.21. FOM表现出振荡趋势, 但没有显著

变化, 并且介于 1.45—1.36之间. 应当注意的是,

当参数t = 20 µm时, 两个样品池的面积最小; 而

当 t = 0 µm时, 两个样品池的面积达到最大.

接下来分析当参数 t = 0 µm时, 参数 g 对灵

敏度 S, Q 因子和 FOM的影响, 计算结果如图 6

所示. 受到结构参数的限制, 两个样品池之间的间

隙 g 位于 0—16 µm之间. 当 g = 0 µm时, 两个样

品池互相接触, 中间没有缝隙的存在; 而当参数

g 增加至 16 µm时, 两个样品池分别和上、下空气

孔相接触, 此时两个样品池之间的缝隙最大. 当参

数 g 以 Dg = 1 µm的步长从 0 µm增加到 16 µm
时, 灵敏度呈现递增的趋势, 并且 S 从 6.975 µm/RIU
增加到 10.4 µm/RIU. 当参数 g = 16 µm时, 最大

的灵敏度为 10.4 µm/RIU. 与之相反, 当参数 g 从

0 µm增加到 16 µm时, Q 因子呈现出递减的趋势,

Q 因子从 49.68降低到 33.31. 当参数 g = 0 µm
时, Q 因子的最大值为 49.68. 最后, FOM呈现出

振荡变化的趋势 (尽管不显著), 并且其值介于

1.43—1.46之间.

从上述结果可以推断出, 太赫兹波传感器的结

构参数 t 和 g 对灵敏度、Q 因子和 FOM具有不可

忽略的影响 . 灵敏度 S 和 Q 因子随着参数 t 和
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g 的变化呈现显著的变化, 并且在不同的参数 t 和

g 取值时达到最大值. 这主要是由于高灵敏度和高

Q 因子之间的权衡所造成的. 为了获得较高的传感

灵敏度, 需要满足太赫兹波和分析物之间较高的重

叠度, 从而能够使得太赫兹波与分析物之间的相互

作用增强. 与此相反, 为了获得较高的 Q 因子, 需

要满足太赫兹波与波导介质之间的高重叠度. 因

此, 在实际应用中, 应该根据传感需求选择传感器

的最佳结构参数. 例如, 为了实现高灵敏度, 传感

器结构参数 t 和 g 可以分别选择为 t = 0 µm和 g =

20 µm. 否则, 为了获得高 Q 因子, 结构参数 t 和

g 可以分别选择为 t = 20 µm和 g = 0 µm. 而传

感器的 FOM在参数 t 和 g 取值不同时的变化不显

著, 从而说明本文所设计的传感器的传感性能比较

稳定, 可以满足不同实际场合的应用需求. 目前来

说基于 HDPE的光子晶体太赫兹波传感器的制造

技术主要有 3D打印和电子束光刻等. 由于实验室

没有相应的加工和测试设备, 目前条件还无法进行

实验验证. 

4   结　论

本文研究了向日葵型圆形光子晶体太赫兹波

折射率传感器的传感性能. 分析了结构参数与传感

器传感性能之间的关系. 所设计的折射率传感器在

不同参数下获得最大的灵敏度为 10.4 µm/RIU,
最大的 Q 因子为 62.21, 最大的品质因数为 1.46.

总而言之, 本文工作的成果为实现高性能太赫兹波

传感器奠定了理论基础.

参考文献

 Wu F, Wu J J, Guo Z W, Jiang H T, Sun Y, Ren J, Chen H
2019 Phys. Rev. Appl. 12 014028

[1]

 Wang  X  P,  Sang  M  H,  Yuan  W,  Nie  Y  Y,  Luo  H  M  2016
IEEE Photonics Technol. Lett. 28 264

[2]

 Zhang Y B, Liu W W, Li Z C, Zhi L, Cheng H, Chen S Q,
Tian J G 2018 Opt. Lett. 43 1842

[3]

 Liang L, Hu X, Wen L, Zhu Y H, Yang X G, Zhou J, Zhang
Y X, Carranza I E, Grant J, Jiang C P, Cumming D R S, Li
B J, Chen Q 2018 Laser Photonics Rev. 12 1800078

[4]

 Xu S, Fan F, Ji Y Y, Cheng J R, Chang S J 2019 Opt. Lett.
44 2450

[5]

 Li S H, Li J S, Sun J Z 2019 Acta Phys. Sin. 68 104203 （in
Chinese） [李绍和, 李九生, 孙建忠 2019 物理学报 68 104203]

[6]

 Chen J, Nie H, Tang C J, Cui Y H, Yan B, Zhang Z Y, Kong
Y R, Xu Z J, Cai P G 2019 Appl. Phys. Express 12 052015

[7]

 Tian W, Wen Q Y, Chen Z, Yang Q H, Jing Y L, Zhang H
W 2015 Acta Phys. Sin. 64 028401 （in Chinese） [田伟, 文岐
业, 陈智, 杨青慧, 荆玉兰, 张怀武 2015 物理学报 64 028401]

[8]

 Cheng  W,  Han  Z  H,  Du  Y,  Qin  J  Y  2019 Opt.  Express  27
16071

[9]

 Xiang Y J, Zhu J Q, Wu L M, You Q, Ruan B X, Dai X Y
2018 IEEE Photonics J. 10 6800507

[10]

 Keshavarz M M, Alighanbari A 2019 Appl. Opt. 58 3604[11]
 Padhy P, Sahu P K, Jha R 2016 Sens. Actuators B 225 115[12]
 Janneh M, Marcellis A D, Palange E, Tenggara A T, Byun D
2018 Opt. Commun. 416 152

[13]

 Wang S H, Sun X H, Wang C, Peng G D, Qi Y L, Wang X S
2017 J. Phys. D: Appl. Phys. 50 365102

[14]

 Yan D X, Li J S, Jin L F 2019 Laser Phys. 29 025401[15]
 Tavousi  A,  Rakhshani  M  R,  Mansouri-Birjandi  M  A  2018
Opt. Commun. 429 166

[16]

 Wang C H,  Zhao  G H,  Chang  S  J 2012 Acta  Phys.  Sin. 61
157805 （in Chinese） [王昌辉, 赵国华, 常胜江 2012 物理学报
61 157805]

[17]

 Fink  Y,  Winn  J  N,  Fan  S  H,  Chen  C  P,  Michel  J,
Joannopoulos J D, Thomas E L 1998 Science 282 1679

[18]

 Wu F,  Lu G,  Guo Z W,  Jiang  H T,  Xue  C H,  Zheng  M J,
Chen C X, Du G Q, Chen H 2018 Phys. Rev. Appl. 10 064022

[19]

 Wang X, Jiang X, You Q, Guo J, Dai X Y, Xiang Y J 2017
Photonics Res. 5 536

[20]

 Kraeh C, Martinez-Hurtado J L, Popescu A, Hedler H, Finley
J J 2018 Opt. Mater. 76 106

[21]

 Caër C, Serna-Otálvaro S F, Zhang W W, Roux X L, Cassan
E 2014 Opt. Lett. 39 5792

[22]

 Li L Q, Li  T L,  Ji  F T, Song W P, Zhang G Y, Li  Y 2017
Microsyst. Technol. 23 3271

[23]

 Ghanaatshoar M, Zamani M 2015 J. Supercond. Novel Magn.
28 1365

[24]

 Wang B, Jin H T, Zheng Z Q, Zhou Y H, Gao C 2017 Sens.
Actuators B 244 344

[25]

 Li K, Feng X, Cui K Y, Zhang W, Liu F, Huang Y D 2017
Appl. Opt. 56 3096

[26]

 Ouerghi  F,  AbdelMalek  F,  Haxha  S,  Abid  R,  Mejatty  H,
Dayoub I 2009 J. Lightwave Technol. 27 3269

[27]

 Ge R, Xie J L, Yan B, Liu E X, Tan W, Liu J J 2018 J. Opt.
Soc. Am. A 35 992

[28]

 Lee P T, Lu T W, Fan J H, Tsai F M 2007 Appl. Phys. Lett.
90 151125

[29]

物 理 学 报   Acta  Phys.  Sin.   Vol. 68, No. 20 (2019)    207801

207801-5

http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1103/PhysRevApplied.12.014028
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1109/LPT.2015.2494601
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1364/OL.43.001842
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1002/lpor.201800078
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.1364/OL.44.002450
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7498/aps.68.20190032
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7567/1882-0786/ab14fa
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.7498/aps.64.028401
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
http://dx.doi.org/10.1364/OE.27.016071
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
https://ieeexplore.ieee.org/document/816835
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1364/AO.58.003604
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.snb.2015.09.005
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1016/j.optcom.2018.02.013
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1361-6463/aa7c56
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1088/1555-6611/aaf326
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.1016/j.optcom.2018.08.019
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.7498/aps.61.157805
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1126/science.282.5394.1679
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1103/PhysRevApplied.10.064022
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1364/PRJ.5.000536
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1016/j.optmat.2017.12.024
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1364/OL.39.005792
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s00542-016-3186-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1007/s10948-014-2859-7
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1016/j.snb.2016.12.044
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1364/AO.56.003096
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1109/JLT.2009.2021488
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1364/JOSAA.35.000992
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://dx.doi.org/10.1063/1.2724899
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1


High sensitivity terahertz refractive index sensor based on
sunflower-shaped circular photonic crystal*

Yan De -Xian 1)2)†    Li Jiu -Sheng 1)2)    Wang Yi 2)

1) (Centre for THz Research, China Jiliang University, Hangzhou 310018, China)

2) (Key Laboratory of Electromagnetic Wave Information Technology and Metrology of Zhejiang Province, College of Information

Engineering, China Jiliang University, Hangzhou 310018, China)

( Received 4 July 2019; revised manuscript received 15 August 2019 )

Abstract

Refractive index sensing is attracting extensive attention in biochemical sensing using terahertz technology.

Various  structures  with  strong  confinements  have  been  used  to  design  sensors  for  improving  the  interaction

between the terahertz wave field and the analytes, such as photonic crystals, nanowires, plasmonic structures,

and  metamaterials.  Terahertz  wave  sensors  based  on  two-dimensional  photonic  crystal  have  been  used  in

various  areas  ranging  from  disease  diagnostics  to  environmental  pollution  detection.  For  improving  the

performance  of  terahertz  sensor,  a  sensing  scheme  based  on  high-density  polyethylene  sunflower-typecircular

photonic crystal structure is proposed. The designed sensor contains two symmetrical sample cells surrounding a

cavity  in  a  circular  photonic  crystal.  The  transmission  properties  of  the  terahertz  wave  sensor  are  analyzed

based on COMSOL Multiphysics when the central sample cells are filled with analyte with different refractive

indices.  The  sensor  characteristics  depending  on  the  structure  parameters  are  analyzed.  The  choice  of  these

parameters is discussed. Finally, a sensitivity of 10.4 µm/RIU, Q-factor of 62.21, and figure-of-merit of 1.46 are
realized. The results in this work are expected to be able to extend the circular photonic crystal-based sensor to

terahertz wave region.
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