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Abstract The near-infrared laser with a wavelength of 1.064 pm is one of the main laser sources for laser ranging,
free-space optical communication, and space optical remote sensing. Narrowband filters are one of the key
components that suppress background light interference. At present, the full widths at half maximum of most
filters are several nanometers. An ultra-narrow band-pass filter was designed and fabricated, which had a full width
at half maximum of 0.19 nm, a peak transmittance of 70.2%, and a central wavelength of (106440.05) nm. Then
it was annealed at 100 °C, 200 °C, and 300 °C, respectively, and changes in its surface morphology and spectral
characteristics were investigated. The experimental results indicate that the surface of the filter is smooth and
annealing has little influence on it. In contrast, the transmission spectrum of the filter undergoes redshift as the
annealing temperature rises. When annealed at 100 °C for 3 h, the filter experiences a spectral shift of 0.03 nm,
which shows that the filter is suitable for space optical systems with limited temperature control.

Key words  thin films; sub-nanometer bandwidth filter; ion beam sputtering deposition; near-infrared band;
annealing temperature

OCIS codes 310.6845; 310.6860; 310.6870

IR BH: 2021-04-19; 1€EIHHE. 2021-04-30; RAHHI: 2021-05-06
BEEL£WB. LiEghAREERS (17ZR1434900)
BEEE: “dqliu@mail. sitp. ac. cn

2031001-1



41 3% 520 H1/2021 £ 10 B/ FR

1 51 7

TEIRLLAMIEBE . 1. 064 pm 23 F B0 K
XTI OGS DN 28 AE X L FEOG TR A L A
P 25 ] 38 {5 A4S B) b2 18 SR A 7 T A B )12
FH o AESCEER FH rf, 575 AR 40K T 58 1) 15 g
BRI HIT SO TP, T TR R
HLA S5 R 1] 20 e M A A8 4 B S A A e A
AT MmN .

WOL R A AR AT, OGS S8 /N T 1 nm,
DAL JIT FH S R0 0 e %) 6 % 5 0 3 3k 3 I 40
KGR UG R R TR A, 0 R AR
MR BTR RGN E MR LB 4y, B AT, 5G 6
WAE 0k 4 2O B R bR HE AR SE N
0.4 nm, TAELEIE K 1550 nm MfiT , 75 28 H & %
HE ) I 25 EAT B . A2 AR A RN W 4
BEAR B 2 A6 3T 2151 i B =5 1 B8 44 K Al
L UE A A B 5T N B — Sk v TR L
AR XS 40 K 7 5 18 ' B A 25 18] 1 FH 7 T 9 B
FERARA a8 . XA 18] N A 75 2 AR SR H
XL - AU S (DIBS) J77 32 il 48 1 3 40 KAty 56 U '
A, Hrpu K R (106440, 05) nm, 21455 K
0. 19 nm, WE(ESE o Al k3] 70, 2%,

kT 5L B/ N — 2 g P i R AR A X
UEH PERE R SZ R L AR IREUZE X B A o A9 08 Y A 2k
17 T ARRE (100, 200, 300 °C) I8 & b B, BF5E
THERR Y 2 TEE S ANE L RS e AR k. B
Rl s O AT — S 35 N2 T R RGR KA AT T
BORIRARIEZE Y, A0 Zhao 2N BFSE T B KX
Ta, 05/Si0, 2205t 558 45 ¥4 AN OG 10497 15 (6
(A5 235 SR I 2 1R IR BE T s P B
W7 1R 5 Shen 26 B 5¢ T 1B O ML TR 28 &
il 0y HEO, / SiO, 22 2 BEBR A2 N 7 B 52, 25 5%
KR, 2GR SRR 200 “CIF L 222 B R 7 iR
I AR SR BN s ELIVE g B A 3R IR B 1 T
BERI ESR: SR TR A 5 BB KR X I
YT PG R OGS R E R R . A 432 R N
W, a2 2 T RS A 0 BRI R RO
A3 TR I B A N2k B 100 °C o T LA IR X
DI L a0 A PRI S O

2 P B A

TE 1. 064 pm BT 7E B9 3T 210 40 U B, A fb 48
(Ta, O5) F1 A ALEE (SIO,) A EAT R 47 1625

WP AR A RS M K AT o i) Ay s T S 3R )22
CED A RHRMIRHT SR B2 (D AR BRI 5 %5
Mk 2. 10 F 1. 44, FEREHEREHR 50 mm, )&
JEH 0.5 mm [ JGS-1 M A 0B, A v imuEe i
B LA R AR, BRI IR s 1 S AR
45Ky HLH--H|m * LL| H---HLH 5 HLH---
HL|m » HHILH---HLH.xX B4 H Al L 25t %
HCEEEERE R 1/4 ot B 1 & AT G R A2 s m

IRERBRZ R,
1) B3 )23 Sy v A S SRR TR B O 7 3E A B
AR
200 =

20
4Aont n, ny —nyg
— . .

221 3
mmns™ g —nL+n/m

28] 5 22 DA AT S A 2 N 8O R 9 B i 1
XA W

20X

(D

4/\071%;Hn,Z nyg —ng

- mmniy - ny —n. +n./m°
KA, O s B 53508 AR %
BEJZPT 50, N EE R PT35SO RS HE
BT SRR R

HRAE R 75 2K, U8 B A T8 B N R R
0.2 nm, UL 1064 nm, AN BZH 1631 8
SeHBEZ K Sub / (HL)’2H (LH)? 1L (HL)?4H
(LH)? /air, 3t 75 BRI, &4 2 MIEIRIE Wi 1] B
JEEE R T ST AR, 435 2H AL AH, WG 2
T L BLR A BB A IO WK FE A B i

SR FHRUES 1 oI S U A (DIBS) il 4% 8 ' F
FEE AR SR — 28 B R 2 O v R A B R
SR P2 A il 25 A5 28] ) JHE S 2 T Y T 2 0%, O
SERFREPERERR T . I R ARFERIE A& H T4
e £ . TR 1 R T AR SR
A A R PR B 22 A 0 R Sk 4 T H R R
Si0, L, il 2% RS A A ThT AR 457, BS R DL 45° A
NGRSO AL . PR, TR s e B
800 r/min, W45 A A AR & o0 3 1 2E A, X RE T
PLEHLIRGE 331 627 Wi R 48 (OMS) S HLE 5 1
SRR R /N . B REE I T A 16 cm G450
B R, R A TR B =R
AT R SR I G i - R, AT s 2 1T L g IO FHLER
P ST A D (R ) 3 3K 3 R 2 1 T A
SRt 55—~ 12 em Sl BhE IR AR A T
FIR B FIRA B T R 2% i AR K P i 3 5 2 1, I I
KA R IR R e B I, B = R A
Z5 R 2X10" Pa, MUTBEERRLET , m S ENTA

(2)

2031001-2



SRR I L2 BEORRETE 2. 0X10 P ~4. 0%
1077 Pa, Ta,O; BEZAUIAER N 0. 12 nm/s, 1
SiO, BEZB PR BR N 0. 2 nm/s, TEASLR H,
F R RF16 BB AN 600 mA, B F s
R E A 1250 V, TAERKR AR, iEHh
18 mL/min; fBIE I RF12 /9 TAES AR &S
FEA IR A A LU i 43 18 3 mL/min Fl
15 mL/min, B FHRFA 150 mA, B 10 6 6%
BN 500 V,

RF12 ion beam source

chamber gas

RF16 ion
beam source

target assembly

heater
door ——— ="~ S~ substrate
OMS
shadow masks
high speed fixture

LI R T R
Fig. 1 Schematic layout of thin film fabrication system
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Fig. 2 Error sensitivity of each layer in the filter

£ 415 5 20 H1/2021 £ 10 B/FFHR

F 5 UURRES 55~ 59 )2 v BT 1 W 4% 7 ik ST
17~21 JZ AR BORRSS 60~ 75 J2 i B8 A i) s 45
Tk HUURRET 16 ZEEAHE . TR 38 J2 K
B s W 555 UL P AR AN R T e vk A BOH
DU ) e 42 12 )22 B TR

SR A G 8 L DB A A 58 U
YIRS 1.4 mmX 1. 4 mm 5/ WnE 3
i, FEERQ2E2) CH&MUT . RA L
JEIEFN H AR 2 7] A9 AQ6370D 543 HE R G IEAL
X3k S G S /N RO U8 B AT 61 I o L 7
EAS ISR S SO 4 s, A 4
ta] DLUE U8 O6 R i R A A SE, E 1000 ~
1200 nm B A B0A HAE i 0g 04 35 o
(0. 5T ) AL A3 58 B R 0. 19 nm, HHb I
K H (106440, 05) nm, WEfHBEF N 70. 2%,

Kl 3 uOLR I/ N T
Fig. 3 Small square filter

100

90 100
90
80
0
60 (\
50
o [ oo nm|
20 1y

10+ 2" |

oL—
1062.5 1063.5 1064.5 1065.5

Transmittance /%
W oM T D =1 ®

=\
SO O OO oo oo
— T T T T T

1000 1050 1100 1150 1200
Wavelength /nm

B4 ARG i OGS
Fig. 4 Measured transmission spectrum of the

narrow band-pass filter
N T RN B SMEOE TR EE A SCER T
XPEARFRE IR iE S 2, anlEl 5 FoR .
WIS wT L RO =1 nm IAMEETE X
B A RO E TR E T OD4,

3 IR KHIZRAE

BB Fr R R AGR KPR 23 5 7E 100, 200,
300 C = A Bt TIR KAL B PRI B 2 3 h

2031001-3



-20 |

Transmittance /dB

|
W
(=]

_4{)062.5 1063.0 10(‘33.5 1064.0 10(;)4.5 1065.0 1065.5
Wavelength /nm
B 5 APECERRIER TUE H 05 B
Fig. 5 Transmittance of the filter in logarithmic scale

COR IR TR AL BE R 25 7E 1 "C LD LSRG H AR
MR,
3.1 tifkdeeTi

TEREUCGR 5 3 500 02 86 Fr 532 5 1R
HE IR T 1325 56 FE AT XS LG X LU 25 R AE I 6 vh
Zith . MIE 6 ATLAE 1R KR BB R B 6
K 7 A 80, 78 100,200,300 °C 3l b B 1) €
bR B Ot il 2 PR AR &y i 0. 03, 0. 75,
2. 90 nm; IR KHTE  BEOE A DI ARFEAR 5 A
A5, DL A R i R R T

(@)

0
0 g < IV

%41 % %20 H1/2021 £ 10 B/}FFIR

100 —— before annealing
90 - -- ﬁer aJmngling at égg g
o e 200
X 80 __ after annealing at 300 C
g 70} i
5 60/ i
'é 50+ P
240 i
§ 30+ i
20/ s
10+ i
0 : . ~‘. X ) ,I . \‘
1063 1064 1065 1066 1067 1068

Wavelength /nm
P 6 B KCHITGIEE 3 5
Fig. 6 Transmittance of filter before and after annealing
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Fig. 7 AFM images of the filter before and after annealing. (a) Before annealing; (b) after annealing at 100 °C;

(c) after annealing at 200 °C; (d) after annealing at 300 C
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Table 1 Surface roughness of the filter before and after annealing

After annealing

Surface roughness Before annealing

After annealing After annealing

at 100 C at 200 C at 300 C
Max /nm 2.062 0.932 2. 370 2.062

Min /nm —1.462 —1. 147 —1.262 —1.462
Peak-to-peak /nm 3.525 2.079 3.632 3.525
Root-mean-square /nm 0. 355 0. 250 0. 316 0. 355
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Fig. 8 Cross-sectional SEM images of the filter before and after annealing. (a) Before annealing;

(b) after annealing at 100 °C; (c) after annealing at 200 °C; (d) after annealing at 300 ‘C

3.4 it atR

K RS - RO ST RR B A ) 2545 21 10 Ak
JF R LA 45 b SO L BB D e R AR
RLBEEHE R R A TR, X
KA e I R, AR E MR BT E O E N — A
HEITIH .

TRAT S5 SO, B2 IR A BHR 2801 785 Ak
[ SO, $EAF, WAL KT R PRRE S & O BT
TR A B 25 o o DR MG 2 A i AU 100 P A 2286 s v AT
PR Ta, O 2 19 U8 B R &5 2l B (2l 5 o8
99. 999 %0) [ 4 JR O , MR AR K ah R b AR L
BEZ 2 O (81 A 0 46 Bh 2% o - (R B IR S DT ALY

R T IkE e A Baf D EE
ANFA O 25 B RIVEE A~ B AL T SR AR
SUTRISOE B e 7 A = U IR K
IR G P X 28 R T S A B B S A Pl S 3R
SRR T . B R S (AT AR Y
PAALBRAFAE S S0 (R ) Zad B i 8] 11245
VIRERE L f MR A A AN FRAL . AU SR R e
SRR B TR A A R — e i X e
AR TS 1 5 W IR AN R X = AR A
Ko AXEETHERERX A ER. B KIEE
4 100 “CI R IEI AL R HES 1T 4R 5 R 145
B o WA R JFOR APIRAS 5 2418 SR 200 °C

2031001-5



HRILX 41 % 520 #1/2021 £F 10 B /%25

L R FE o AL R B 5 R A A BOR
BRAEVUE s iR KGR 300 “CH, AR FEIH ALY
BB T 5T RS A HETE Sy W ROIR A A el A B
W, 25 Ta, O BEEHTE A - R 3T 5
TR . Ta, O5 BEIRTEE R il 3 91
FH A2 TR AR RO BRI R T A i 16
KI5 M2 3.

4 = 1w

K AR - HOM TR AR T & 1 H K Ry
(10644-0. 05) nm. P4 5K 0. 19 nm W HEAEH
HPEC R, I EA AR KR (100,200,300 °CH
XHEC R #4717 3 h By kb FR, pF oY T 18 KO B
XTUEE A R ADCIE R 52 mm . 8 iR
DGRBS BE RMS {E29°8 0. 3 nm., 1R AR i
I %) 22 TR 55 VA B S, 22 e B 1

B KALPE S, 98O B it ih £ 1) K O B2
3l MR FEA AR | 3k 150 B 48 A R 4%
AMREZ AR R T . 7E 100 CiR K5, 6%
R AR /N, HAA 0. 03 nm. 6 HH X Fh g 6 H 7E
100 °C PR3 AT LUIE® TAE, Agmifi A, iR
JOREEIRR] 200 “CHY, G LA TR 20H%
B iA %] 0. 75 nm, M # 8 6 F TAEFE 200 °C
KMUL R BEIREET

s & X W

[1] Faber R, Zhang K Q, Zoeller A. Design and
manufacturing of WDM narrow-band interference
filters[J]. Proceedings of SPIE, 2000, 4094: 58-64.

[2] Hagedorn H, Lotz A, Pecher P, et al. Ultra narrow
band pass filters produced by plasma ion assisted
deposition [ C] // Optical Interference Coatings, July
15, 2001, Banff, Canada. D. C.:
OSA, 2001: WA4.

[3] Fredell M A, Carver G E, Chanda S, et al. Sub-
nanometer band pass LIDAR and
astronomy|[ ] ]. Proceedings of SPIE, 2015, 9612:
96120K.

[4] Rahmlow T D, Jr, Fredell M, Chanda S, et al.

Ultra-narrow bandpass filters for infrared applications

Washington,

coatings for

with improved angle of incidence performance []].
Proceedings of SPIE, 2016, 9822: 982211.

(5] Wang LS, Liu HS, Jiang Y G, et al. Effects of hot-
isostatic pressing and annealing post-treatment on
HfO, and Ta,O;
sputtering[J]. Optik, 2017, 142: 33-41.

[6] Sertel T, Sonmez N A, Cetin S S, et al. Influences

films prepared by ion beam

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

2031001-6

of annealing temperature on  anti-reflective
performance of amorphous Ta,O; thin films [J].
Ceramics International, 2019, 45¢(1): 11-18.

LiSD, Liu HS, Jiang Y G, et al. Annealing effects
on the optical and structural properties of Si thin
films deposited by ion beam sputtering technique[]].
Optik, 2019, 181: 695-702.

Bischoff M, Nowitzki T, VoB O, et al
Postdeposition treatment of IBS coatings for UV
applications with optimized thin-film stress properties
[J]. Applied Optics, 2014, 53(4): A212-A220.
Jena S, Tokas R B, Rao K D, et al. Annealing
effects on microstructure and laser-induced damage
threshold of HfO,/SiO, multilayer mirrors [J].
Applied Optics, 2016, 55(22): 6108-6114.
Cetinorgii-Goldenberg E, Klemberg-Sapieha ] E,
Martinu L. Effect of postdeposition annealing on the
structure, composition, and the mechanical and
optical characteristics of niobium and tantalum oxide
films[J]. Applied Optics, 2012, 51 (27): 6498
6507.

GuoD S, Chen Z N, Wang D K, et al. Effects of
annealing temperature on crystal quality and
photoelectric properties of Al-doped ZnO thin film
[J]. Chinese Journal of Lasers, 2019, 46 (4):
0403002.

X, BT, E5R, 5. BARENHRBREA
AP It A B B KOG PR RE 2w (0], b B
Y6, 2019, 46(4): 0403002.

Zhao Y, Wang Y J, Gong H, et al. Annealing effects
on structure and laser-induced damage threshold of
Ta, 05 /Si0O, dielectric mirrors [J]. Applied Surface
Science, 2003, 210(3/4): 353-358.

Shen Y M, Han Z X, Shao ] D, et al. Annealing
effects on residual stress of HfO,/SiO, multilayers
[J]. Chinese Optics Letters, 2008, 6(3): 225-227.
Macl.eod H A, Macl.eod H A. Thin-film optical
filters{M]. 4th ed. New York: CRC Press, 2010:
46-58.

Tang J F, Gu P F, Liu X. Modern optical thin film
technology [ M].
Press, 2006: 140-146.

S &, R, X, AOGE B [M]. bt
M T IAA AR, 2006: 140-146.

Lee CC, Hsu ] C, Wei D T, et al. Morphology of
dual beam ion sputtered films investigated by atomic
force microscopy[J]. Thin Solid Films, 1997, 308/
309: 74-78.

LiuJ Z, Pan Y Q, Zhang D, et al. Surface roughness

and scattering characteristics of TiO, thin film[]].

Hangzhou: Zhejiang University

Laser & Optoelectronics Progress, 2020, 57 (3):



[18]

[19]

FRILX
033101.
XA PR, Wk, dkik, 4. TiO, WAL E S
BT E L] . WOt 5o6h o7 gk e, 2020, 57
(3): 033101.

Yu Z, Zhang W L, Zhu R, et al. Structural, optical,
chemical and laser damage resistant properties of
HfO, films deposited by reactive electron beam
evaporation[J]. Chinese Journal of Lasers, 2020, 47
(4): 0403002.

A, SRR, R, S RN HFRZER HIO, #
ASEET I e ==y S BTN © 6 8 VA i A B G R EG b
3, 2020, 47(4): 0403002.

Chen G, LiuD Q, Ma C, et al. Spectrum modulation

[20]

2031001-7

5 41 % 5520 H3/2021 £E 10 A/ F2E
of a thin-film filter with visible and near infrared dual
of Infrared and
Millimeter Waves, 2020, 39(6): 791-795.

BRNI, XA, Dhik, S5 n] WOGHE LA U 8
BRI H B R (0] . Ao sab 5=k, 2020,
39(6): 791-795.

Chen G, Liu D Q, Ma C, et al. Optical spectra and

surface morphologies of near-infrared narrow band-

band-pass channel [ J]. Journal

pass filters using dual ion beam sputtering[J]. Acta
Optica Sinica, 2020, 40(21): 2131001.

BRNI, XA, Thik, 5. XUEF SRS il 45 3T 2040
R UEOL A OGS AR E TR AR (J]. 6,
2020, 40(21): 2131001.



