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Abstract: Polyvinylidene fluoride (PVDF) and its copolymers films have been extensively used in photoelec-
tric functional devices such as photoelectric conversion, optical regulation, optical switch. They are the most
important polymeric ferroelectricity materials with excellent electro-active properties, high diffraction effi-
ciency and significant nonlinear optical effect. We summarize the progress in nonlinear optical effect of
polyvinylidene fluoride and its copolymers films both in domestic and foreign research within the last sever-
al years. We illustrate that the development direction of the films will be nanoscale-doping, blending modific-
ation and ultrathin. The nonlinear optical properties should be investigated by the first-principle and photonic
band gap calculations, and measured by the means of the high sensitivity Z-scan, Marker fringe combing with
ellipsometry. This study can provide an insight for the development and utilization for polyvinylidene fluor-
ide and its copolymers films in future.
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Fig. 1 Schematic illustration of the Z-scan technique. (a) The principle of the Z-scan technique: I -the wavefront deforma-

tion of Gaussian beam when entering nonlinear materials, Il -the Z-scan experimental apparatus in which the ratio

D2/D1 is recorded as a function of the sample position Z, D1 and D2 are photodetectors®”; (b) setup for second and

third harmonic generation by means of the Maker fringe technique®"; (c) the principle of barycentric scan technique®®*
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Fig. 2 Classification of PVDF and its copolymers optical films
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Tab.1 Optical characteristics of PVDF and its copolymer films

Intrinsic Birefringences™"

Refractive second-harmonic Coherent
index coefficients eFibers o(T) A1) S(I) wavelength
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a: Preparation with Spin-coating; b: Preparation with LB method; c. Calculations based on the formalism of Hughes and Sipe; d: Calculations based on
Bunn, Denbigh (C-C, C-H) and Denbigh (C-F); e: Calculations based on Bunn, Denbigh (C-C, C-H) and Vogel(C-F); f: Calculations based on Denbigh
(C-C, C- H) and LeFevre and LeFevre (C-F). g: Birefrigence of Melt-Spun PVDF Fibers before (above) and after (below) the poled films (Clod-

Drawing, Elongated-40%)
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Fig. 3 Schematic illustration of classical research on nonlinear optics of PVDF and its copolymer optical thin films.

(a) Sample geometry and orientation for SHG measurements on PVDF film. The direction of the laser beam propaga-

tion corresponds to £“l. (b) The attenuation constants k|, and k1 and the refractive indices n;; and n. of the LB films ob-

tained from the IR-VASE (Variable angle spectrometer ellipsometry) data analysis®”. (¢) Maker fringes obtained by ro-

tating the planar samples around a vertical axis, with a horizontal polarization of the incident beam. Above: evidence of

phase matching at an incidence angle of 67.8° in Eugenol when the incident polarization is vertical. The SHG polariza-

tion is still horizontal. Below: Maker fringes obtained by rotating the poled copolymer film around a vertical axis in a

transparent cell filled with Eugenol. The incident polarization and the SHG polarization are horizontal®?. (d) SHG

fringes pattern obtained when wedge sample is translated parallel to its length across laser beam (fundamental)*!
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Fig. 4 NLO properties of PVDF/metallic oxide nanocomposites films. (a) The transmittance of PMMA/PVDF-ZnO nanocom-

posites”®); (b) linear absorption coefficient spectra of PVDF/ZnO/CuO nanocomposites®®!; (¢) plots (direct band gap)

for PVDF pristine and PVDF-ZnO Nanocomposites'’”; (d) the normalized transmittance as a function of sample posi-

tion in open-aperture Z-scan for PVDF/ZnO nanocomposites ™

BB ZnO 94K FIURE A4 73 0 18 299 K 2R 45 W v
R AGAR L PSS R AF 2R T Y, 112 Fh 2 Jm A e

KB AR B A, W RE S R A NLO TERE
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KR, HER T BB Te 4R (1.2~1.4) eV, Cr,0,% HfO,* | La,0;%), Fe,055, Fe;0,87,
5 ZnO Hif, H NLO PERE[RIAE HY A7, H. M. Nd,05* Gd, 05 45 43 J& A APy 44 K UKL g — b
Shanshool 1 BA Y & #i . CuO 44 K ki 69 in A, i 54743 PVDF K HILRYei R Yl
PVDF/ZnO/CuO 7 J5 fit) 28 P W e 2 $038 K (4 T SRR (5 e o @ Y B A e = <
PVDF/ZnO). i T 2 FEAK L A7 B h o FHLRES J& B AW AN IR 51 ) ) PRI S 2540 5 A B A
T Z-FAREMASE 5 R AR L R g 21 P, (1542 2% 5 KRG W G2 | s

(1 4(b), % E WL A H R, BT CuO WA, PERESEUR R84, S EIBA J EM3R E R
[ IS RE B RIS, TRl B IR et i e | ARGt (EEREAR) . D62l B AR (B3 R), I 46
R (HEXHE) M =B AR R I R S G SOOI AR RN, HAB R 5 DG g
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Tab. 2 Linear optical and nonlinear optical parameters of PYDF/MO (metallic oxide) nanocomposites films

Nonlinear optical parameters

Samples Lesy B & 1, Ad, Eq(eV) Ei (eV) E(eV) ()
—1.62481  (.18111
PZnO T g 33 ]9?3.13[34]1 0573 17.5l égf.([:gmm 3.15-4.910 72‘22[27; 3-23[77:] 5'537 ;1‘[89‘;5[731 476~335%  L16™ 07145
P/ZnO/CuQ #Y 0.862 4.740 — —3.220 0.294 — — — 1.4039
Samples b & n P Eq4(eV) E¢(eV) 4
P/ZrO,}* 3396.8~26.10 3.97~5.83 1.99~2.41 1.62~7.27 1.53~5.89 2.94~0.76 0.34~9.29

Linear optical parameters

Samples & n k Samples T &
P/Gd,0;: Eu3'™! 82%~85% 7~7.5
P/CrO,*¥ 2.77-5.83 1.395~1.43 0.005~0.03
P/PPO/POPOPGd,0;:Eu3 "™ 75%~77% 12~15
E,
2] 1761 i
Samples! o & Eq(eV) Samples! o E4(eV) V)
P/PEO-ALO; 0.99 3.56~6.35 491 P/PMMA-V-ZnO 0.88~0.60"7" 2.8 2.5
P/PEO-SnO, 0.99 2.7~4.68 4.62 P/PMMA-S-ZnO 0.82~0.60" 3.0 2.8
P/PEO-TiO, 0.982 3.08~5.05 3.53 P/PMMA-Dy-ZnO 0.78~0.60"7% 2.5 2.2
Samples a n Eq(eV) E; (eV) k(1072) T &
~ 78] ~5.75081
P/PMMA-ZnO ™ e 129-1547 S2ZSISE g 0.018-0.06™  35%~40% 2.37~1.677
78] 78]
P/PMMA 7 o 121~120m 38 3709 0.010% 65%~70% 1467
Samples o & E,y(eV) E(eV) Samples o
'0.20~0.15;%0.84~0.41 P/Nd,0,* 0.90
X 185] ~ ~
La,05/P-TrFE 0.968~0.996 163 3.15~2.80 - Fe;04/P- 0.90
HFPY :

Note: P-PVDF, 1- ac activation energy (E,.), 2-dc activation energy (E,.), Eq-Direct band gap, E;-Indirect optical band gap, n-linear refractive index
(A=633 nm), E,-optical activation energy, Er-Fermi energy, n,-nonlinear refractive index (cm?Wx10"%), -nonlinear absorption coefficient (two-photon,
cm/Wx107*), a-linear absorption coefficient, transmittance, &-dielectric constant, y®-third order nonlinear optical susceptibility(10-6esu), L g-effective
length of the sample(10° cm), A®y-the nonlinear phase shift, k-the extenction coeffecient (A<633 nm), p-average polarizability (C* m2J'x107), p'-first
hyperpolarizability(C* m*J2x10*"), 4-anisotropy (C> m*J'x107*?), V-ZnO: ZnO doped with vanadium, S- ZnO: ZnO doped with sulfur, Dy-ZnO:ZnO
doped with dysprosium.

BHORE, &R AR B e, [ AUOKRRSYEEA NLO PERE. NI, ZnO, CuO
PVDF B HALRYPHE A SRR iRy S 6 )R A R BUR B8 2%, o b BRI
THERBER, BN, B UcEsdem T PVDF R H AR Y MiGE 5%, #m HAEL A
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Fig. 5 NLO properties of PVDF/low-dimensional carbon materials films. (a) Optical limiting graphs for PVDF/RGO films
with different concentrations of RGO"; (b) transmittance of pristine PVDF and PVDF-RGO nanocomposites*”;
(c) transparency camera image for PVDF/MWCNT composites films!'""! with different concentration of MWCNT:
(1) pure PVDF, quality score is (i) 1%, (iii) 2%, (V) 5%; (d) transmittance of the modified CQDs/PVDF nanocom-

posite films before and after 200 h of UV exposure '
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Affi PVDF-POPD JS £ 4k 45 k4 32 1 (1) PL 2500 B
U8, Shubnikov ¥f¥1E# CNTs $824%/E P(VDF/TrFE)
PRy SR B T T AR RN KGR
BN, R F K A il £ CQDs #2441y PVDF
IR AT A R0 L 3o AR SR A B (200~
400 nm) HAIK (&1 5(d)), 1778 AT W5 B s 3
K, HZ % PVDF ¥R Y (400 ~800 nm);

J5# 4T 200 h 2RHPRER T B HBEAANA, R
ARG PSR E M (B 5(d)).

M2 413 RGO, CNTs. CQDs 7E N f Ik 4
Wt Rk, AL a2 Mo 2zt g R BB 2 5
G2 B 5 38 SR B AR L ISR IS K, RIS
P51 NLO 5 5251 Bk v R, [R] B il 28 1 251
B B IR, R RS £ PVDF JOH AR IR YY)
SRR F Ty 1) . ARELHARSCHERE S5
WL 3 Fim.

R 3 PVDF/RERMBIRRSWERM LM RIFLMEAFELSH

Tab.3 Linear optical and nonlinear optical parameters of PVDF/low-dimensional carbon materials nanocomposites

films
Nonlinear optical parameters
samples B ny Py Iy [
P/RGOM! 195-400 3.410-6.270 8.4-7.84 6.19-12.95 6.2-12.96
Linear optical parameters
samples o n E;(eV) Ei (eV) T
P/RGO!™ 83%-99% 1.8-2.2 5-43 44-32 30%—1%
PVDF/CQDs!'®! 90%—-98.5% 1.22-1.55 2.96-5.00 1.16-4.32 4%—12%
samples T

P-OH@CQDs/PVA [*4

PVDF/MWCNT!!

88%(300-800 nm)

0(5%CNT) . 22%(2%CNT) . 48%(1%CNT)

Note: P-PVDF, E-direct band gap, E;-indirect optical band gap, n-linear refractive index (4633 nm), n*-nonlinear refractive index (cm*Wx107'), -
Nonlinear absorption coefficient (two-photon, cm/GW), a-linear absorption coefficient, T-transmittance (A~633 nm), y®: third-order nonlinear optical
susceptibility (107" esu), Imy®®; The imaginary part of third-order nonlinear optical susceptibility (107" esu), Py-optical limiting threshold power

(MW/cm?).
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Fig. 6 NLO properties of PVDF films doped with inorganic nonmetallic crystals, metallic salts, and composite fillers.
(a) Schematics of TTTT(PVDF) configuration on HNTs""”; (b) SEM micrographs of PVDF@SiO,@S1"'; (¢) trans-
mittance of the PVDF/ HNTs films with Overlaid Z-scan curves!'’”; (d) refractive index for pure PVDF and
Li4TisO,»/PVDF nanocomposites''; (e) direct bandgap of the MoS, doped in PVDF nanocomposite samples!"'”;
(f) FTIR spectrums of TiO,@MWCNTs/PVDF composites!'*!
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Tab.4 Linear optical and nonlinear optical parameters of PVDF/inorganic nonmetallic crystalline materials nanocom-

posites films

Nonlinear optical parameters

3

samples Agpqg Legr ) X
Pristine PVDF!'"! 2.05 243 —3.13 —1.7872
P/HNTU 0.59-2.2 13.9-20.4 1.24-4.89 1.2075-8.9922
samples N, Jo(nm) So & Nim* ,
LiyTisOpp"! 2.78 213.62 1.47 8.15 0.472 4.09
P/Li,TisO 1" 3.50-7.32 269.68-291.60 1.55-6.19 15.64-74.83 3.684-35.60 8.25-11.67
Linear optical parameters
a
Samples Ei(eV)
200 nm<A<400 nm 400 nm<A<800 nm
BaTiO,!"" 0.99 0.684 3.6
(0.8)PVDF/(0.2)BaTiO;""" 0.999 0.997 2.9
0.6PVDF/0.4BaTiO;!"'" 0.999 0.999 2.4
1PVDF/5BaTiO,!""! 0.9-0.5 0.2-0.5 3.85-33

Note: P-PVDF, E—Direct band gap, Ei—Indirect optical band gap, n-Linear refractive index (<633 nm), n,— nonlinear refractive index (cm*Wx10"'?), T-
transmittance (A=633 nm), y®: third-order nonlinear optical susceptibility (10%esu), a-linear absorption coefficient, Py—optical limiting threshold power
(MW/cm?), Leg: the effective length (um); Ag,: the on-axis nonlinear phase shift at the focus; n..: the long wavelength refractive index, ,: the average
oscillator wavelength, S,: average oscillator strength (10" m™), e..: high-frequency dielectric constant, N/m*: free carriers ratio (x10°7 m™), w,: the
plasma frequency (10" s™'), n-Linear refractive index (/~633nm), k-the extension coefficient (107, 220 nm<A<380 nm).
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Fig. 7 Quantum chemical calculation for PVDF and its copolymers films. (a) Snapshot of a Ag/PVDF1250 nanocomposites

A e ke DX B BB, BT 7 A R A 4 A A

simulation cell. Silver atoms are shaded gray, fluorine blue, carbon red, and hydrogen green!®!; (b) the normal reflect-
ance (R) of Ag/PVDF nanocomposites materials: (i) and (ii) are incident light along the z- and x-axes; (iii) present the
respective optical properties of Ag-nanoparticles in vacuum, with incident fields along the z- and x-axes!*"J; (¢) the two-
step transition pathway connecting the nonpolar a phase and the polar y and £ phases, the top panels show the conver-
sion to the y phase through a rotation of one chain, the bottom panel illustrates dihedral angle changes in the TGTG
chain as it transforms to the T chain of the § phase. Red arrows indicate the directions of the dipole moments while
black double arrows indicate the geometrical progression!”; (d) calculated dispersion curves for the d-coefficients and
(e) the refractive indices of PVDF. Labels a, b, and c represent the photon polarization directions along the crystal axes

a, b, and ¢, respectively;"" (f)theoretically calculated refractive index of PVDF!'*
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