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Abstract

The wide-ranging applications of antireflection coating (AR coating) technology across various
fields are undeniable, from the everyday use of eyeglass coatings to the crucial role it plays in na-
tional security systems. As technology advances and application demands continue to rise, the re-
quirements for the performance of AR coatings are becoming increasingly stringent. In this study,
we conducted a comprehensive analysis of AR coating theory. We employed optical design soft-
ware, TFCalc, and utilized a film stack design approach that involved the alternation of high and
low refractive index materials. We further optimized the film stack structure using the simplex
method and the needle optimization technique. To enhance the coating’s performance, we care-
fully selected the substrate material, sodium calcium glass, in comparison to several other mate-
rials. Additionally, we chose TiO,. SiO:. Al:03; and MgF:as the thin-film materials. These materials
allowed us to design a broadband AR coating with an average transmittance exceeding 99.0% over
the spectral range of 400~1100 nm. Notably, the maximum transmittance reached 99.92% at 400
nm, while the minimum transmittance was 99.11% at 1100 nm. Finally, an error analysis of the
film transmittance was conducted in terms of the change in film thickness and incident angle, and
an acceptable range of error values was proposed.
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1. 518

20 th2d 30 A, HYIEMBL R I EO L IR A T DTk, e D SRR R R KR T
REEFIL] [2]. W] W BT AL A0 B i) s S M — PP A T2 B T SR G 2 W EROR [3], 0 T4
FEORFE A TIERE . REVRR AR R R B R HEAER, B KB, AHERBHAE R, Ja
PAE ALBES . SORBIARRIBOGAR (4] [5]. 75 T WCRT LT A1t B A S aids B FE e 1 22 4 N F 1) Sk
TR SR, FARTEIEF M RNE T 25 RS HR, BRAREE, RS T i thee. S0 iE A S
R E IR Z2 2 WA, T DUSEIN 2 /MBS NG HTS AT b4, AT s RAR FE kD 1
SR, SEEDEE. EHR, BEEPUORBORFIEEEOR A RE, 555 HB R 1 T A 2815 58 ks i
AR5 . 2009 FEHFRZELE[6] 1T T —Fhid F T 400~900 nm i B (138 5 5 S5 A, £E 520 nm 5 55 T L A
SPEIBR AR T E N 0.44%. 2014 4, RS ESE[7]TE T — P T QK3 7E 400~800 nm i BUE IS # 0 97.73%
()58 B . 2016 4, FhIEZESE[8]4E CaF, 245 1 TH 17 900~1700 nm ~F-33iZ i %6 98.950% 1] i 7 1Y 17 i o
2022 4 Hou Guo Jiao %5 [9]if i — il Ay i T 5 3 HE BT 10V B 1 11388, 7E GalnP/InGaAs/Ge =
S5 K PHRE L SR 1 Ik R 2 B A % T R . 2022 4F Xiaoyu Sun Z5[10]7E 400~800 nm 4k, ¥ 7 MgF,/SiO,
KU H837 5 AN B T R BHIB B 2R 4 1 8.89%. 7F BN BB AT, W 7 & A Tl AR R AR 4 &
VB HT TRE R R, XGRS Tk BOEE RS B TR A SR A TR RS, AUAESEM R
R LA FTAET, TR R A A ANME S R S T A T IR AT . AR ST DA B F O R S A R T
400~1100 nm B WLGIT 214 B i s 357 JEE, S BB 4 49 28 n = 151, 18 & 3R 2 4580 R F TiO,.
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Si0,. MgF, L& AlLO, PUFH#H RN T 400~1100 nm w] W% KT 41 4k B o 5 1 375 i
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Xt SO, FESE IR R O 114 FINGS RS, BEANHAR RO FEZE o p, AR IR T
A, BEEMEE Rt ARG S . EIXFEN T, SO IR HT 5 3R 25 T A 3T S 2R (17 7 AR e AN
SRR [11] 0 B2 3855 5 BT o B — Y K AT I S S, At U B N SR ' S S R AT AR AR e, X

TR PR E kﬂ&%ﬁﬁfﬂEﬁﬂfﬁnﬂiﬁﬁfﬁﬁﬁﬂﬁm LA T Y RS T, — R
LR IR [13]. X T 2R, HAFALAERE
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T=1-R
FEICFA R IEN Aof2 HEERUAB I B Ao Ab (I I A 55 T BB I 2 i A R AE, B2 MR RR[14]
JRIZA Aold WSS 2R, L N BRI IE A [15] ] SRAF S ARAG s AL i 22, 45 B RARL 47
VI

AR ST 28 03 5 22 ¥ 5 2R AT A

n(l):A+%+%+---

Horb, nO)RERF K AL R, A B,C SR W, 8 H @S2I B R E .
3. MEhEE
3.1. EEMHRIEE

NS B IRAE ] WA AN B E W2, e 2N MR e —. EE, ST
WEA RIFRLERM:, BeusE SUERE A WL AT AN EER . X — 4P H o HI 4B e oo, niE
BAE PR B AR, LR, BNVESIREE ECR RIFRIML R ENE, TP A S i, IXE S EAE

AFEMET R OV AT RE, WIEAERHE . RIEBURIERIE T . 5i5h, IS B RERLLT
X B EGRR N, B R SRE AR E N, PURFE TR PR RE
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3.2. EIRMRIERE

FER] WOEBBL AL AMNE B 2 B S PRI FE AR — AN R R, T — OB PSR
HATHZAF B IE — RPN, WFEMBIITSR, RN UL, E AR AREE. XN
NAER MBI N, AMUTEM R EA GERDCAERE, 16 7 20 R AR BRI 22 R 5 R 2
[AAHELULAC, DASEAEAS [F S R DL B A PR RE o PRI, AR AR 33500 T 56 75 0 2 S K Bl D e i 28 R
BE[16]o T WAL AN B H P s A S S A RVE Ta0s [17]4 ZrO, LA K TiO, %5[18], 5 F K HT 4T 24
EHT MgO. SiO;, [19]. MgF, [20]EA S AlLOs [21]5 . W3 1 s i3 5 SR S 8O L, BRI 4 %
75 W B DA K — e B AT L

TiO, fE R I MRS A B v v i R HAL S, EAE W WOCAUT LA Py A sl )&
BIVE, W EROL S TR IR L OGRS K Y B A K e R AR . HK, THO, R i S 3 T LS R0 e B i 5t
FoG2AkRe, WRARM AT R HA AR E TR TiOo, fE & RIS 561 T B R ORI MERE AR 8, X
XA IE PR R ] B F 2 AR BRAT TR 3 3T 36 AR TiO, AF N R 7 o SIO, FE 0L A UL
AR 2 DIREMEA AR Z AL A EAE AT WG AL LA 1 X B A BRI ST 5, IR & & 1F 9K
oo 2R T LRSI B it . Si0, 75 7] WOt I LM B N AR IR s KO GE IrE,  m LR R KT
I ANGIHCLGERL,  [RI R K BRI B . B BT S A A RRE PEATT S b, 38 T 2% ot A
WELAF . SiO, M AL I T, PIMARRE & M+ S A A 1l . & BAT BURI G RLE, A aT
P NAN B R B3T3 R AR, RG22 . PR ERATTR R BRI R AR Y SiO, [22]. AlLOs 4R il %
R BEAE 2, WD, TR AR T S T B MR RE LT, PUBOEBIOITERE R, B X A S BT
LLANPE, BN AELE[23]. EHL ALOs fE T AR MaF, 1E a2 MR R B A AR A A 55
EAIA AR BRI S AN EEE, RIS 7558 M 28 20 A B B A BAT RAFIRE I, X645 MgF,
REMSTEZ NI BLN SEI B I 2 . ISk, MR, iE R BUR MU RRIE, 0 T o6 5 ot AL a8 25 ks
FERI G EE . HAP AR 8 PRI St A5 o T il 58 T O S [24] -

X 98 RS IR BT R, HR R R IR R, AR GER T AT AR IE T . RO
i A BN B AL BRI X TR IS M AT S R RS 4R R B AN DAL, LG e R I PERE KR . AT
XA e BRI A, BRET 2 UGEAURTHE, DRBIRERN SO % HERHERH
HENGTTE, A& A EOR I AR [25] . X AR FORS 35 ) BRI O AR, & R SE B e
Bl IS A T2 A Y B Y 10 B i 5 AR A

Table 1. Comparison of high and low refractive index material parameters

#= 1 SRS RS

ME PrEE EBREB(m) BEE HMEBIE(GPa)  MEs(C) AIRE(C) #JE (glem?®)

Ta,0s  1.8~2.3 350~10,000 6~8 140~160 1800 2100 7.8
ZrO, 2.9~2.2 340~12,000 11~15 200~240 2715 2700 5.49
TiO, 2.5~2.8 350~12,000 5.5~6 230~320 1850 2000 3.8~4.3
MgO  1.65~1.74 200~8000 5.5~6.5 130~330 2800 2600 3.58
SiO, 14~16 200~4000 6~7 70~90 1730 1600 2.1
MgF, 1.38~1.48 110~6000 55 138~160 1266 1540 2.9
AlL,O;  1.54~1.62 200~8000 9 380~420 2020 2100 3.98
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FEPAAEE 400~1100 nm A, DU BEONIENR, SRS a s i B . BATRR R B g
PAUR TR e fpe KR P 3t g/ J 2 i ASE IR AT RE R B 3R, JE 70 RN SEBR IR 2 T ZEMTTi%, i)
FIECLT LA R BN EK[26]: 1) MR T R N2 S A RE AT R ILEC, BB IMEBU K
2) MR BB NRE T 5 DG B AR I BB EAT RE A ], DLSEBURS E B ALY, IRAR TR — R
JERERARAFI S o BRI B2 51 BRI Sy, T RERS MR AR IR E M AR B, 3ol PO M2 X DA 4%
FREFBURCR ISR BER 22, WX EEAS G il 27 A I RE 5 3) O 1IN Z i & I RE P KR 2 R,
i 22 IR AT R BUR AR (P I, AR A5 B AR SR 5 32 Bl AR 2 (K500, DRI R B i R 2
JEH DR R 3 S P AR 2 1

4. FERWIT

B IS S AT 225 ) )3 BRI 3R AT S FE 1R BB 1) OB, Baumeister [27] 55 284 H A4) 42 5 3 U S S5 4]
BRESHIR R s RO BTN Ay = 2(Y A +Y A )5 TESRANEMET, AT P EAT BT 5 R (bR
FLL R 8 K Aofde KT HRIEE, BT R B A PR HI7E B A0/20 DL . B/ADFFEE— 28
JE R, 2R S R BT — R AR S 2L B A e BE TR AR m T S AR A B ik,
A Sub|M aHbL2H cL dH L|Air N#I4E45H, 2% K 630 nm, M. H. L 4374 Al,O3. TiO, LA SiO,
X 14 Z2 WK REREZ . 2H JZX T2 H KM S 2R k)=, (HEREAR 218 5 R SO R
YEH

YIUERE R BE1T 4 SublMO0.3HO0.3L2HO0.3L0.3HL|AIr, 2| FE Rkl 1 fror, HA gL niit
AT AR M. a1 1, FRATAT DURILAE B 5 1) 400~1100 nm KTEE A, HER7E 1040 nm Ak
Al 99.87% i KiE I 2, (HAEBRIREL, @ RBARH ST . Kl RAE 644 nm b, ZEid 3L
N 95.60%. X &E TR, WA I 25 R4 () D T P R E Y T R I I S 7 THI AR BT T A B K
DR 5 AT SR e — D R At . 7RI 1, JRATAT DLE RIS AR T & i . Atk E i Eie
Fd A EXAENL T, RAVIRMH T 7 ZEE, (EXEEE AT T — iU R B DL e sk
JZH R R SiO, # ¥ S ALK MoF, Mk, fEEH ARXFRS A Fo m&HE N RN
Sub|0.9896M0.3131H0.2108L.2.0230H0.2531L.0.3076H0.9942F|Air.
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Figure 1. Comparison of theoretical transmittance curves before and after optimisation
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WA 1 RHE, A 58 A R 2R T2, ORIV IE AT TR B R E YR . £ 400~1100 nm
BARNEE W, KB RIEF] 99.92% (400 nm 4b), f/NELRIAF] 99.11% (1100 nm 4b). X HTHER AN
RO A 7 R, BRI BIRG] . 2RI, AL L BB R DA, AEDURT S
B ARG TIRRR . & 2 A IAEHTE R B E, R DU B RO AT A R R A — AR
o PUALRTEE B AN ARG, BARBRERR BERAK, (HRR % 1 imk
JZ, TS INBURIE R, BATE Rt RO T 2 A AU Z 1 Y i) R 28]

RERFE AT RS AT 58, A2 B M A R M VERE A 120, BhAh, BEAE
TR T LRGN, AP 5 s ZE AR T e 2 B T 35 0/ 1o 3 St T W DR MR 11— S A
R TEAR T o8, POV E R 1 R d & AR A e . B — SRR A SEI T R,
D T SEIRIHORAERE , N JE SRR TAR SR AL A

[ before optimization
Il after optimization
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Figure 2. Comparison of film thickness before and after optimisation

B 2. MLREIREREXTE

5. IREDT

51. BEEE

)2 B BE e S T AL U R R OGS S B, R S B ) % o S 2 B — SR ZE R, IX AR YT
IEFR A AR RGPPSR BN AR 4 LB SR R BRG] . BRIk, 02 R B R ZE I A T AR 1 22 00
HEL, R SR R & o DORE R B — SRR R, FRATRA T —FhoRm, R I i o R
JERE, KIAF— RIUA 52 (iR 220, X LG ] pAy 8L J5E 2 PR AR A0t M BB T B2 I A /N [29], - TRT sl 2 3R
AT )RS I S R PRI 2 99% DL |, NIEUDNANRE R SRl B FIiE I 2, Rk fe Mg il R
SE N 98% LA I, A 5 257 i e ik 23 R A K 5 | P ]

2P TGS IEE R . B TR R, AT —BEE0E AT TH0E, DIREI~m
BUNG . RIS IR 2 X TE) o IR AT B B A M NS SR R R % R KR 2, B ORMERE RO R M. RO
2, HBFEBEZEXEVEREE, W% 3 fim. B4 3 AT LR BT B2 i 82 1R 20 BlECK,
R 2 B A 4 2 Y /D, BN EE )5 TiO, JEZ R B8 21.06 nm, AT 4552 (1) 1% 22 Y [ 9 +3~—6 nm, {H
FE DY) TiO, IR JE 2N 136.06 nm, W 45252 (1)1 22 0 [ 9 +14~-10 nm,  PRIGPE BT B 5% B9 ik S
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G, AR SIRBOIRZE .

A 3 BATRFT S, FEEBE R, BRI BERE SRR, 22 5Ea%,
HEMRE KON FE 2 SR A H A TR AR A, 4 PR 1 J B AR I, e A S [ RS 2 18] B8 s A8
ZFHEONFB B MR IR . Rl AR B, T ORI R Y BB, i ARP A
TSR 2 T P2 A At mT RE S B0 2 A I 808, AT 51 kS e 1 e sl

X 52 SR AT IR ZE 0, S 20 R 3 LA 3, IATWE 1 RILERE, KL T R EEA
(7] J5 P Rl Y i R AR A e %S, IRl A R AR Bl bRV BMER B iR /N PR g I R A E)
T SRR IR AR P 2 AR S B ], AR R EE L R I RN RN TR

Table 2. Thickness of each film layer
*2 EEREE

2% 1 2 3 4 5 6 7
gy Al,O, TiO, Sio, TiO, Sio, Tio, MgF,
Ji5 2 JE EE (nm) 96.29 21.06 22.57 136.06 27.1 20.69 113.54
100 4 . «f
AN | 5 12 +30nm
\ ----% 1) -50nm
99 —— % 2)Z +3nm
- - - -5 2JZ -6nm
. —— %% 3)Z +5nm
% ----% 3)Z -7nm
% 98 - —— % 4)2 +14nm
= ----% 4)Z -10nm
g —— % 5)Z +7nm
g ordl ----% 52 -3nm
= —— %8 62 +4nm
----% 6/Z -3nm
0% — % 7/ +10nm
] ----% 72 -18mm
No changes
95 - T T T T T T T T T T 1
400 500 600 700 800 900 1000 1100 1200
Wavelength/nm
Figure 3. Transmission rate curve for each film thickness variation
E 3. RREREETIAIED R
Table 3. Upper and lower range values for changes in each film layer
# 3 BEREH ETEREE
H—)Z AlO, - 35375 1 (%) KL (%) RN (%)
30 99.2154 99.9946 98.1453
0 99.5207 99.9921 99.1106
-50 99.1035 99.9979 98.1935
H R TIO, 14525 % (%) RIS 3 (%) /NI (%)
3 99.4363 99.8992 98.0496
0 99.5207 99.9921 99.1106
—6 99.3579 99.9994 98.2609
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=2 Sio, - 3535 1o (%) BRI % (%) e/NE 2 (%)

5 99.4249 99.8746 98.0307

0 99.5207 99.9921 99.1106

-7 99.3067 99.9949 98.2284
V02 Tio, - 3537 1 (%) ORI I (%) /NI L (%)

14 99.4100 99.9163 98.1290

0 99.5207 99.9921 99.1106

-10 99.4522 99.9397 98.1219
HHE SO, - 3535 1o (%) BRI % (%) e/ NE 2R (%)

7 99.3124 99.9971 98.1267

0 99.5207 99.9921 99.1106

-3 99.4738 99.7919 98.2224
82 TiO, - 3537 1 (%) ORI I (%) /NI L (%)

4 99.4012 99.9890 98.3151

0 99.5207 99.9921 99.1106

-3 99.4041 99.9044 98.0724
L2 MgF, - 3537 1 (%) ORI L (%) /NI L (%)

10 99.4644 99.9868 98.1288

0 99.5207 99.9921 99.1106

-18 99.0582 99.7191 98.0706

5.2. N¥ifa

MPATRIC =T TEI, AIFAFEI — AR ZE VRS NI B AR A o 3 A 278 A A B ik vl
RES LB M RE AT T4, HE AR, XSS RZ e RE, &, B
T AU o A B S R R o B U BB SR RREAE R E P TR R S RN AR B s, LR X i
B FHAE K FH g H R TN o H T ORBHOG AN A JE B I TR T A, AN ENGY, PRI AT 78 K BE D'
NS i X R 1) 5 R S M B I R A AR A A O EE B X RE A AT e B ERANT T RRAE AN IR NS 2%
PER RS AIAT TAE, B2 m B T R MR AT S

w4 s, NSRRI AN [F] I S 22 i 2R, 1T 15 5 RS IR T NS A A8 AR~ 38)32E (1 52
Mo AN 4 R FRATRT LA SRR, BEAE NI IR, R AT RN, BEAZEA R RS T,
R R PERE 2 R AR . B ST 2R R I 2 R RV, I 3R WA 1 P REAEN S A R AL 2 BT AN ] o
NS FANT 300K, BATHEBEMAER, Bk G mEmmts . 7€ 30°H 50° 4], &4
RPN, REALZLE 1100 nm KK B, BH R TREE 96% L F. MAN MR 50° 0, #iZkiR
W, SECENZESREIT R WA 5 Fs, A ANT 2070, BEASGIE IS S R R RFE 99.5% 4 45,
H 0.08%IKI 5. FEANSS A 2072 40°VE I, BEANAHXT BN, 2908 0.4%. 2RT, — B NSl 40°,
BRI, BRI SRR RS TR, EARCE AN B R,
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Figure 4. Transmittance curves for each angle of incidence
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Figure 5. Line graph of the average transmittance for a change in the angle of incidence
5. NS AT ILAT AT X R 89 301 0 R 4k E

6. B&

T I o AT R R S AT AR BT R G BT 40 A0 B BEIE R, ST ANV RS R, & HE TiO,.
SiO; Al O3 BL S MgF, E N BEIEATRL, SR 62E 3T 5 TRCale #f, Il ik @ (4T 5 6 d k22 5 16 07
EBCUHH T 400~1100 nm W] WO T L0 AN TR B IE R, 1 505 i ARk B 99% LA |, HrhfE 400 nm Ak
RKIBEIL RN 99.92%, 1100 nm Ab e/ NERE RN 99.11%. fi o MIEZ J5 B AR A0 ] N S A B 7 ThI 3R AT
L2 325 3o SR ()R 22 A M, B T 2 R PR AR 25 Y TR =3 nm~+4 nm, 5% JE I R RE 45 2% Y FE A —-50 nm~+30
nmo.
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E&WE

WH RIE S R E AR AR S R IR A IUH (622RC671). il g IV A2 K2 L QUET LT

OEE 4 (M W% &) Wi B (RSYH20231165824X . RSXH20231165803X .« RSXH20231165811X
RSYH20231165806X. RSYH20231165833X). ¥ g iz K 2 78 A= QBT RHIE T H (hsyx22022-81) Fl E X H
SRR} FE 4T H (62174046 62064004, 61964007, 61864002).
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