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Abstract Polyvinylpyrrolidone (PVP)/ZrO2-based hybrid

thin films, with suitable properties for application in the

high power lasers, have been prepared combining the

advantages of both the sol–gel route and the organic-

inorganic hybrid materials. By virtue of light scattering

analysis, the chemical composition of the reaction system

was fully optimized, endowing the films with good optical

properties and high laser-induced damage threshold

(LIDT). Light scattering studies also provided valuable

structural information about the hybrid sols, which offered

a better understanding of the structure and performance of

the hybrid films. Our experiments showed that, in the

hybrid sols, the incomplete substitution for the chelating

ligands by the hydroxyls might considerably conceal and

weaken the effect of PVP on the nucleation and growth of

ZrO2 particles. Thus, the incorporation of PVP only

resulted in slight decreases in the refractive index and

LIDT of the films. By energy relaxation through their

flexible polymer chains, however, the addition of PVP

could easily enhance the stress compatibility between the

high- and low-index layers and then facilitate the deposi-

tion of the multi-layer highly reflective mirrors.

Keywords Zirconia � Sol–gel � Optical coatings �
Light scattering

1 Introduction

The potential application of high-power lasers as the

ignition source of inertial confinement fusion (ICF) has

stimulated the research and development of various laser

optical components such as the anti-reflective (AR) mir-

rors, highly reflective (HR) mirrors, polarizer, and so forth.

Among them, the fabrication of the HR mirrors is a real

challenge and has been an area of considerable interest in

recent years [1–11]. For HR mirrors working at a given

wavelength, k0, the preparation involves an alternate

deposition of high- and low-refractive index layers, each

with an optical thickness equal to one-quarter of k0. The

reflectivity of the HR mirrors increases with the increase in

either the number of stacked pairs or refractive index

contrast between two materials [12]. Unfortunately, two

layers of highly different refractive index usually present

different internal stresses due to their different natures and

structures. This may induce interfacial stresses often

expressed by film cracking or delaminating. Moreover, to

obtain the best optical performance, any defaults such as

impurities, structural defects and low surface homogeneity

must be excluded [8, 13, 14]. Hence, to assemble the HR

mirrors, it is of great importance to precisely control the

structure and property of every monolayer in the film

stacks.

Such a precise control on the structure and performance

of films can only be achieved by the proper selection of

both the material and deposition process. Among the

widely examined materials for HR mirrors, ZrO2 and SiO2

have proved to be a pair of potential candidates for the

high- and low-index film materials, due to their good

optical properties and high chemical and thermal stabilities

[1–18]. As concerning the film depositions, a variety of

physical and chemical techniques have been developed,
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among which the soft sol–gel route is more attractive.

Firstly, the porous sol–gel films tend to be more favorable

to energy relaxation through their network structure, thus

endowing films with low internal stress and high laser-

induced damage resistance [1–10, 15]. Secondly, the sol–

gel route offers an excellent control on the composition,

purity, and homogeneity of films. This greatly diminishes

the probability of default formation in the films [1–11, 13,

14]. Finally, such a process gives advantages to produce

the organic–inorganic (O/I) hybrid materials, which pro-

vides another way to alleviate the film stress, and then

facilitates the fabrication of the multi-layer mirrors [10,

19–22].

Sol–gel deposition of SiO2- and ZrO2-based films has

been extensively studied. As one of the most widely

studied AR films, the sol–gel deposition techniques for

SiO2 films have been established [1–10, 15], and the

involved sol–gel chemistry has been primarily elucidated

[23, 24]. In comparison, progresses in the sol–gel deposi-

tion of ZrO2 high-index layers are rather slow, which

greatly restricts the development of sol–gel HR mirrors.

Many researches demonstrated that the bottleneck consists

in the synthesis of ZrO2 precursor sols [3–7, 9, 10, 25]. By

far, two types of approaches have been developed to pre-

pare ZrO2-based sols. One is the suspension route, which

involves the formation of nanocrystalline particles by a

hydrothermal process and then a subsequent redispersion of

the particles in alcohol solvent to produce suitable sus-

pensions for film deposition. In this area, many precursory

and excellent works should be attributed to the efforts of

Thomas [1, 3], Floch et al. [2], and Belleville et al. [5, 10].

The other is the chelating route, which produces sols

directly based on the controlled hydrolysis-condensation of

zirconium alkoxides [4, 6, 26–30]. With no need of further

redispersion, the chelating route offers more conveniences

in synthesizing homogeneous sols and then high-perfor-

mance optical films. The feasibility of the chelating route

in depositing the high-index layer of HR mirrors has been

demonstrated by McInnes et al. [4, 6].

The chelating route, just as its name implies, is such one,

in which the hydrolysis and condensation of zirconium

alkoxides is chemically controlled by modifying the pre-

cursors with chelating ligands to produce new molecular

species with altered structure and reactivity. So far, a

variety of chelators, such as organic acids [25, 26],

hydroxyketone, alkanolamines [27], diketones [28, 29], and

glycols [30], have been developed. Based on these chela-

tors, ZrO2 films for various common applications have also

been successfully deposited [26, 31, 32]. Unfortunately, in

most researches, strong chelators in excessive amounts are

often employed to ensure enough stability of the sols

[27–30], which makes the films unable to acquire their

necessary properties until undergoing a heat-treating

process. However, such a post treatment is impracticable

for the multi-layer mirror deposition, since heat-treating

the film stacks, even at a medium temperature, may induce

considerable thermal stress and lead to film cracking or

delaminating [1–10]. In other words, for application in HR

mirrors, ZrO2 films must acquire their properties immedi-

ately after the deposition, which requires a good balance

between the chelation and hydrolysis-condensation in the

colloidal system so as to produce sols with sufficient

hydrolysis of zirconium and proper stability. This is

beyond the scope of the current researches on the chelating

sol–gel route for ZrO2 materials. Moreover, although the

decisive effects of the precursor sols on the structure and

properties of films have been recognized, little research has

been done involving the correlation between sol structures

and properties of its xerogel films.

The aim of our present work was to produce polyvi-

nylpyrrolidone (PVP)/ZrO2-based hybrid films, combining

the advantages of both the sol–gel route and O/I hybrid

materials, and examine their properties for use as the high-

index layer in HR mirrors at 1,064 nm. With diethanola-

mine as the chelating agent, PVP/ZrO2-based hybrid sols

and films were prepared via the chelating sol–gel route and

spin-coating process. The sols were studied by the light

scattering techniques to obtain necessary structural infor-

mation. The chemical composition, structural properties

and optical performances of these films were characterized.

Based on these analyses, a possible correlation between the

film properties and microstructure of the precursor sols was

also presented.

2 Experimental

2.1 Preparation of sols and films

All chemicals, including Zirconium (IV) n-propoxide

(Zr(OPr)4, Strem chemicals), PVP (K85–95, mean molecu-

lar weight of 1,300,000, Acros chemicals), diethanolamine

(DEA, Tianjin chemicals), Tetraethoxysilane (TEOS, Acros

chemicals), ammonia (NH3�H2O) and anhydrous ethanol

(Beijing chemicals), were of reagent grade and used without

further purification.

The entire procedure, including the sol preparation and

film deposition, was carried out in a clean and controlled

atmosphere with the temperature of 20 �C and relative

humidity of 45%.

During the synthesis of PVP/ZrO2-based sols, two dif-

ferent parts of alcohol solutions were prepared. In the first

part, the deionized water and PVP were dissolved into

anhydrous ethanol by stirring under the sealed conditions.

The second part of solution was then prepared by dissolving

Zr(OPr)4 in anhydrous ethanol containing DEA. The
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solution was sealed and kept stirring for 30 min to achieve a

complete chelation between Zr(OPr)4 and DEA. Hydrolysis

and condensation was then carried out by rapid mixing the

two solutions by vigorous stirring, which led to the for-

mation of fresh sol. The initial concentration of Zr(OPr)4 in

the total mixture, C, was 0.28 mol/L. The molar ratio of

H2O and Zr(OPr)4 (namely hydrolysis ratio, r) was 2:1. The

molar ratio of DEA and Zr(OPr)4 (namely chelating ratio, d)

and the mass fraction of PVP in the total amount of PVP and

the converted ZrO2, WPVP, were varied as shown in Table 1.

The designed concentration of ZrO2 in the final sol was 4.3

wt%. All fresh sols were hermetically stirred for 60 min and

held under static conditions for 20-day aging to obtain the

precursor sols for film deposition.

For HR mirror preparation, SiO2 sol was prepared by the

ammonia-catalyzed hydrolysis and condensation of TEOS

in ethanol according to Stöber’s method [23]. The con-

centration of TEOS in total mixture, C, was 0.58 mol/L,

the hydrolysis ratio, r, was 2:1, and the molar ratio of NH3

and TEOS (namely catalysis ratio, c) was 1.75 9 10-4:1.

The designed concentration of SiO2 was 4.4 wt%. The

fresh sol was aged for 15 days to obtain the precursor sols

for film deposition.

PVP/ZrO2-based and SiO2 single-layer coatings were

prepared by spin coating the aged precursor sols onto the

well-cleaned K9 optical glass substrate. To obtain films

with the optical thickness of one-quarter of 1,064 nm, the

deposition speed was precisely controlled. For PVP/ZrO2-

based sols, the spinning rate of the substrate was changed

from 1,800 to 3,500 rpm. For SiO2 sol, the spinning rate

was fixed at 2,100 rpm. The fabrication of the HR mirrors

involved an alternate deposition of PVP/ZrO2-based and

SiO2 quarter-wave films. During deposition, each fresh

layer was air-dried for 20 min under the continuously

spinning conditions at 2,000 rpm before the next layer was

deposited.

To simplify discussion, ZrO2-based sols, PVP/ZrO2-

based sols, PVP/ZrO2-based films, and the HR mirrors

were named hereafter ‘‘SZX, SZPY, FZPY, and HRY’’,

where S, F, and HR respectively denoted the sols, films,

and HR mirrors, X was the value of chelating ratio, d, in

ZrO2-based sols, and Y indicated the mass fraction of PVP

in PVP/ZrO2-based hybrid sols and the high-index films.

2.2 Characterization of sols and films

To obtain necessary structural information, the precursor

sols used for film deposition were examined using the

small-angle X-ray scattering (SAXS) and dynamic light

scattering (DLS) techniques. The SAXS experiments were

carried out with a long-slit collimation system on 4B9A

beamline at Beijing Synchrotron Radiation Facility, China.

The incident X-ray wavelength, k, was 0.154 nm, the

scattering angle, 2h, was 0–3�, and the scattering vector,

Table 1 Composition and structural parameters of ZrO2-based, PVP/ZrO2-based and SiO2 colloid systema

Sample Composition Stable sol* Mean particle size g (cP)

C (mol L-1) r d or c WPVP (%) Dm,SAXS (nm) Dh,DLS (nm)

SZ2.0 0.28 2:1 2.0:1 0 Yes – – – –

SZ1.5 0.28 2:1 1.5:1 0 Yes – – – –

SZ1.0 0.28 2:1 1.0:1 0 Yes 1.3 3.7 19.8 –

SZ0.8 0.28 2:1 0.8:1 0 Yes 3.3 5.2 20.4 –

SZ0.7 0.28 2:1 0.7:1 0 Yes 3.5 5.7 25.2 –

SZ0.6 0.28 2:1 0.6:1 0 Yes 3.9 6.1 27.5 1.76

SZ0.5 0.28 2:1 0.5:1 0 No 4.1 6.7 35.4 –

SZP00 0.28 2:1 0.6:1 0 Yes 3.9 6.1 27.5 1.76

SZP05 0.28 2:1 0.6:1 5 Yes 4.0 6.1 20.7 1.91

SZP10 0.28 2:1 0.6:1 10 Yes 3.9 6.5 27.6 2.27

SZP15 0.28 2:1 0.6:1 15 Yes 4.0 6.7 28.5 2.63

SZP20 0.28 2:1 0.6:1 20 Yes 3.8 6.2 21.8 3.08

SiO2 sol 0.58 2:1 1.75e-4:1 0 Yes – 12.3 1.82

a The upper error limit for all the derived values is within 5%

C is the initial concentration of Zr(OPr)4 or TEOS in the reaction system. r is the hydrolysis ratio, being defined as the molar ratio of H2O and

Zr(OPr)4 (or TEOS). d is for ZrO2-based sols and denotes the molar ration of DEA and Zr(OPr)4. c is for SiO2 sol and denotes the molar ratio of

NH3 and TEOS. WPVP is the mass fraction of PVP in the total amount of PVP and the converted ZrO2. *A stable sol refers to the system that can

maintain transparent state and good fluidity after 20-day aging (for ZrO2-based sols) or 15-day aging (for SiO2 sol) at 293 K. Dm,SAXS is the mean

diameter of the colloidal particles derived from SAXS, and Dh,DLS is the hydrodynamic diameter measured by DLS. g is the viscosity of sol

examined at a rotor-spinning rate of 100 rpm
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q = 4psinh/k. The background scattering was corrected to

obtain the J(q) - q curves, J(q) being the scattering

intensity. The size distribution of the scatterers was

determined using Shull-Roess method [33]. And their

fractal characteristics were determined directly based on

the power law regions in J(q) - q curves according to the

method reported by Keefer et al. [34] and McMahon et al.

[35]. The DLS analysis was performed on a particle size

analyzer (Coulter, N4Plus) with a He–Ne laser. The scat-

tered light was detected simultaneously at two scattering

angles of 29.1� and 90�. Scattering data from each angle

were analyzed independently to obtain the particle size

distribution curves. The viscosity of several sols was

examined on a rheometer (Brookfield, LV DV-III+) at a

rotor-spinning rate of 100 rpm. Both the light scattering

experiments and viscosity analysis were performed at a

constant temperature of 293 K.

Fourier Transform Infrared (FTIR) spectra were recor-

ded on a FTIR spectrometer (Nicolet, Magna-II 550). For

FTIR analysis, the film samples were specially prepared by

spin coating the sols directly onto the KBr flakes. The

atomic force microscope (AFM, Digital Instrument, Model

DI 5000) was used to probe the surface morphology of the

films. The transmission spectra were measured using an

ultraviolet/visible/near infrared (UV/Vis/NIR) spectrome-

ter (Perkin–Elmer, Lambda-900). The films were further

examined by a high-resolution thin-film metrology system

(SCI, FilmTekTM3000) to determine the refractive index,

n(k), extinction coefficient, k(k), and film thickness, h, over

the spectral range of 340–1,600 nm. The laser irradiation

tests were carried out using a Q-tuned Nd:YAG laser,

which provided a nearly Gaussian-type pulse beam at

1,064-nm wavelength. A detailed description of the optical

setup was given elsewhere [36]. The maximum output

energy at 1,064 nm was 800 mJ, the pulse duration was

3 ns, and the laser spot on the tested film was 1 mm2. The

laser damage resistance of films was measured using the

R/1 testing mode. And the film damages were estimated

from the visual inspection of the plasma flash and detected

in situ with a Normarski interferential contrast microscope.

3 Results and discussion

3.1 Stability and microstructure of ZrO2-based sols

As mentioned above, for application in HR mirrors, ZrO2

films must obtain their properties directly from the sol–gel

deposition, which should base on precursor sols with both

sufficient hydrolysis-condensation of zirconium precursors

and proper stability. To this end, the sol–gel processing

parameters, especially the system composition, should be

properly selected.

Thus, before the synthesis of PVP/ZrO2-based hybrid

materials, we prepared ZrO2-based sols first in order to

give a primary optimization on the system composition.

Our experiments showed that both the stability and struc-

ture of ZrO2-based colloidal system strongly depended on

its composition, especially the chelating ratio, d. It is clear

from Table 1 that, at the fixed Zr(OPr)4 concentration,

C, of 0.28 mol/L and hydrolysis ratio, r, of 2:1, only when

the chelating ratio, d, exceeds 0.5:1, can a stable sol be

obtained. Here, a stable sol refers to such a system that can

maintain the transparent state and good fluidity after

20-day aging at 293 K. Obviously, from the viewpoint of

sol stability, d can be selected in a wide range. For our

specific application, however, it should be further confined.

Figure 1 illustrates the J(q) vs. q plots of the SAXS

intensity of ZrO2-based colloid samples prepared at dif-

ferent chelating ratio, d. For comparison, the scattering

curve of the chelating solution is also displayed. Clearly,

both the chelating solution and sols with d of 2:1–1:1

scatter X-rays very weakly, suggesting the absence of

significant quantities of particles larger than 1 nm. As the

chelating ratio, d, decreases to 0.8:1 or less, noticeable

SAXS from the colloid system occurs and the scattering

curves tend progressively to a typical power law depen-

dence of J(q) on q at the intermediate q region, indicating

the emergence of a large number of detectable colloidal

particles and the formation of fractal clusters. Such a

gradual change in the SAXS intensity provides a clear

overview on the structural change of the colloidal system,

and can be essentially associated with the different degree

to which the controlled hydrolysis-condensation can reach.

Although there has not been a generally accepted

mechanism on the chelation between DEA and zirconium

alkoxides, based on the coordination chemistry of zirco-

nium and structural characteristics of DEA molecules, the

Fig. 1 J(q) vs. q plots of the SAXS intensity for ZrO2-based colloidal

samples prepared at different chelating ratio, d
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possible chelating reaction in our case can be expressed by

Fig. 2, where R1 and R2 denote propyl (C3H7) and ethyl

(C2H5), respectively [37]. Undoubtedly, we present here

just a general description of the complex chelating reac-

tions. With different chelating ratio, d, various new

chelating species may come into being, endowing the col-

loidal system with different stabilities and microstructure.

Based on such a chelating mechanism, a detailed cor-

relation between the SAXS intensity, structure of the

colloidal systems, and reaction extent of the controlled

hydrolysis-condensation can be described as follows. In

Fig. 1, the negligible scatterings from both the chelating

solution and sols with high chelating ratio, d, indicate that

zirconium atoms mainly exist in the form of soluble che-

lating intermediates due to the strong chelation between

Zr(OPr)4 and DEA. As d decreases, the chelating species

consequentially exhibit more propoxyl groups available for

the nucleophilic substitution by H2O molecules, and

hydrolysis-condensation becomes predominant in the

reaction system. The increasing predominance of hydro-

lysis-condensation not only gives rise to a gradual increase

in the size and number of the colloidal particles, but pro-

motes the interconnection between particles to form the

fractal clusters, which explains the fact that the scattering

curves tend progressively to a power law dependence of

J(q) on q at the intermediate q region [34, 35]. The gradual

increase in the mean diameter of the colloidal particles has

been confirmed by both the SAXS and DLS analysis

results, as shown in Table 1.

Considering both the sufficient hydrolysis-condensation

of zirconium alkoxides and proper sol stability, the che-

lating ratio, d was selected as 0.6:1–0.7:1.

3.2 Microstructure of PVP/ZrO2-based hybrid sols

Figure 3 displays the SAXS curves of the hybrid precursor

sols samples that were directly used for film deposition. It

is noticeable that both ZrO2-based and PVP/ZrO2-based

sols scatter X-ray very similarly, implying no significant

changes in size, amount, and fractal characteristics of

colloidal particles with the incorporation of a certain

amount of PVP. A typical particle size distribution curve is

shown by the inset in Fig. 3. The mean particle diameter,

Dm,SAXS, is collected in Table 1. For all the sols, The

SAXS analysis gives similar Dm,SAXS of 3.8–4.0 nm.

Besides, all the scattering curves present a clear power law

region with an exponent of -1.6 and a q-range from about

0.3 to 1.0 nm-1. This suggests that the interconnection

between the colloidal particles produces mass fractal

clusters with the fractal dimension of about 2.6 [34, 35].

The DLS characteristics of these sols were also exam-

ined. The particle size distribution calculated from the DLS

analysis shows that the vast majority of the scattering

particles possess a hydrodynamic diameter, Dh, DLS, in the

range of 6–7 nm, as shown in Table 1. Most samples also

contain a small fraction of 20–30-nm particles, which make

up \5% of the solid weight. Moreover, data measured

independently at the two angles gave very similar size

distributions, lending weight to the DLS analysis.

The small discrepancy in the average particle ‘‘size’’

determined by the SAXS and DLS techniques is due to the

presence of the interfacial layer necessary to stabilize the

sol state. The interfacial layer is included in the hydrody-

namic diameter, Dh, DLS (derived from DLS analysis), but

has X-ray scattering characteristics very similar to those of

the surrounding ethanol matrix and thus is not detected by

SAXS.

Both the SAXS and DLS analyses suggest that the

incorporation of a proper amount of PVP cannot have

considerable influence on the microstructure of ZrO2-based

colloidal systems. This is completely different from the

results of the previous studies on PVP-doped SiO2,

BaTiO3, PZT, or BaBi4Ti4O15 system, which indicated that

the incorporation of PVP could have remarkable effect on

the particle size distribution of the colloidal system

[38–40]. The negligible PVP effect, in our case, is probably

due to the presence of the chelating reactions that are

particular to our ZrO2-based systems. It can be predicted

that, in the final sols, there must be a certain amount of

Fig. 2 The possible chelating reaction occurred between Zr(OPr)4

and DEA

Fig. 3 J(q) vs. q plots of the SAXS intensity for PVP/ZrO2-based

hybrid sols and a typical particle size distribution curve (inset)
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unhydrolyzed chelating ligands due to the chelate, elec-

tronic, and steric hindrance effects, which become

anchored to zirconium oxo-polymeric backbone and form

O/I networks. The presence of DEA segments in the

inorganic networks may considerably modify the property,

especially the surface property, of colloidal particles by

declining both the number and activity of the surface

hydroxyls, hence concealing and weakening the effect of

PVP from the following two aspects. Firstly, the presence

of the unhydrolyzed DEA segments may restrict the growth

and interaction of colloidal particles, which is similar to the

protective effect of PVP polymers in preventing the for-

mation of large agglomerates by enveloping the particles

with their polymer chains [39, 40], but in a more powerful

way due to the direct and strong bonding of DEA with

zirconium atoms. This makes the influence of PVP unable

to be expressed and detected, even though its presence is

undeniable. Secondly, the declined activity of surface

hydroxyls may, to some extent, weaken the hybridization

between PVP chains and ZrO2-based particles, which has

been known as the class I hybridization formed by

hydrogen bond between the surface hydroxyls of ZrO2

particles and the electronegative oxygen atoms of inner

amide in PVP [20]. A schematic representation of the

effect of DEA segments on the interaction between PVP

and ZrO2-based particles is shown in Fig. 4. Such a con-

jecture is confirmed by our FTIR analysis and will be

discussed later.

From the above analysis, it can be conjectured that, in

our case, the incorporation of PVP must have no consid-

erable influence on the nucleation and growth of ZrO2-

based particles, and the PVP chains may just uniformly

disperse in the hybrid sols through the weakened hydrogen

bonding with ZrO2-based particles as well as spatial

interconnection with ZrO2-based networks. It is worth

noting, however, even the considerable surface modifica-

tion of the DEA segments is taken into account, the weak

alkaline synthetic environment (pH value of about 8) can

still produce ZrO2-based particles with enough active sur-

face hydroxyls to connect each other to form networks and

to bond with PVP chains. Moreover, the in situ hybrid-

ization route also offers a deep complecting between the

PVP chains and ZrO2-based networks. Therefore, the

combined effect of the weak alkaline synthetic system and

the in situ hybridization route keeps PVP chains deeply

anchored to the ZrO2-based polymeric backbones in the

final hybrid sols and then films.

3.3 FTIR and AFM analyses of PVP/ZrO2-based films

The FTIR spectra of all the hybrid samples are displayed in

Fig. 5. The Zr–O–Zr and Zr–O stretching vibrations of the

inorganic segments are observed from the strong, broad

absorption bands around 460 and 615 cm-1 [41]. The

absorption bands at 934 and 1,098 cm-1, with Zr–OC

stretching at 934 cm-1 and ZrO–C stretching at 1,098 cm-1,

show evidence of the unhydrolyzed DEA ligands directly

bonding with zirconium atoms [28, 30, 41]. The typical

stretching vibration bands of C–N and C=O in PVP mole-

cules are observed at 1,290 and 1,660 cm-1, respectively

[20]. These two bands gradually increase in intensity with the

increase of the designed PVP content, indicating that an

increasing amount of PVP has been incorporated into the

films. Besides, all the spectra exhibit two absorption bands at

1,578 and 1,630 cm-1, which might be derived from the

deformation vibration of H2O molecules that was adsorbed

from the atmosphere during the FTIR measurement.

Figure 6 shows the typical AFM images of the hybrid

sample, FZP15. The average roughness, Ra, and mean

square roughness, Rq, for all the films are collected in

Table 2. The mean square roughness ranges from 1.07 to

1.54 nm, suggesting the excellent surface planarity of the

films derived from the small particles size of our precursor

Fig. 4 A schematic presentation of the effect of DEA segments on

the interaction between PVP and ZrO2-based particles Fig. 5 FTIR spectra of PVP/ZrO2-based hybrid films
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sols. Low roughness reduces the surface scattering loss and

promises good optical properties.

3.4 Optical properties of PVP/ZrO2-based films

The UV/Vis/NIR transmission spectra (not shown here) of

all ZrO2-PVP films exhibit the typical reflective charac-

teristics of the high-index materials with the central

wavelength, k0, around 1,064 nm and minimum transmit-

tance, Tk0, of about 90%, as summarized in Table 2. The

dispersion curves of the refractive indices, n(k), and

extinction coefficients, k(k), in the spectral range of 340–

1,600 nm are displayed in Fig. 7. As expected, our ZrO2

xerogel films show a high refractive index of about 1.63 (at

632.8 nm), larger than the values of 1.57–1.59 (at

632.8 nm) reported in current literatures for the sol–gel

derived ZrO2 films [8, 42, 43]. This must benefit from the

comparatively sufficient hydrolysis and condensation of

zirconium precursors owing to the proper selection of the

system composition assisted by the light scattering tech-

niques. However, such a value is still much lower than that

of the bulk crystalline ZrO2 (about 2.17 [43]). This must be

an inevitable consequence of the presence of certain

amount of DEA ligands directly bonding to zirconium

atoms and the incomplete oxolation of hydroxyls in the

xerogel films (as demonstrated by the FTIR analysis). And

undoubtedly, the amorphous phase composition and the

porous network structure of the sol–gel derived films must

be also responsible for the index discrepancy between the

as-deposited films and that of the crystalline bulk materials.

Moreover, compared with sample FZP00, the incorporation

of PVP only gives rise to a slight change in the refractive

index, in consistent with our previous conjecture that the

PVP chains are just uniformly dispersed in the hybrid sols

and cannot have considerable influence on the controlled

hydrolysis-condensation of Zr(OPr)4. And the uniformly

dispersed PVP chains in the hybrid sols and then films,

which have a relatively lower index than ZrO2-based

backbones, must account for the slight decrease in refrac-

tive index of the films. At 1,064 nm, the refractive index, n

decreases from 1.615 for sample FZP00 to 1.604 for

FZP20, as shown in Table 2. Besides refractive indices, the

extinction coefficients, k(k), and thickness, h, of the films

were obtained simultaneously. The k values are almost zero

for all the studied films in the spectral range of 380–

1,600 nm, indicating negligible absorption of films in the

visible and near infrared spectral region. The film thickness

ranges from 164.8 to 167.1 nm, as shown in Table 2.

3.5 Laser irradiation test on PVP/ZrO2-based films

The laser-irradiation experiments were performed using R/1

mode. For each sample, the irradiation test was carried out at

Fig. 6 The typical AFM diagrams of the hybrid film sample, FZP15

Table 2 Structural and optical properties of PVP/ZrO2-based high-

index and SiO2 low-index layers

Sample Ra

(nm)

Rq

(nm)

k0

(nm)

Tk0

(%)

n (at

1,064 nm)

h
(nm)

FZP00 0.88 1.07 1,060 89.9 1.615 164.8

FZP05 0.92 1.15 1,065 90.0 1.612 165.6

FZP10 1.04 1.22 1,070 90.1 1.610 166.5

FZP15 1.10 1.38 1,065 90.1 1.607 166.1

FZP20 1.23 1.54 1,075 90.2 1.604 167.1

SiO2

film

0.48 1.16 1,065 96.0 1.228 216.5

Errors ±0.02 ±0.02 ±5 ±0.2 ±0.002 ±0.5

Ra and Rq are the average roughness and mean square roughness of

the film surface derived from AFM analysis. k0 and Tk0 denote the

central wavelength and the corresponding transmittance of deter-

mined from the UV/Vis/NIR transmission spectra. n and h denote the

refractive index and film thickness measured by the FilmTekTM3000

thin-film metrology system

Fig. 7 The dispersion curves of the refractive indices, n(k), and

extinction coefficients, k(k), of PVP/ZrO2-based films in the spectral

range of 340–1,600 nm
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20 different sites that were arranged in a 4 9 5 array to

obtain the representative laser-induced damage threshold

(LIDT) of films. The LIDT values listed in Fig. 8 correspond

to the highest energy at which no damage occurred. As

expected, our PVP/ZrO2-based films exhibit high LIDT

values of 34.7–36.1 J/cm2 (at 1,064 nm, 3 ns pulse dura-

tion), larger than the reported value of 18.8 J/cm2 (at

1,064 nm, 12 ns pulse duration) for ZrO2 films deposited by

the electron beam evaporation method [16], and matching

the reported values of 45–50 J/cm2 (at 1,064 nm, 5–7 ns

pulse duration) for the sol–gel derived ZrO2 films [3–6, 44].

The high LIDT of the films must be related to their structural

advantages such as homogeneity, nearly free of defects and

impurities, as well as the low internal stresses. Additionally,

with the incorporation of PVP, no significant changes in the

LIDT can be observed, which might occur as another con-

sequence of the negligible influence of PVP on the controlled

hydrolysis-condensation of Zr(OPr)4.

3.6 Preparation and properties of the HR mirrors

Hereinbefore, we have given a detailed investigation on

PVP/ZrO2-based high-index layers. The preparation of the

HR mirrors, Substrate//(PVP/ZrO2-based)//[SiO2//(PVP/

ZrO2-based)]^n, involves an alternate deposition of PVP/

ZrO2-based and SiO2 layers. For a better understanding of

the optical performance of the HR mirrors, we present here

a brief summary on the characterization results of our SiO2

sol and the low-index film. As shown in Table 1, SiO2 sol

consists of colloidal particle with the mean hydrodynamic

diameter of 12.3 nm and standard deviation of 2.1 nm, and

its viscosity is 1.82 cP (at the spinning rate of 100 rpm).

The thickness of our SiO2 film is 216.5 nm and it exhibits a

refractive index of 1.228 at 1,064 nm, as collected in

Table 2.

Using different PVP/ZrO2-based films but identical SiO2

film as the high- and low-index layers, a series of HR

mirrors were prepared. Our experiment showed that the

incorporation of PVP could remarkably influence the stress

compatibility between PVP/ZrO2-based and SiO2 layers,

and thus determine the maximum deposition pairs, nmax,

and the minimum transmittance, T, of the HR mirrors, as

shown in Fig. 9. Clearly, with the increase of PVP content,

the maximum deposition pairs, nmax, increases, implying

that the incorporation of PVP can enhance the stress

compatibility between different layers by energy relaxation

through their flexible polymer chains. As the mass fraction

of PVP reaches 15–20%, a perfect stress match between

PVP/ZrO2-based and SiO2 layers can be achieved, which

enables the successful deposition of 21-layer, nearly full-

reflection mirrors with the minimum transmittance of

1.5–2.1% (at 1,064 nm). The typical transmission spectra

of the HR mirrors are shown in Fig. 10. In addition, our

sol–gel derived HR mirrors exhibit high LIDTs of 24.2–

26.9 J/cm2 (at 1,064 nm, R/1 mode, and 3 ns pulse dura-

tion), in compliance with the requirements of high-power

Fig. 8 The LIDT values of PVP/ZrO2-based films (at 1,064 nm, 3 ns

pulse duration and R/1 testing mode)

Fig. 9 The structural and optical properties of HR mirrors. (nmax and

T denote the maximum deposition pairs and the minimum transmit-

tance of the HR mirrors, respectively)

Fig. 10 The typical transmission spectrum of the HR mirrors
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lasers (about 18 J/cm2 at 1,064 nm wavelength, R/1 mode

and 3 ns pulse duration).

4 Conclusion

In this study, PVP/ZrO2-based hybrid films were prepared

using the sol–gel route followed by spin-coating technique.

Due to the structural advantages derived from both the sol–

gel route and the O/I hybrid materials, the prepared films

exhibit good optical properties and high laser induced

damage resistance. Light scattering studies on the precursor

sols demonstrate that, in the hybrid system, the chelating

reaction between DEA and Zr(OPr)4 may considerably

conceal and weaken the effect of PVP on the nucleation

and growth of ZrO2-based particles. Therefore, the incor-

poration of PVP only leads to slight decreases in the

refractive index and LIDT of the films. However, at the

small expense of the refractive index and LIDT of the high-

index layers, the addition of PVP can easily alleviate the

stress incompatibility between PVP/ZrO2-based and SiO2

layers, and then facilitates the deposition of the multi-layer

HR mirrors.
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