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Preparation and Optical Switching Properties of Titanium Dioxide Based
Hybrid Films Doped with Azobenzene

ZHANG Xuehua, WANG Qian, HU Fangren
(College of Electronic and Optical Engineering & College of Microelectronics, Nanjing University of Posts and
Telecommunications, Nanjing 210023, China)

Abstract: Titanium dioxide based organic-inorganic hybrid film containing azobenzene was prepared by a sol-gel technique and a
spin-coating method. The surface morphology, transmission mode, refractive index, thickness and photochemical structural properties
of the hybrid film were characterized at different heat-treatment temperatures. The results show that the hybrid film is a good optical
waveguide material with the smooth and dense surface. Also, the refractive index is adjustable when the heat-treatment temperature is
lower than 300 C. The absorbance of the sample irradiated by a ultraviolet light at 365 nm and a visible light at 450 nm was examined
to investigate the optical switching property of the hybrid film. It is indicated that the hybrid film has good optical switching
properties. In addition, the hybrid film with a fatigue resistance also has promising application prospects in photonics.

Keywords: hybrid films; azobenzene; optical switch; sol-gel; isomerization

M SR RERIEE AR, BEE MR RS R T Lo okah, thn LIRS 3
BHIIGRARGE R JE, HTF RN TR Ly 2R A BARIG e IF SN %A Rt
BefhRERs, AT OH W 4517 98 0 BT AE WOt It Dy tag e, I A B A e e gl
WL T H KR ETER, BTIHERZ BN MRS ROERED, BERAHLNS AT
JRZRIE. Hr, WEGRLHATAEMNIL R RO RER , Fe BT S i kA A2 A
FFIRMN, TR 2 ARGk — 2 S, T LI R R A i A DR

ERRZ P ARSI AT, POV RER SHECORA GRS 7B RO ER U R
B BOE AR, IS M KT AR Jereil. TP OCRIAR LM A Uy TH
BRER SR A - R A MBS R 38 2R gesh, BERE T BN T

WekE H . 2020-05-25, BT HWI: 2020-06-26. Received date: 2020-05-25.  Revised date: 2020-06-26.
HETH: [F5K HREEIES (61605086, 51602160, 61574080); VLN First author: ZHANG Xuehua (1985-), female, Ph.D., Lecture.
AIFSTERHS E B B TR (SICX19_0282). E-mail: zhangxuehua@njupt.edu.cn

P—EH. KEE1985—), 2, fid, Y.



+ 538 CREMR £R 2741

J Chin Ceram Soc, 2021, 49(3): 537-543

2021 4

FAT AP BRREE S T,

RN N B2 7 57T AE R TR AR
TR AT L. AT B
ANL-TEHLGIKZ AR L A BTN U B
R ST 2 ATRSRL, A HUARFI TR K
BE RS FACHFE AT, MR VMR R
WAL A I EAT B AL 707 BB vk
HMTCHIA R b B2 i el SR, B o
PR BT ) R S AR AR
SEAEIG A, T T A LA o
HIEL], AR S R R B A, M 2
B RAE SRS C AT WOGIX SIS, HAT, A
Hl—TEHL AL A BHE E R 2 B AT 2 %0 H
B, AHL-TCHLAA R & A S IRk 3%
Wk 7 BHBEEAEZ MO, R -k
FT KN AE SR, BRAERT . s, A
oo R R VA R S N A AN, RITAE il T
BEAT Be A R0 S AT LR 20, i BT LAAEZ
KB F 4 LIREAHRTEHA R, A
b, TRV BB R B AR 7 A HL—TopL
ErEBLIT, B T AR R M SER Y,

FEFHHLSANERERR £ (ormosils, organic modified
silicate) 1 I ¥ i — B8 e 72 il 2% 1R A HL—Te AL 9l oK %
TR HEE, Pl AR A T R R, SR (3-
AR £ 3 H AR 3R TR 3 ) = AR B e (GLYMO) Al
3-(FF T ML) A Ak = AR R A e (MEMO) 1 4 A
BILCS I Fir B AR, e 385 P B A8 T LA AT I8 S i
LA E S Ak B A o I SR ) R, 8 n 1 A A R
R L ERO S W AR T R AL (TIO,)
A LR FEVRVE N T SRR L, ReAR Ay M o]
I AR B FOG AR RE . FE SR AT BRI DY I T
WEAE D BRI 5, B Lo A
NI B, BAEERGIVNG T, HlE T B
R A ALK/ A P e R £ (TiOy/ormosils)
PL-TEHUL AR . 62 AT R e P b, g
JEEHEAT AN R S R R A B, 300 T o s B 3 T T30
Prop R ML A EERE. DB R LD
TR REMIRAE, REWTT T AR R B 2 (50
3| 500 "CZ [A)yX] B BE RIS, AR5 1) 7 e il A
LB B

1 Sk

1.1 HmEE
S BRIV I B A B T AR B4 T TiO,/

ormosils AH—TCHLE AW, A HME M KL
3 FIRMBORA T RR: W 1, HG-HACIEFARE
P = A B4R (GLYMO). To /K 2l 22 185 17K
DL 1:4:4 (PR LGIR A, 7R FHEHE 30 min, 285
T 0.01 mol IRk ERER, 4kZERiP: 1 h, JLrp bRk
FEHR 37% (BTt o350, AF A AN PR IK g 4 SRk
Ky W 2, BARRRDYIE T RS LA I 4% K L
14 VRE, BAEEE 1 h, Horh 2R FH SR
ERIRVYIE T MR /K s W3, ¥ 3-C T Mk
S0 HE = AR RELE(MEMO) . S A R 22 88 1K
DLEEIREE R 1:3:3 A B G 2RI 0.01 mol <&
M 3T%MERIR, A NIAEEE 1 he )E, ¥
3 I LA TiO,:GLYMO:MEMO Jy 1:2:2 [{1BEIR EL
BA, TEEE NP 2h JE A 3% (it £0)
PR ECRR R, ESI PRSP 30h KLE, 76
WA HHET 1Th, I 4% (5 7320 I A(2,4,6- — H &
I PR R BRI 0 | ), 49 31 A AR
AN S kL. AR5, B ERTZE IR
ERHE 2% B . BERRIN, LIRS A MBS A
Hor A . CRERN 2585 17K EE A58 10 min, H
AEA TS Bl i I 0.22 pm 1AL
REPE RS BRI, B E T A IRHLRE & & O
NE 291 DU = & B O ol SO ] 2 U
3500r/min, FEVRITAIY 355, RG2S AT
W-TCHLE AN AR5, K TEvRTs 20 A L 7E
ST HRAE T AT KL B 10 min, 85235900 50
80. 100, 150 200. 300, 400 ‘CH! 500 C, 753
FEa £ H
1.2 H@REE

i F 57 ) S 785 (AFM, Bruker Dimension
FastScan Atomic Force Microscopy) W 4% & & 7 I 1)
KIS S HARESE . ] Metricon 2 010 5i#%
B ACNRR I A A B AR AL . SR
UNICO UV-2 800 A %84k, o] W e eI 97 i
JIBE 18] ' i 7 1 0 T O M o PLS—SXE AT A
RAMCRIAT WG R, Ik 5 e g AT R
S K. A Fourier 2% # 41 40 i {X (FTIR,
Perkin Elmer Two)X] & & B atb 2= g5 M iR
MES3HT, e LR Y5 FE R 4000-400 cm ™'

2 #ER54%

2.1 HEMRERER
K1 R AL BRI 4351k 504 100+ 300+ 400 °C
I &) AFM K,



o549 5 3 W PR S BIREUE AR S A MBI 4 MO TP R . 539 -
g B 1a~& 1c ATLAEH, SALFE 4 300 C
S FH A BRI BEAR T 300 “C [ 53 4 T 16 2 T e g 3%

40.000 nm

(b) 100 C

40.000 nm

(¢) 300 C

40.000 nm

(d) 400 C

BT ARG B R RS AFM &
AFM image of the hybrid film at different heated
temperatures

Fig. 1

W, X T AN E R B TN A BEZ R 1)
AR, [FAEEEMRESECE. MR, %245
WEIEAE 50 CRFAKL B E 33 T8/ R T
REE(RMS) A 0.83 nm. AR, 430 Ab FHE E 1A 5
400 ‘CHY, Wil 1d Fros MR i 2 H I —Lepl AL 45
P, X T MG B ST 300 CHE, BAHM
BH A WA U R o iR, AF A AR H AL
TEE Ry, FMDHRE BEE . thah, MR E 4
AR FIR AR T 300 C)ERMT e SaebE. Ok
RTINS , R TR ARG,
B A WL TC L A N 2 A B IR e Pk
2.2 ERRBIAIE ST

K2 B EIE S8R 3%, PALBRIE T A 200 C
(A W GO A #E 633 nm WK R
TE 4o . B 2 AT LUE 6o JLIR A
SRR, RMEAEZH TE B R, T
633 nm WA, FEITHELNR 146, K 2 PHEA
2 M T R T IEAME. Bk, TP
WS, N4 TEo R TE, AR S s, oA
N FEIRAE . I ) A B AR T 200 CHRE, 7E
TE #iUR, Bar DA 2 ek 2 LA R S
2o YT AAAL BRI B2 5 T I8 200 °C, RIEAET-#4
AR BRI K 300, 400 “CHI 500 C IR, Sippt
AT I BTk, HAEHENEERT 200 C. A5
B ER 3%, 75633 nm K FEAR
UF G SRR

S
g
£
TE,
TE,
n 1 L 1 n 1 I 1 L 1 n
1000 500 0 =500 1000 —1500 —2000

Table position

K2 BEESEN 3%, FUEHREZH 200 C e
633 nm P AT TE B
Fig. 2 TE (Transverse Electric) modes of the hybrid film
doped with 3% azobenzene and baked at 200 C at
633 nm wavelength



« 540 CREMR £R 2741

J Chin Ceram Soc, 2021, 49(3): 537-543

2021 4

Bl 3 A RN 3% K A AL 633 nm ¥
KT A2 (& 3a) FIE LK 3b)BEA Huih BHI A
50 ‘C#) 400 CHIARL k. M 3a v LAF H, b
PAL PRI FE A 50 C T3] 400 °C, AN FHZE S =i
T FRI T S8 2 S ol IN J5 S KT8/ o > FAKE SR B N
50 CThmr 3 200 ‘CIF, Frif RGN, XEH T
B FAA IR R Ty, G TS A AL AR
KRNIy ZE R VA BAREOR B o il R 1o 3 B
IR 200 CTFw 3 300 CHF, BT TH
X2 TR A HLAL 2 18 2 i DL S AT LB B
JE 1 A A e A AR R G R R A T AR, X
NG 1) AR T DL I [ 4 P i R Y] Fourier 21 7MW
GRS AR o 4 b BRI IR 21 300 °C LA,
ISR R Hh A ML BT i 35 ] A s i XU T 24 5
A, SN A R AR, TR TR Y

Refractive index
.<

. ® 3%
* 1%
1 1 1 1
0 100 200 300 400

Baking temperature/‘C

(a) Refractive index

4+ “‘*\\\\
\g | | | \A\‘ y
8 \0
Z ot
® 3%
| 0_—‘\‘\*’ o
0 100 200 300 400
Baking temperature/C
(b) Thickness
B3 A A B 0 52 BT S 4 0582 i A A A PR

JEAR A il 2k
Fig. 3 Dependence of refractive index and film thickness on
the baking temperature

FRML TR B Ak 2 T 31 400 CINF, TR Py 38 KB 4
A — D e T B8O IR S b R ARk, HTi %
B o

M 3b mT LA Y, AN R 2 1 A T 11
B it A AR BRI B T TN o AR AL B B
50 CTF % 200 ‘CHY, A TR E W NENE, X
e T 2G4 KL FIIE AR T 200 CIN, 585 FR YL
/N 32 B b B A S8 K o R WL TR 9 R DA R AR
FIA B, S HAKEBEE BT E 300 CHY,
TR JEL P 9/ NI P R, XA FH T I A R R A AL
WARIRUK I — D3k, DA N KR e
SEUY, L PRI FE QLT ) 400 CH,
JRREIEART R A, RFR ST EHLE
AL HHAEFEE A 50 C TR E] 200 CHE, (%
B B 5 T RSEAT S 2 R AR A A A P 2%
I 2 R Ay it P 3 P P, ST G S R R (1) AR A
FEBMECRM LR Fit, MESERK
(R, Pro 2 R AR S NP 2% . T 30iF
T 555 28 0 58 B S (AR A A, IR TR EUR
RN 1% (FEDBOR 5% 107 I 34T H 7] 1 4
AR, A 1T S e R0 R L T AR A S A R
BN 3% MR EAT A AL R AR i A

552 FPRR A L™, o T A Ak TR
ARSI, #2 bf A AL BRI 5 1T
VLIRS AR /N o {H 2 KT 3b AT LU, RECR &
TN 3% TR S SCHR[28 AR LE, 7E AR [F] #u A 2
U BE R R RE RO o SR [28] M B 1) e K B )
T2 pm, A TAE RS 5A 3% 1 f
KIBFERL 3 um, 3K T 1 35 B s 1) o
Koo TR A, EA RS 2 )5,
A MU R FIK o 78 R R EAN ], 3 SO
(7 PN A 2 Sl e o I AR AR DT AR A R P 4 S
KR T B
2.3 HEERRNFEY

K 4 S BREE S RN 3% O IR AE A ] B4
AL E T 1Y Fourier ZE ARG . I 4 1T LUE
FE 620 e ' REFERAEAE 1 AN, X d AT
SIALM . 7 2 890 em ' BUTAAAE 1 AN B 1A
7E 1100 cm ' MHEA 1A B, X2 T Si—0
—Si [ EIRsh TR, FEHFIBI 970 cm ™' 4b
F 1290 cm ™ ARAFAE 2 AN, 43 Sl DT Sio—3E [
(PR S B A Si—O—Ti $4# Il Si—O—CHjs
B AE I —CH; =50



2 49 B 3 )

KT 55 BRI R GBI 4 KO R fE . 541 -

Absorbance

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!
Kl 4 BEREGEN 3%M RS MELEA R Hbi &
Fourier 214ME G
Fig. 4 FTIR spectra of the hybrid films doped with 3%
azobenzene and baked at different temperatures

AN, 45 1720 cm ' Fl 1600 cm ' A AELE 2 /N
W, X fE R RO RE SRR T ) C=C WL
BN C=0 B3] M AKEHE AL T 300 CTH,
B F A R FE I T s AN I ) SR AR AN AR
Ko HPAEBREE T 300 TR, 1100 em ™ Ak (04
R IRSS, 620 cm ' ALK MW i AN A, Hifl
WA 5 O Sl 59 L A %, X T M AL BRI
FE24 300 °C S LA BIF, B b ORS R A WL o) il A
Fe, XA DR 3 T S EEE D 300 C R
VST S 3 R R R R A () B R A . RIS, R 4
o 2 PR BHIE BEIA 3 300 °C IS EE 4G K, X AT B T
BRI 2 I EE A B 300 CHF, AL
633 nm [JJ6I T TE BN FAEMILS
2.4 TERERIEFFRIMERE

K5 R IE S RN 3%, SAbEE N 50 C
(A2 AR AE IR Kl 365 nm R4 R IS AN 7] B
()73 3 (1) 20— ] WO, Hor, A JR A 3%
I, EIMEICIh 5 s 2] 30 min(BE G AL
N 15mw/em?®). MBS ATLLE H, ASFSE SR I
) (052 ST 350 nm YK BT HY R — ANk
(R i ige, ot T R G ER M EE 7 (T IR
T 7E 450 nm PR K BT H I — AN 5506, R T
M n—r 1R T

M2 2R ARG I R A 5's 39084 30 min, 350 nm
A BT PR AL 55 P D) - 450 nim 98 K BRHUE A
W U SR AR I K o 33K R R A U A 2 T I A
AT A R E 1 ORI 365 nm (1E
T3 2GR, RECR R ARG T R X F
AR . LA, BEA MBI TN S s 3600

2| 30 min [ FEH, AR S AR AR R RS Ve i
S, T AR MR SR W s g s B 3 o AR
Bk ESH ER SNE IR T), 2 SR i R A
TR, 2RI S R A R A S ) A48 )
—ANPHRRES, IAE TR R

AL, B TARER S B 1%A1 5%, #sbPE
WEERI A 50 C 1 G IEAE 24365 nm) F HEUGY
AR TR RSO o FESEEe T R, ARG &
h 1% 5 A AR 450 nm &b LR g, (BEE
TN 5% A MRS 350 nm Kb B . 7R
[F] AR B 2T, SIREIR S BN 1% 5%
A AR L, AR & 0 3% MR A AT 350 nm
F1 450 nm Ab#RA7AE U, 17 ELBH A 28 40 S IR R] 1)
H4hn, 350 nm AL HIE(E S9N, 450 nm Kb RIS
S, R ECRTE RIS PR AT et
SRR BN A AR . 27 B, AR BN
3% 1) 52 G VB 14 D' 1 AR PR R A o 1T 52 B 1)
S B AP LS g HOE T G PERE DR R AR A
KRN 3%ME A BTG SPERE AT T
XA AR A I 1) R TH T SR 8 5 LA R
2 AR PE R E R ZOR B 3% 5 G e
1 SR A

Absorbance

300 350 400 450 500 550 600
Wavelength/nm

K5 ANFEPERAMEGIN 8] 2 A B Ah ] W BOE %
Fig. 5 UV-Vis absorption spectra of the hybrid films with
different UV exposure time

Fe A SR S MRS A A R ] 3, SR AR
i 58 SR EARR] W EAZ S IR R R 0 53
WET TR IT SR . S, A 365 nm 3¢
KHIEANEHT 450 nm PR IOGAERS 5 1A
IR EAMOESAT A 2 5 A, AR
SIS )4 20 s Forfr, SRAMEHHE I 15 mW/em?,
A LG RIS h 13 mW/em?®. JER S 7 BYT I 7



« 542 . CREMR £R 2741

J Chin Ceram Soc, 2021, 49(3): 537-543

2021 4

JIEE P28 b ] DLW IR G , I 3 T FEIIRAE 350 nm U
KA, B 6 MHARIMEEAARTEN
3%, FALFRIE LN 200 C ) A IR 16 T R
ISR

Vis Vis Vis Vis Vis Vis
3
=]
3
s
2z
<
uv uv uv uv uv
" 1 L 1 n 1 n 1 " 1 L
0 40 80 120 160 200 240

Total irradiation time/s
K6 MmEAGEN 3%, AABRRED 200 C K
[T KA
Fig. 6 Optical switching characteristics of the hybrid films
doped with 3% azobenzene and baked at 200 C

WA 6 Fizs, 2448 1] 365 nm 3K LA RHZ
ARG 20s I, A 350 nm AL 1R
HZ4 0.5, S TIF ORI T IRAS: S HBEK N
450 nm )R] WOGRZE GRS 20 s I, K50
JEEAE 350 nm PAAIRIEL A 0.6, A THFK
R ok, ERFFURMIN, En] WoERIE
AP I EAT A RS, WEAE 350 nm 3
KA RS AR RE B 2 R RS, RENXE &3
JEE A A R 1 S - S A A AT R P IR AT ik
MH, HELEMS s AN E DK, FEAKR T
DR FRE s Ae e v, R Wi A i AT B0 1)
U571

55 3CHR[29-301AH EL 123814 06 T DG Wi )3 s i)
FERL o — 7 TR BT 0] OGRS GG 5K,
T, MMEMARA G AT XA U
(¥ MEMO 4143, 753651 & AM1EH T MEMO ¥
7 RSE A e R A U b LA o 1 O B T VAN
AR 28 BATIR, AT MO A5 W R 6 TR K
PR S IS TR P 5 MR AT

3 i

G5BT IR = B 1k 5 e v v I 46 15 B B I RUR
/INGFFIH) TiO/ormosils HHL-TCHLE A, it
JR T BB A RSO E THERSEN

3% A R T ESA 633 nm N DG SR
3, AENZE A A BRI B AE 300 “C LA R
Fmeh s, BABAR R IR 20 R
2 MR T T AR RS B AT
Hr 55 2 5 JEL R T A Ak B R ) A4k

VR JSE 1100 T St e o o A Ak B SR BE 1) T v S 0
PN JE B RN, PR BRI BE Oy 300 C R,
T 236 o v, YLV 88 o A A A B B ) T R
RN

& T AR 28486 (365 nm) AT WL E(450 nm)
ARG, WL 7% e I ke, et
FRAN, BAEBR RO RO ottt B
BA BRI 57 M, oG U B A E 2
HAE.-

SE R

[1] SATO K. Realization and application of large-scale fast optical circuit
switch for data center networking[J]. J Lightwave Technol, 2018, 36(7):
1411-1419.

[2] THAPALIYA E R, ZHAO J, ELLIS-DAVIES G C R.
Locked-azobenzene: testing the scope of a unique photoswitchable
scaffold for cell physiology[J]. ACS Chem Neurosci, 2019, 10(5):
2481-2488.

[3] wHEBH. MR G RHE 2 5 S W I RO SR ERF U D). K&
WHkOR2E, 2014,

GAO Yanyang. Research on optical switching characteristics of azo
dye doped polymer films (in Chinese, dissertation). Changchun: Jilin
University, 2014.

[4] QUE W X, HUI X, ZHANG Q Y, et al. Germania/ormosil hybrid
materials derived at low temperature for photonic applications[J]. J
Sol-Gel Sci Technol, 2003, 76(4): 423-427.

[5] BANDARA H M D, BURDETTE S C. Photoisomerization in different
classes of azobenzene[J]. Chem Soc Rev, 2012, 41(5): 1809-1825.

[6] HENZL J, MEHLHORN M, GAWRONSKI H, et al. Reversible
cis-trans isomerization of a single azobenzene molecule[J]. Angew
Chem Int Edit, 2006, 45(4): 603-606.

[7] RICHERS M T, TRAN D D, WACHTVEITL J, et al. Coumarin-diene
photoswitches for rapid and efficient isomerization with visible light[J].
Chem Commun, 2018, 54(39): 4983-4986.

[8] RUSSEW M M, HECHT S. Photoswitches: From molecules to
materials[J]. Adv Mater, 2010, 22(31): 3348-3360.

[9] SUN M, QUE W X, HU X. Preparation and trans-cis isomerization of
azobenzene containing TiO,/ormosils hybrid films derived at a low
temperature sol—gel process for photonic applications[J]. J Sol-Gel Sci
Technol, 2009, 50(3): 415-420.

[10] YU Z L, WANG C S, LI H J, et al. Switchable biphotonic holographic
recording in an azobenzene liquid crystal film[J]. Opt Mater Express,
2018, 8(8): 308-314.

[11] YUVARAJ A R, MASHITAH M Y, LUTFOR R. Synthesis of
bent-shaped azobenzene liquid crystals derived from resorcinol for
optical storage properties[J]. Mol Cryst Liquid Cryst, 2016, 631(1):
21-30.

[12] SWANSON N, SABAT R G. Inscription and analysis of non-uniform



2 49 B 3 )

KT 55 BRI R GBI 4 KO R fE .

543 -

[13]

[14]

[15]

(16

[17]

(18]

[19]

[20]

diffraction gratings in azobenzene molecular glass thin films[J]. Opt
Express, 2018, 26(7): 7876-7877.

AR A E GRS S W IR RO A RS LT U (D). KA
ARALITTE K7, 2002.

DENG Xuefeng. Optical Storage Properties of Azobenzene Dye Doped
Polymer Films (in Chinese, dissertation). Changchun: Northeast
Normal University, 2002.

YIN T, ZHAO Z, ZHANG H. Theoretical study of substituent and
charge effects on the thermal cis—trans isomerization of
ortho-fluoroazobenzenes photoswitches[J]. Org Electron, 2018, 52(1):
61-70.

CABRE G, GARRIDO-CHARLES A, MORENO M, et al. Rationally
designed azobenzene photoswitches for efficient two-photon neuronal
excitation[J]. Nat Commun, 2019, 10(1): 907.

FIESE, VEEAL, B, 5 REWIA NN R &
WEFEI]. BB 22244, 2005, 28(3): 231-234.

KE Changmei, WANG Houzhi, ZHAO Huizhong, et al. J] Wuhan Univ
Sci Technol (in Chinese), 2005, 28(3): 231-234.

EH, K AH-TLHA AR S EBT FCRE R (D], s Tk
223, 2013, 35(1): 48-52.

WANG Chao, ZHANG Hui. J] Wuhan Univ Technol (in Chinese), 2013,
35(1): 48-52.

WANKAR S, PANDIT U J, KHAN 1. Hybrid material derived via
embedding ternary complexes in
matrix[J]. J Lumines, 2019, 215(11): 116705.
PIANOWSKI Z L.
photoswitches into
Chem-Eur J, 2019, 25(20): 5128-5144.

. BRI A LR AP T 6RO S AR e vt 5
%[D]. KA EHHOK, 2012

LI Tong. Optimal design and preparation of Er''-Yb*" co-doped

lanthanide inorganic/organic

Recent implementations of molecular

smart materials and biological systems[J].

polymeric planar optical waveguide amplifiers (in Chinese,

dissertation). Changchun: Jilin University, 2012.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

GU Y L, CHEN C M, ZHENG Y, et al. Heat-induced multimode

interference  variable  optical attenuator based on novel
organic-inorganic hybrid materials[J]. J Opt, 2015, 17(8): 85802.
PAROLA S, JULIAN-LOPEZ B, CARLOS L D, et al. Optical
of hybrid organic-inorganic
applications[J]. Adv Funct Mater, 2016, 26(36): 6506—6544.

JIANG Y, DA Z L, QIU F X, et al. Azo biphenyl polyurethane:
Preparation, characterization and application for optical waveguide
switch[J]. Opt Mater, 2018, 75(1): 858—868.

SANCHEZ C, BOISSIERE C, GROSSO D, et al. Design, synthesis,
and properties of inorganic and hybrid thin films having periodically
organized nanoporosity[J]. Chem Mat, 2008, 20(3): 682—736.

ZHANG X H, QUE W X, CHEN J, et al. Concave micro-lens arrays
fabricated from the photo-patternable GeO,/ormosils hybrid sol-gel
films[J]. Opt Mater, 2013, 35(12): 2556-2560.

GAO T, XUE Y, ZHANG Z, et al. Multi-wavelength optical data
processing and recording based on azo-dyes doped organic-inorganic
hybrid film[J]. Opt Express, 2018, 26(4): 4309-4317.

SR, TTHUE. AU SRR OGS e R & BT[], D
H LR, 2002, 29(1): 15-18.

WU Haiyin, FANG Jingzhong. Opto-Electron Eng (in Chinese), 2002,
29(1): 15-18.

ZHANG X H, XUE C, ZHANG W,

TiO,/ormosils organic—inorganic hybrid films derived by a sol-gel

properties materials and their

et al. Multifunctional
process for photonics and UV nanoimprint applications[J]. Opt Mater
Express, 2019, 9(1): 304-314.

QUE W X, HU X, XIA X L, et al. Photo-responsive properties of
hybrid TiO,/ormosil
organic-inorganic matrices[J]. Opt Express, 2007, 15(2): 480—485.

azobenzene small molecules in sol-gel
QUE W X, HU X. Optical switch and luminescence properties of
sol-gel hybrid organic-inorganic materials containing azobenzene
groups and doped with neodymium ions[J]. Appl Phys B-Lasers Opt,

2007, 88(4): 557-561.



