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bstract

morphous lead–zirconate–titanate (Pb0.97Nd0.02(Zr0.55Ti0.45)O3, PNZT) thin-films were grown on single-crystal MgO(1 0 0) substrates at room
emperature by pulsed laser deposition (PLD). Part of PNZT films was left as-deposited amorphous and others were post-annealed at temperatures
rom 100 to 400 ◦C. X-ray diffraction (XRD) and scanning probe microscopy (SPM) were used to characterize the microstructure. Optical properties
ere analyzed using spectrophotometry at UV–vis–NIR and prism-coupler method at 633 nm wavelengths. Initially, films were amorphous with a
road XRD peak around 2θ ≈ 29.7◦. As the post-annealing temperature increased above 250 ◦C, the amorphous peak started to shift towards lower

θ-angles and got narrower indicating of decreasing interatomic spacing and possible glass transformation. At the same time, the transmittance
t all wavelengths increased remarkably, although no crystal structure was detected by XRD. Also, sharp optical TE0 modes with full-width
alf-maximum (FWHM) values of �β ≈ 0.00067 could be coupled into these films.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Amorphous solid-state materials and glass forming alloys
re utilized in several technology areas including magnetic and
ptical memories, optical components, various steps of fabrica-
ion and parts in integrated circuits, and solar cells, for example.
ery often amorphous materials are used as passive medium
ithout any controllable functionality, like in optical windows

nd high refractive index lenses and waveguides, gate dielectrics
n MOS component structures and other electrical insulation
pplications, exploiting materials such as silicon oxide (SiO2)
nd silicate- or alumina-based glasses. On the other hand, in
arious new material groups, like rare-earth transition-metal
ulk metallic glasses (BMG), some pseudobinary alloy systems,
nd shape-memory alloys, for example, the phase transforma-
ion between amorphous and crystalline state can be controlled

y heat or light to generate memory effect based on change
f magnetic or optical properties.1–4 Conventionally crystalline
unctional BaTiO3 and Pb(ZrxTi1−x)O3 ceramics have also been
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uccessfully prepared in the amorphous form in a way preserving
heir ferroelectricity.5

Throughout the literature it is frequently brought up that the
henomena affecting in the early stages of formation of crys-
alline structure are not fully understood. Nevertheless, there
re distinctive regions observed in the development of materi-
ls properties as a function of heat-treatment temperature that
re similar to all material groups. When an initially amorphous
aterial is heated above the so-called glass transformation tem-

erature Tg, material transforms to a viscous liquid state. If
emperature is increased somewhat further, the nucleation will
ake place and the crystallization process starts.6 However, if
emperature is instead decreased back below the glass transfor-

ation temperature Tg, material will form a glassy state.7 This
eans that materials various properties, like optical transmit-

ance, reflectance, surface morphology,2 electrical conductivity,
ardness, etc., can be changed remarkably although there is
o crystalline structure developed, and the material can still
e defined as an amorphous solid. Glass transformation pro-

ess can be observed, for example, by differential scanning
alorimetry (DSC)2,3,6 and XRD measurement8 experiments.
n the case of XRD technique, the evolution of the amorphous
hase along the glass transformation process can be studied by

mailto:jyla@ee.oulu.fi
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.029
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ollowing the changes in the 2θ-angle position and the full-width
alf-maximum (FWHM) values of the amorphous peak.

In their early works Lines9 and Glass et al.10 have very
learly shown, both theoretically and experimentally, respec-
ively, that ferroelectricity can also be present in glassy and
morphous state of the matter, as well. Only it is important that
he entity fundamentally responsible of ferroelectricity in the

atter, like distorted BO6 oxygen octahedra in the case of fer-
oelectric perovskite ABO3 compounds, still exists, no matter
ow distorted, but still in an identifiable form. This assump-
ion was further developed to consider chemical bonds, such
s Ba–Ti–O, formed in organic solutions used to fabricate gel-
erived glasses in the form of thin films at temperatures as low
s 200 ◦C.11 The ferroelectric response was found to be due to
xistence of so-called “ferrons”, arranged entities of the size
n the scale of around ∼50 Å composed of TiO6 octahedrals,
isible also in transmission electron microscopy (TEM) micro-
raphs. Although the existence of ferroelectricity in the films
as clearly proved, other properties of the films, including opti-

al transmittance T(�), refractive index n, remanent polarization
r, dielectric constant ε, and loss angle tan δ, were found to be
ontrolled mainly by the organic residuals or pores still present
n the films. Amorphous ferroelectric films have been produced
y some other methods as well, including sputtering.4,12

Amorphous alloys and glasses are typically fabricated using
elt-quenching technique,2,3,10 or like often in the case of thin
lms, mostly by spin coating sol–gel liquids.5,11 Although XRD
nalysis of these materials reveals them to be in amorphous
tate, there are some features in these processes that should
e considered from the materials structure point of view. In
elt-quenching process, materials are heated up to high tem-

eratures over the melting temperature, and then rapidly cooled
own to form an amorphous solid. Density of nucleation cen-
ers and nanosized crystals developed in the material are mainly
etermined by the cooling rate. In the sol–gel process, on the
ther hand, final amorphous material consists of various residual
ubstances originating from the fabrication process affecting on
arious properties of amorphous constituent. Using sputtering4

r, like reported in this paper, pulsed laser deposition (PLD)
echniques, it is possible to fabricate essentially amorphous thin
lms that are grown at temperatures only few tenths above room

emperature, and contain only the elements present in the tar-
et. Also, the films are typically very dense without voids and
ores, and the surface morphology is of optical quality with the
urface roughness Rq < 5 nm. These properties ensure that solely
haracteristics of the studied amorphous material are observed.

. Experimental

PLD process was used to grow Nd-modified lead–zirconate–
itanate (Pb0.97Nd0.02(Zr0.55Ti0.45)O3, PNZT) thin-films on
ingle-crystal MgO(1 0 0) substrates at room temperature.
ommercial PNZT target with high purity and density of

.5 × 103 kg/m3 was used for the film fabrication. The depo-
ition was carried out in a vacuum chamber evacuated down
o pressure of 6 × 10−5 mbar, and the substrate and the target
ere placed parallel at a distance of 30 mm. Laser beam fluence

l
a
m
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f 1.5 J/cm2 of a XeCl excimer laser (LambdaPhysik COM-
ex 201) operating at the wavelength of 308 nm was selected
or the deposition to maintain the morphotropic phase boundary
MPB) composition of the target in films.13 The repetition rate
f laser pulses was 5 Hz and the duration of the single pulse was
round 30 ns. A calibrated quartz crystal microbalance (QCM)
esonator based film thickness/rate monitor (Sycon STM-100)
as used to control the thickness of the films to 200, 300, and
00 nm. Part of the PNZT films was left as-deposited amor-
hous and others were post-annealed at temperatures from 100
o 400 ◦C under the inverted zirconia crucible together with some
NZT powder. The heating and cooling rate of 300 ◦C/h was
sed in every temperature profile. Crystal structure of all films
as studied by conventional X-ray diffraction (XRD) θ–2θ mea-

urements (Philips PW1380) using scanning speed of 1/8◦/min
n order to maximize the signal to noise ratio. CuK�-reflection
f MgO(2 0 0) substrate was used for the correction of XRD
ata. Gaussian amplitude functions were used to fit the XRD
ntensity data to obtain accurately 2θ-angle and FWHM values.
canning probe microscopy (SPM) studies (Veeco Dimension
100) were carried out in order to study the surface morphology
valuation and the surface roughness values Rq of the films as a
unction of different post-annealing temperatures.

Optical transmission spectrum T(�) of PNZT thin-films at the
avelength range from 170 to 3000 nm was measured perpen-
icular to the film surface using spectrophotometer (Varian Cary
00). Refractive index n and extinction coefficient k were cal-
ulated from T(�) data fitted with multiple Lorentz-oscillator
odel used in calculation software (SCI Film Spectrum). A

rism-coupler method (Metricon 2010) operating at the wave-
ength of 632.8 nm was utilized in order to study the coupling
fficiency of light in the PNZT film in the plane of film surface.
oth TE0 and TM0 guided modes were excited in the films to

eveal possible birefringence effects.

. Results and discussion

Evaluation of structural changes occurring in as-deposited
nd post-annealed films as a function of heat-treatment tem-
erature Tan were studied using conventional θ–2θ XRD
easurements. As it is very well known, even the perfectly dis-

rdered matter produces a broad peak with low intensity at the
θ-angles around 20–30◦ representing the distribution of inter-
tomic distances fulfilling Bragg condition, and leading to local
iffraction intensity maximum. In Fig. 1(a), there are XRD pat-
erns measured from one as-deposited PZT thin-film and five
lms post-annealed at temperatures of 100, 200, 300, 350, and
00 ◦C. The 2θ-angle positions of the measured patterns were
orrected by using CuK�-reflection of MgO(2 0 0) substrate at
θ ≈ 38.551◦. It is clear from the patterns that no crystalline
hases of perovskite PZT or pyrochlore are present in the films.
osition of amorphous peak is varying to some extent even at
ow temperatures of RT, 100, and 200 ◦C, but when the post-
nnealing temperature is further increased, the peak starts to
ove towards smaller 2θ-angles, and also gets narrower. This

endency was found systematically in all samples with different
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ig. 1. (a) XRD patterns, and (b) 2θ-angle positions of amorphous peaks and t
lms with the thickness of 500 nm.

hicknesses of 200, 300, and 500 nm, and thus the corrected XRD
ata were fitted to Gaussian amplitude functions. The 2θ-angle
ositions of fitted amorphous peaks and their FWHM values
re collected in Fig. 1(b). Graphs clearly show how 2θ-angles
nd FWHM values have minimum between annealing tempera-
ures 250 and 350 ◦C. In average, amorphous peaks are shifted

0.65◦ downwards and FWHM values decrease about ∼0.5◦
hen post-annealing temperature increases from RT to 350 ◦C.
hese changes actually implement that the interatomic distances
nd their distribution in the films have decreased, although there
s no evidence of formation of any crystalline order and films
re still amorphous. In the case of metal alloys, similar XRD
eak behavior have been found, and it could be related to relax-
tion processes of macroscopic stress, due to peak shift, and
icroscopic stress, due to peak narrowing, respectively.8 How-

ver, as it will be shown and discussed below, there are some
ther phenomena involved with these amorphous films that have
o be considered. When post-annealing temperature was further

ncreased to 400 ◦C, both 2θ-angle and FWHM values started
o increase again. In the case of thinner films with the thickness
f 200 and 300 nm, this increase could be related to initiation
f the growth of low temperature intermediate phases, such as

F
t
c
p

ig. 2. (a) SPM micrograph of the 200 nm thick film post-annealed at 250 ◦C, and (b
00 nm post-annealed at various temperatures. Approximate division of phase develo
WHM values of as-deposited and at various temperatures post-annealed PZT

-PbO and �-PbO that also affected the amorphous volume still
resent in the films. No pyrochlore phases could be observed in
hese films under the post-annealing temperature of 500 ◦C.14

Surface morphology of the films was characterized using
PM analysis. In Fig. 2(a), there is a SPM micrograph of

he 200 nm thick film post-annealed at 250 ◦C shown, and
n Fig. 2(b), surface roughness Rq values of PZT films with
hicknesses of 200, 300, and 500 nm post-annealed at various
emperatures are presented. From the SPM micrograph it can be
oncluded that the 200 nm film annealed at 250 ◦C is very flat
ith the surface roughness Rq ≈ 0.22 nm. In Fig. 2(b), the Rq
alues of all the samples are collected together, and for the com-
arison, typical values of pure perovskite PZT films annealed
t 700 ◦C were added. Also in Fig. 2(b), similar minimum of
q values of PZT films with different thicknesses was found
s it was found in the case of 2θ-angle and FWHM values in
ig. 1(b). Flattening of the sample surface takes place typically
ue to melting process or due to glass transformation process.2
or the glass transformation temperature Tg, it is also charac-
eristic to decrease with decreasing film thickness under some
ritical value due to enhanced presence of free surface in com-
arison to volume of the film.7 Tendency is also seen in Fig. 2(b),

) surface roughness Rq values of PZT films with thicknesses of 200, 300, and
pment as a function of temperature is also shown.
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ig. 3. (a) Transmittance T(�) spectra, and (b) calculated values of refractive
ost-annealed PZT films with the thickness of 300 nm.

lthough the number of different thicknesses is only three. By
ombining data from Figs. 1 and 2, it is possible to conclude that
lass transformation takes place in amorphous PZT thin-films
t the annealing temperature range Tg ≈ 250–350 ◦C. Again,
hen post-annealing temperature was increased to 400 ◦C and

bove, the surface roughness started to increase due to growth
f the crystalline structure and increasing size of the grains,
nd reached values Rq ≈ 10–20 nm typical for ferroelectric PZT
lms with composition near MPB consisting of both trigonal
nd tetragonal grains.14 Approximate division of phase devel-
pment as a function of annealing temperature is also shown in
ig. 2(b).

Optical properties of some amorphous material groups, for
xample, silicate- and alumina-based oxide compounds, are
hanged remarkably when the glass transformation process takes
lace during the heat-treatment process.2 Although materials
re very transparent after forming glass, they are still found
o be amorphous according to XRD measurements, and thus
here has to be some phenomena other than just the previ-
usly mentioned stress relaxation causing the change in optical
roperties. These might include formation of chemical bonds
etween metal and oxygen ions without forming a periodic crys-
al structure, or growth of the nanocrystals of size below the
mallest coherently diffracting domain detectable by XRD tech-
ique, for example. Such nanocrystals should also be transparent
ue to size at UV–vis–NIR wavelengths. Also, optical proper-
ies of PZT films studied here were changed remarkably when
amples were annealed at temperatures from RT to 400 ◦C. In
ig. 3(a), there are shown six transmittance T(�) spectra mea-
ured at UV–vis–NIR wavelengths from 170 to 3000 nm of PZT
lms with the thickness of 300 nm. As-deposited PZT film and

he films post-annealed at 100 and 200 ◦C have similar spec-
ra with low transmittance T(�) < 25% at UV–vis wavelengths.

hen the heat-treatment temperature was increased to glass
ransition temperature range Tg ≈250–350 ◦C, transmittance of
he films increased gradually close to, and even to higher val-
es that are typically found in nanocrystalline perovskite PZT

ith T(�) > 86% at interference maxima.14,15 It is clearly seen

rom Fig. 3(a) that when 2θ-angle and FWHM values depicted
n Fig. 1(a), and surface roughness Rq value in Fig. 2(b) are

inimized, the transmittance reaches its maximum value at the

m

c
o

n at UV–vis–NIR wavelengths of as-deposited and at various temperatures

ame post-annealing temperature. In the case of 200 and 500 nm
hick films, the transmittance behavior was essentially similar
o that of 300 nm thick film, only with the exception of 200 nm
lm that actually reached its maximum transmittance already
t the temperature of 300 ◦C. This result further supports the
reviously mentioned idea of thickness dependent glass trans-
ormation temperature Tg. From the optical and XRD data it is
uggested that changes of T(�) properties are most likely due
o formation of chemical bonding between metal (Ti4+, Zr4+,
b2+) and oxygen (O2−) ions in glass transformation process,
referably Pb–O bonds, that act later as nucleation centers for
he observed nanocrystalline �-PbO and �-PbO phases. Also
he interference patterns of T(�) were behaving consistently in
ll samples, and the number of maxima was increasing and they
ere shifting towards shorter wavelengths when heat-treatment

emperature increased. Because the films were of same thick-
ess, this effect has to be due to change in optical length of the
lms dopt = n × tf, where tf stand for the film thickness. From this

t can be concluded that films annealed below Tg have higher n
nd dopt shifting the interference maximum of certain order to
igher wavelengths. This is actually proved by the calculated
ata of refractive indices shown in Fig. 3(b). Values of n were
alculated from T(�) graphs by fitting data to multiple Lorentz-
scillator model. Films annealed at temperatures below Tg had
learly higher refractive index values n ≈ 2.9 at the wavelength
f 600 nm, whereas the films processed at higher temperatures
ad values of around n ≈ 2.4, which is pretty much of the same
rder that was measured from nanocrystalline perovskite PZT
lms.15 This is actually in contradiction to the results reported
y Xu et al. of the sol–gel derived amorphous PZT films,5 but
n quite good agreement with results reported by Hu et al. of rf

agnetron sputtered films.12 In the case of sol–gel derived amor-
hous films, the optical properties are most likely determined
ainly by the organic residuals and pores left in the films after

ow temperature processing, and density of the films is quite low,
hereas rf magnetron sputtering and PLD grown films are very
ense even as as-deposited films due to the nature of deposition

ethod.
By combining the results presented in Figs. 1–3 and dis-

ussion above, it is possible to conclude the total sequence
f various phases formed during the crystallization process of
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ig. 4. (a) Optical TE0 modes prism coupled to PZT films with the thickness of 2
t 400 ◦C. (b) Gaussian amplitude function fitting and (c) residual of the fit to T

LD grown PZT thin-films. Previously, several groups have
eported that amorphous PZT crystallizes through intermedi-
te pyrochlore phases (A2B2O6, etc.) to final perovskite ABO3
hase.16 Löbmann et al. have observed the formation of �-PbO
ow-temperature phase in post-annealed aerogels containing
ure lead in the starting material.17 In addition to these observa-
ions, it is now possible to add glass transformation process in
he final heat-treatment procedure so that the final sequence will
e: (i) as-deposited amorphous → (ii) glass → (iii) Pb-O, Ti-O,
tc. → (iv) pyrochlore → (v) perovskite.

Optical waveguiding properties of the PZT films were also
haracterized using prism coupling method, in which a laser
eam with wavelength of 632.8 nm is coupled into the films
sing a prism pressed against thin film surface, and photodiode
s used to detect the reflected light from the film. When con-
itions for characteristic propagation constant β are fulfilled,
he intensity of the laser light is actually coupled into the film,
nd the reflected light intensity from the prism decreases dras-
ically. The FWHM value �β, as described in Fig. 4, can be
sed as a light coupling quality factor for waveguiding mate-
ials. In Fig. 4(a), there are three different TE0, and one TM0
oupling modes of PZT films post-annealed at 400 ◦C shown.
or the 200 nm thick film, that actually consisted also nanocrys-

alline �-PbO and �-PbO minor phases according to XRD
easurements, the TE0 mode was found to be relatively broad

n comparison to others, and also, the drop in the reflected inten-
ity was quite modest. However, in the case of 500 nm thick
lm, the coupled TE0 mode was very narrow with FWHM val-
es of �β ≈ 0.00067, as shown in Fig. 4(b) and (c), where
orentz function fitting and the residual for measured optical
ode data were calculated. Such values of �β are smaller

han, for example, those for epitaxial BaTiO3 films and very
romising when the use of amorphous PZT thin-films in optical
aveguiding applications are considered. Observed difference
f β values between the TE0 and TM0 modes of 500 nm thick

lm indicates that there is also a birefringence effect in the
lms involved, probably due to residual macroscopic stresses
enerated during the deposition and thermal heat-treatment pro-
esses.
d 300 nm, and TE0 and TM0 modes coupled to 500 nm thick film post-annealed
ode of 500 nm thick PZT film post-annealed at 400 ◦C.

. Conclusions

A new amorphous glassy phase of PLD deposited PNZT films
ith high optical transmittance T(�), refractive index n, and
ery good optical waveguiding properties �β ≈ 0.00067 was
bserved. Post-annealing heat treatment was started at 100 ◦C,
nd when temperature was increased above 250 ◦C, the optical
ransmittance of the films at all wavelengths increased remark-
bly and the morphology of the films was significantly improved
own to the surface roughness values of Rq ≈ 0.2 nm. Com-
ining these changes with findings of XRD measurements, it
as concluded that films went through glass transformation
rocess with the characteristic temperature Tg ≈ 250–350 ◦C.
ue to excellent optical waveguiding properties and high refrac-

ive index n > 2.4, amorphous-like PZT thin-films are promising
hen optical waveguiding applications are considered.
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