Opto-Electronic Supplementary information
Advances 2023, Vol. 6, No. 3

DOI: 10.29026/0ea.2023.220018

Inverse design and realization of an optical
cavity-based displacement transducer with
arbitrary response

Qianbo Lu'*, Qingxiong Xiao?, Chengxiu Liu?, Yinan Wang?,
Qixuan Zhu!, ManZhang Xu?, Xuewen Wang!?, Xiaoxu Wang?* and
Wei Huang!*

Ningbo Institute of Northwestern Polytechnical University, Frontiers Science Center for Flexible Electronics (FSCFE), MIIT Key Laboratory of
Flexible Electronics (KLoFE), Shaanxi Key Laboratory of Flexible Electronics (KLoFE), Institute of Flexible Electronics (IFE), Northwestern
Polytechnical University, Xi'an 710072, China; ?The Key Laboratory of Information Fusion Technology, Ministry of Education, School of
Automation, Northwestern Polytechnical University, 127 West Youyi Road, Xi'an 710072, China.
*Correspondence: QB Lu, E-mail: iamglu@nwpu.edu.cn; XX Wang, E-mail: woyaofly1982@163.com;

W Huang, E-mail: iamwhuang@nwpu.edu.cn

This file includes:

Section 1: Theoretical model of reflection in condition of anisotropic media
Section 2: Self-built fitness function setting and corresponding values
Section 3: Material library

Supplementary information for this paper is available at https://doi.org/10.29026/0ea.2023.220018

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
The Author(s) 2023. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

220018-S1


https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.29026/oea.2023.220018
http://creativecommons.org/licenses/by/4.0/.

Lu QB et al. Opto-Electron Adv 6, 220018 (2023) https://doi.org/10.29026/0ea.2023.220018

Section 1: Theoretical model of reflection in condition of anisotropic media
Regarding the reflection by anisotropic stratified systems, we start from Maxwell’s equations
V x E = —iwB
V x H=iwD . (S1.1)
Putting the Cartesian components of electromagnetic-field vectors together in a column, we have two column vec-
tors I and J, whose elements are Ey, E), E;, followed by Hy, H,, H,, and Dy, Dy, D, followed by By, B,, B.. Then, the mat-
rix form of Eq. (S1.1) can be written as

[0 0 0 0 —0/0z 0/oy | [ B ] [ Dy T
0 0 0 d/0z 0 —0/0x E, D,
0 0 0 —-0/0y 0/0x 0 E. | | D,
0 9oz -9/dy 0 0 0 H || B
—0/0z 0 0/0x 0 0 0 H, B,
0/0y —0/ox 0 0 0 0 | [ H ] . B, |
= 0l = iw] . (S1.2)

The constitutive relation between I and J can be put as the following, in the absence of nonlinear optical effects and
dispersion
J=AI, (81.3)
where A is the optical matrix, which carries the information about the anisotropic optical properties of the medium

&n 2 &3 Py Pp P
&n &2 &3 Py Py Py
_ | e & & Py Py Py | | EP
A= Pn Pu Pun Hn Hn My = |: P :| ) (S1.4)
Po Pn Pxn By Hy By
Pz Px P By MUy Uiy

in which €, g and p are the permittivity, permeability, and optical-rotation tensors. Then Eq. (S1.2) converts to the form as

OI = iwAI . (S1.5)

Assume that the light is incident from an isotropic ambient medium onto an investigated stratified structure along
the positive z-axis, and the coordinate system is shown in Fig. S1. From the symmetry, it is easy to obtain

8/dy=0. (S1.6)

In addition, it is straightforward to have the spatial dependence along the x-axis since all fields should vary in the x-
direction as e~

0/0x = —il , (S1.7)
where { can be expressed by the refractive index nry of the ambient and the incident angle ¢,
(= nris;n(PO (S1.8)

Substituting Eq. (S1.6) and (S1.7) into Eq. (S1.5), operator O generates two linear homogeneous algebraic equations
and four linear homogeneous first-order differential equations, which means the dimension of Eq. (S1.5) can be re-
duced to a 4 x 4 matrix form

Ex An AIZ A13 A14 Ex
ﬁ y = —iw Ay Ay Azs A24 y
32 Ey A31 Asz A33 A34 Ey
—H, A41 A42 A43 Ay —H,
0
= —I = —iwAl' . (51.9)

0z
Herein I' is the 4 x 1 generalized field vector and A is a 4 x 4 differential propagation matrix, whose elements are
functions of the elements of the optical matrix A®!
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Fig. S1 | Schematic diagram of the reflection and transmission of a plane wave by a stratified system.

Ay = Ppt (P32 + ’7) (p13p33 - 5311”33) / (833/433 - P33P33) iy (P33531 - s33p13) / (833/‘33 - paapsa)

Bz = thyy + (pyy +11) (pPss = (s 1) thsy) / (53thsy = Pyspss) + g (s 1) Py — Essthns) / (Es3thsy = Pispss)
A = Pn Tt (paz + ’7) ((p23 - ’7) Py — 832["33) / (833/"33 - p33p33) + (P33532 - (pz3 - '7) 533) / (833/"33 B p33p33)
Au = =ty = (P + 1) (HaPys — Pasttss) | (Es3thsy = Psps) = by (PrsPy — E33tty) / (E33ttsy — PssPis)

Ay =&y + e (P13P33 - 531!433) / (533P‘33 - P33P33) + Py (P33531 - 533P13) / (533.“33 - P33P33)

= Pt e (s = (P 1) 1) / (Essttyy = Pispis) + P (P +11) Py — Ematty) / (Esabtsy = Prapss)

Ay = e+ e ((py —11) Py — Enthsy) [ (Exsttyy = PssPss) + Pis (P2 — (Poy — 1) €53) / (E3sthsy — PyPss)

Ay = — Py — & (“31/)33 - p31#33) / (8331”33 - p33p33) ~ P (p33p31 - 8331”31) / (833#33 - P33p33)

Aa = = py = Py (PuPas — aithsy) [ (Exathsy = PisPs) — by (PssEnt — €x3p) / (Enabtyy — Piapss)

Do = =y = Py (ppss = (Pas +11) s5) / (Essthss = Pisps) = ths (P +11) Py — Eniti) / (Esstisy — prspss)

A = = py = Py ((Pos = 1) Py — En2ttyy) / (s3thsy = Pisps) — by (Pt — (P — 11) €33) / (essthsy — Piypyy)

Dss = iy + Py (P = Patt) [ (Enbhy = Pisp) + by (P — €33p3) / (essttyy — poapss)
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Ay = &n + & ((pzs - ’7) Py — 532/"33) / (8331”33 - p33p33> + (p23 - ’7) (P33532 - (pzs - ’7) 533) / (833/433 - P33P33)
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o
|

(S1.10)
where # = {/ w. Regarding certain anisotropic media with a known A, the generalized field vector is specified by Eq.

(S1.9). Even though the expression of A seems to be too complicated, it can always be reduced to a relatively simple
form. For example, the differential propagation matrix for an orthorhombic crystal with its principal axes parallel to the
X, ¥, z-axes, which is a typical anisotropic medium®, has the following form

0 Hyp — (’72/833) 0 0
& 0 0 0

A= 0 0 “ (S1.11)
0 0 en — (1 /4y;) O

In the general case, Eq. (S1.9) does not have an analytical solution because the optical matrix A is an arbitrary func-
tion of z. Usually, we can subdivide the anisotropic medium into parts with a sufficiently thin length of h, whose optical
matrix is independent of z. This yields the integration of Eq. (S1.9) as

I'(z+h)=e "I (2) , (S1.12)
in which the exponential term can be Taylor expanded. Eq. (S1.13) describes a linear relation between the generalized

field vectors at two different positions along the z-axis, separated by a distance of h. This equation has four particular
plane-wave solutions of the form
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I (z) = I, (0) e %, k=1, 2, 3, 4 (S1.13)
wherein g equals the component of the propagation vector of the plane wave along the z-axis. gx have four values,
which are the roots of the quartic polynomial equation

det [wA —gE] =0, (S1.14)
where E is the 4 x 4 identity matrix.
By using Eq. (S1.12), we can obtain the field vector relation between two parallel positions along the z-axis, and the
calculation involving a certain distance d can be realized by the accumulation of thin thickness h, written as

I (2 d) = e hmdeoain . g Whaden o b (),

d= Zhﬂ (S1.15)
i=1

where A, ;, denotes the differential propagation matrix of the medium at the position of z + h;. Eq. S1.15 can be used to
calculate the field vector numerically, and then the reflection and transmission properties with increased accuracy of the
division length.

Section 2: Self-built fithess function setting and corresponding values
The evaluation factors of the self-built fitness function are shown in the main text. Herein we give the detailed function
and its values.

Regarding the factor of the absolute intensity and contrast, we combine them together, then obtain

peimi- (B gpts) 52
It means that the weight factors w; and w, mentioned in the main text are both 0.5.
Regarding the factor of the linearity, we have
SSE,, SSE;,

fi =0.1x <2 (1-R})+ 3 5 ) / Inax — Tnin) (S2.2)

where Rp;? and SSEr; denote the R-squared value and sum of squares due to error of the part L; shown in Fig. 4 in the

+2(1-R}) +

main text, and Rp,? and SSEj, denote those of the part L,. The scale factor of 0.1 and the weight factors 2 and 0.5 con-
tained in the numerator are set to adjust f3 to a value comparable to f; and f,. In addition, the denominator is used to
normalize the factor.
Regarding the factor of the symmetry, we have
A
fo = |max{L,,L,} — 1k (82.3)
Actually, the values of the weight factors are taken based on the probability distribution of each evaluation factor. As
shown in Fig. S2, the settings defined in Egs. (52.1-52.3) help to make each evaluation factor has a feasible weight in the
overall fitness value. The absolute intensity, contrast (f;) and linearity (f,) are our major concerns, which are in the same
order of magnitude. It is easy to adjust the factors in terms of different design goals. For example, the asymmetry condi-

tion expressed in Eq. (S2.3) can be readily changed to the symmetry condition by changing the component of /2 to A/4.
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Fig. S2 | Histogram of the distribution of each evaluation factor for Ge/17 nm/Ag up-case setting.
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Section 3: Material library

Here we give a detailed list of the materials used in the inverse design. The simple substances, normal materials, and
whole materials are listed in Table S1, wherein the gold base color represents the simple substances, the orange color
represents the normal materials, and the blue color represents whole materials. Although the table only lists the

Table S1 | Detailed list of materials

Index Material nr@850 nm Index Material nr@850 nm Index Material nr@850 nm

1 Ag 0.1000 — 5.5840i° 47 Tax0s 2.1500 - 0is* 93 KTaO3 2.1877 — 0is®

2 Al 2.2049 — 7.1881i° 48 TiC 3.5360 — 3.1102i°" 94 LaF3 1.5799 — 0.0005i%¢
3 Au 0.2700 — 5.1100i°° 49 TiN 1.8693 — 3.8796i°" 95 LiB3Os 1.5690 — 0is°

4 Be 3.4066 — 3.4712is" 50 TiOy 2.0888 — 0i°'? 96 LiBr 1.7801 — 0is™®

5 Bi 0.2658 — 6.8027i%' 51 W 3.3950 — 2.8610i'° 97 LiCl 1.6594 — 0is™®

6 Co 0.7517 — 8.1384is' 52 ZnO 1.7535 — 0.0273i8° 98 LiF 1.3885 — 0is'®

7 Cr 3.2408 - 3.4963i°"7 58 ZnSe 2.5005 — 0is'® 99 Lil 1.9518 — 0is™®

8 Cs 0.2960 — 1.8867i°" 54 Zr 2.6933 — 1.9604i° 100 LilO3 1.8637 — 0i%*

9 Cu 0.2763 — 5.4197i%° 59 ZrOz 2.1320 - 0is?? 101 MgAl204 1.7062 — 0is*
10 Fe 4.7792 — 11.2036i%'* 56 AgCl 2.0309 - 0§ 102 MgH> 2.4017 — 1.0718i5%°
11 Ge 4.8900 — 0.8200i%* 57 AlAs 2.9944 — 0.0001i5%¢ 103 MoO3 2.0613 — 0.1109i%"
12 In 1.9574 — 6.9328i% 58 As,S3 2.5067 — 0is?° 104 MoS; 3.2814 — 0.0988i°
13 Mg 0.9159 — 8.2340i°" 59 BaB,04 1.6599 — 0i5%? 105 MoSe; 4.8555 — 0i5%°
14 Mn 2.8872 — 4.0913is" 60 BaF, 1.4698 — 0i°* 106 MoTe; 4.5868 — 1.1058i%
15 Mo 2.0632 — 12.2762i%'* 61 BeO 1.7117 - 0is% 107 NaBr 1.6277 — 0is™®
16 Ni 2.8589 — 9.6266i°' 62 Bi>Ses 4.3197 — 0.9517i5% 108 NaCl 1.5430 — 0is%”
17 Pt 0.6247 — 8.6439i°™ 63 BiB30g 1.7638 — 0i5%® 109 Nal 1.7531 - 0is™®
18 Si 3.6360 — 0.0035i5% 64 BiFeO3 2.8161 — Qis*° 110 Ne 1.0001 — 04!

19 Sn 2.6600 — 6.9800i5+? 65 Ca 0.3863 — 4.0166i°¢ 111 NH4H2PO4 1.5137 — 0is*
20 Ta 0.9823 — 7.7769i°' 66 CaCOs3 1.6471 — 0is* 112 Pb 1.2089 - 8.1916i°™
21 Te 4.4088 — 1.3583i%4° 67 CaMoOg4 1.9659 — 054 113 PbF3 1.7465 — 0%
22 Ti 0.3527 — 7.2847is' 68 CeF3 1.6222 — 0.0023i%¢ 114 PbMoO4 2.3270 — 0is*®
23 \% 0.2787 — 7.6393i°™ 69 CO2 1.0004 — 0is*® 115 PbTiO3 2.6009 — 0is*°
24 Zn 1.9409 — 7.5258i"* 70 CS, 1.6023 — 0i°" 116 Rb 0.1019 — 2.2240i°"°
25 SiO2 1.4688 — 0is°? 71 CsCl 1.6292 — 0is"® 117 RbBr 1.5414 — 0is™®
26 BK7 1.5100 — 0is5® 72 CsF 1.4734 - 0is"® 118 RbCI 1.4836 — 0i°™°
27 BF33 1.4660 — 0is> 73 Csl 1.7634 — 0is"® 119 RbF 1.3931 — 0is™®
28 AIN 2.1365 — 0is% 74 CsLiBsO1o 1.4885 — 0i5%° 120 Rbl 1.6285 — 0i°™°
29 BN 2.0952 — 0is%7 75 CuCl 1.9364 — 0i°%® 121 Scy03 1.9798 — 0is%°
30 C 2.2689 — 0.7711is60 76 CuGa$S; 2.5784 — 0is®" 122 SFe 1.0007 — 0is%?

31 CaF; 1.4300 — 0is% 77 Fe304 2.2360 — 0.1550i°% 123 SrF3 1.4824 — 0.0048i°°
32 CaWOy4 1.8998 — 0is*6 78 GaS 2.6503 — 0i°°° 124 SrTiO3 2.3340 — 0i°¢7
33 Cds 2.2961 — 0ise® 79 GaSb 4.3310 — 0.3228i°%° 125 TeO» 2.2204 - 0is7°
34 CdSe 2.4608 — 0.0782i°™" 80 HfO2 1.8848 — 0i°7 126 TiH2 2.5385 — 3.0272i°
35 CdTe 2.8802 — 0.0108i°%¢ 81 Hg 3.1380 — 6.3954i°° 127 TIBr 2.4752 - 0is?
36 Fex03 2.8240 — 0.0270i% 82 HgGasSs 2.5128 — 0is™ 128 VC 3.3864 — 2.9106i°7°
37 GaAs 3.5708 — 0.0243i°7° 83 HgS 2.7521 - 0i°77 129 VN 2.7560 — 2.9619i°7°
38 GaN 2.2400 - 0.0500i°7® 84 InP 3.4492 — 0.1766i°7° 130 WS 3.0060 — 0.0048ic°
39 GeO» 1.5680 — 0is?° 85 InSb 4.3900 — 0.4100i%¢" 131 WSez 4.3531 — 0.1800i°¢?
40 Li 0.3081 — 4.0241i%% 86 K 0.0404 — 2.5251i8 132 Y203 1.9087 — 0is°
41 MgF2 1.4190 — 0.0004i%¢ 87 KBr 1.5475 — 0is™® 133 Y3Als012 1.8198 — 0is%°
42 MgO 1.7262 — 0is%" 88 KCI 1.4820 — 0is™® 134 YbF3 1.4900 — 0ise®
43 NaF 1.3223 — 0is"® 89 KF 1.3594 — 0i°™® 135 YLiF4 1.4497 — 0is®°
44 PbSe 5.3211 — 1.4775i5% 90 KH2PO4 1.5000 — 0is*® 136 YVOg4 1.9681 — 0is"
45 SizNg 2.0211 — 0is*? 91 Kl 1.6457 — 0is™®
46 SiC 3.2998 — 0.1392i5% 92 KNbO3 2.1348 — 0is*
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complex refractive index at 850 nm, we have established the database for a wide range of wavelengths, covering the

commonly used wavelengths.
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