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PREFACE
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Army through Harry Diamond Laboratory.
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SPIE Symposium, September 1991.

Fall Meeting, Materials Research Society, November 1991.
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SUMMARY

Although pulsed laser deposition (PLD) is a relatively new
method for preparing thin films, by comparison with somewhat more
established technologies such as sol-gel, sputtering and CVD,
progress has been rapid. PLD has now become widely accepted as a
viable method for producing high-quality thin films for research. 1

This is also true for ferroelectric thin films, where commercial
scale-up seems a possibility.

The evolution of PLD owes much to the impetus of high T
c

research. From 1986 on, when the discovery of high T ceramic
materials prompted the development of PLD as a rapid way of
preparing stoichiometric or near-stoichiometric superconducting
films for study, the number of research papers using PLD increased
dramatically. Recently a similar growth has been observed in PLD
papers on ferroelectric thin films. Our interest originated in
1989, when we demonstrated the remarkable versatility of PLD for
preparing thin films of many oxide materials, including PZT (paper
#1) . A second discovery was the presence of a very finely
particulate component in the films. Notwithstanding the abundance
of a large particulate fraction characteristic of the early films
deposited by Nd/YAG irradiation, the finely particulate fraction
indicated promise for producing extremely fine-grained, high
quality films. A third feature was the fact that as deposited,
films are amorphous, and crystallize readily upon heating, paving
the way for process-control of properties.

Our preliminary studies attracted the attention of HDL staff,
who encouraged us to pursue the growth of PZT thin films by PLD.
Sawyer-Tower measurements at HDL showed that despite the coarsely
particulate (up to 1-2 um) microstructure, these films, after
annealing above 500 °C, were ferroelectric (paper #2) . Thus the
challenge was to improve the microstructure of the PZT, while
retaining the ferroelectric properties. Experiments demonstrated
that by using a line-of-sight shadowing technique, coarser
particulate could be removed (paper #3) ; however, the rate of
deposition was greatly reduced. Use of an excimer laser for target
irradiation proved to eliminate most of the particulate problem
(paper #4)

.

However post annealing of film deposited on unheated
substrates did not result in satisfactory microstructure. To
circumvent this problem we developed a novel compact heater based
on the electrical resistance heating effect in the silicon
substrate. It was determined by DSC that the optimum deposition
temperature must be above 300 °C, where the as-deposited PZT films
undergo a glass transition (paper #5)

.

However at temperatures
above -700 °C, the lead component did not deposit on the substrate
in the required amounts. Because of the inability to precisely
measure and control substrate temperatures during deposition, a

post annealing step was still necessary to produce ferroelectric

1n Pulsed Laser Deposition" MRS Bull. v. 17, No. 2, February,
1992.



material. This post annealing had to be completed above 500 °C to
avoid the formation of a pyrochlore phase, which was difficult to
convert to PZT, once formed.

A puzzling feature of the PZT films was the lack of tetragonal
splitting in the x-ray patterns, in spite of ferroelectric behavior
(paper #6)

.

This same phenomenon was also observed in the BaTi0
3

grown by excimer PLD (paper #7) . For the BaTi0
3 , no post annealing

was necessary and the films could be deposited at substrate
temperatures of 700-800 °C, as there were no volatility problems.
We believe these ferroelectric BaTiO, thin films were among the
first reported to have been produced by any method.

In order to better understand the deposition process, optical
characterization of the laser plume was initiated (Paper #9)

.

It was shown by spectral analysis that the species make-up of the
plume varies markedly in time and space. This type of data is
still being refined and developed for application to the deposition
process. The problem of lack of tetragonal splitting was also
investigated further, and it was determined that a combination of
internal stress and preferred orientation of crystallites was the
likely cause (papers #11 and 12) . In the BaTi0

3
films the

preferred orientation is pronounced, and was demonstrated to
determine the presence or absence of ferroelectric behavior (paper
#13).

Having improved the microstructure of the PLD thin films,
properties measurements could be completed in more detail.
Measurements demonstrated electrical properties similar to sol-gel
films, including decay of switched polarization and apparent
dielectric constant during extensive cycling (paper #8) . Further
characterization studies indicated that the laser-deposited PZT
thin films had polarization/switching characteristics required for
memory applications (paper #10) . Measurements were extended to 2

MHz, and it was determined that films exhibited decreased remanent
polarization and dielectric constant at higher frequencies. This
was attributed to limitations imposed by the rate of domain wall
migration. In a most recent series of measurements, ferroelectric
PZT thin films were shown to have potentially important
photovoltaic properties, as well (paper #16)

.

Our research to date has brought several important research
issues on ferroelectric PLD thin films into clear focus:

1. The need for improved uniformity in thickness and composition
2. The close, though incompletely understood relationship between

microstructure and ferroelectric properties (e.g. how to
increase P

p
of PZT films to the expected value of -25)

3. The role of kinetic factors in influencing microstructure
during alternative processing routes of PLD films (e.g. in-
situ vs. post-processing)

4. The relation (if any) of fatigue to microstructure
5. New applications and new or modified materials
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CERAMIC THIN FILMS BY LASER DEPOSITION

L. P. Cook, P. K. Schenck, Jianrong Zhao*

E. N. Farabaugh, C. K. Chiang and M. Vaudin

National Institute of Standards and Technology

Gaithersburg, MD 20899

ABSTRACT

The utility of the laser thin film deposition method is demonstrated for a variety

of ceramic materials, including MgO, A1
2
0
3 ,

yttria/zirconia, mullite, and lead

zirconate titanate, with emphasis on Ba2YCu3
O
x

. Our results confirm the

existence of two well-defined particle size distributions in most film deposits: a

coarser fraction in the 0. 1 - 1.0 ^m range, and a fine grained fraction with < 10

nm dia. The coarse fraction probably originates from particulate ejecta, while the

finer fraction may arise from vapor condensation. Not all target materials yield

abundant ejecta, and there may exist a correlation with incongruent melting

behavior. A mechanism for the formation of ejecta, based on the presence of

phase microheterogeneities, is proposed.

Using a line-of-sight shadowing method, it is possible to eliminate ejected

material, and form a relatively uniform deposit from the plume condensate. The

bulk chemistry of this fine-grained fraction appears to be relatively independent

of radial substrate-to-target distance within the vapor plume; however the optical

emission from the plume varies both temporally and spatially. Study of the optical

spectra will provide information useful in controlling precisely the film

stoichiometry.

The as-deposited thin films are generally amorphous, but they crystallize and

sinter readily at low to moderate temperatures. For certain films, annealing

* Guest Scientist, Chinese Academy of Science, Bejing, Peoples Republic of

China
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experiments have illustrated the importance of differential sintering of the

fine-grained fraction in determining film microstructure.

INTRODUCTION

The vapor plumes produced by laser-induced vaporization have practical

application as a material transport medium for the deposition ofceramic thin films.

The literature on laser thin film deposition has been reviewed by Duly 1,2
,
who

notes that the first thin films were deposited by laser as early as 1965
3

,
and also

by Sankur and Hall
4

,
who emphasize the optical applications. Most notable,

however, is the recent increase in usage of the technique, as indicated by the

increase in technical publications as shown in Fig. 1. This phenomenon is due

primarily to the utility of the method in

preparing thin films of the various high

T
c
ceramic superconducting phases, the

first of which was discovered in 1986
5

.

Table 1 lists representative thin films of

ceramic and related materials reported

over the time period covered by Fig. 1

.

The majority of papers are concerned

with deposition of Ik^YCujO^,

Bi-Sr-Ca-Cu-O, and related materials.

Laser-based systems offer a number of

advantages for film deposition. Small

systems suitable for R & D use require

less capital investment than, for

example, comparable chemical vapor

deposition (CVD) or molecular beam

epitaxy (MBE) systems. Virtually any

solid material can serve as a target,

including those with complex Figure 1. Results of literature survey

multicomponent chemistries, so long as on thin films by laser deposition,

they are relatively homogeneous.

Similarly, there are no inherent limitations on the substrate material, and films can

be deposited under a variety of conditions, including the presence of active gases,

or the use of heated substrates.

Ceramic Thin and Thick Films
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Table 1. Representative Thin Films Recently Grown By Laser Deposition (from

data in Fig. 1)

Ba2YCu
3
O

x
Bi

2
Sr

2
Cu

2Ox

Ba2SmCu
3
O

x
La

1.85
Sr

0. 15
Cu0

4
PbTe CdS

x
Se

1 .x

Ti0
2

Zr02
Si0

2
SiC

Si
3
N
4

Si

Ge C
FeO

x

The physical interactions occurring during laser-induced mass transport are

numerous, and include, among others, melting, vaporization, particle ejection,

ion etching, and plasma condensation. The absorption of the incident photons by

a polycrystalline ceramic target is potentially inhomogeneous, due to the effect of

grain boundaries and the optical anisotropies of the individual crystals. Ceramics

vary greatly from material to material in their ability to absorb laser emission,

including strong wavelength dependencies. In general, most have higher

transmission than metals, leading to dissipation of the energy at a somewhat

greater depth in the target. Most film deposition methods utilize pulsed, rather

than continuous wave excitation, as this produces larger instantaneous power

output without raising the temperature of the bulk target significantly.

Time-dependent phenomena are important during laser irradiation. The material

exiting the surface during initial plume generation may interact further with the tail

of the incoming laser pulse. The laser-generated plume typically has a strong

directional component, and the resulting optical spectra are very complex, with

contributions from ions as well as neutrals which vary both temporally and

spatially.

It is our intention to present new observations which provide additional support

for the general utility of the laser method as a means for producing very

fine-grained films of ceramic material, as well as films containing a mixture of

particle sizes. Although the presence of both a relatively coarse and a relatively

fine-grained component in laser-generated deposits has been noted in the

literature
6

,
the fact that extremely fine-grained films of multicomponent bulk

Ceramic Thin and Thick Films
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compositions can be produced which are homogeneous both physically and

chemically on a scale of a few nanometers may not be widely realized. These

attributes appear to be related to the direct condensation of material from the vapor

plume. We will demonstrate the use of optical diagnostics as a tool in studying

the complex chemical interactions occurring in the vapor plume.

EXPERIMENTAL METHODS

Laser Deposition Facility

The laser deposition facility consists of a high power pulsed laser system,

deposition chamber, and ancillary analysis equipment. The laser used in this

work is a Nd/YAG 20 Hz pulsed laser with a typical pulse width of 10-15 ns.

Since the pulse duration of the laser is short compared to the pulse rate, the

sample cools nearly to the ambient temperature between laser shots. Discrete

wavelengths of 355, 532, and 1064 nm, with energies up to 200 mJ per pulse at

1064 nm, are available. For the present studies, the 532 nm wavelength has

primarily been used, with energies of 10 - 40 mJ focused to a —250 jtm beam

spot diameter. A radiometer is used to directly measure the laser energy. These

measurements are made periodically during experimental runs to confirm constant

laser power conditions.

The cylindrical deposition chamber is constructed of stainless steel and has internal

dimensions of -20 cm in diameter and — 8 cm high. The chamber is equipped

with multiple ports for: mounting targets and substrates, laser access to the targets,

and optical spectroscopic observations of the laser generated plumes. The reaction

chamber is continuously evacuated to 10 mPa by a roughing pump-backed

diffusion pump. Sample targets are mounted on a continuously rotatable shaft to

minimize cratering effects. The Nd/YAG laser is focused through an optical port

onto the target using a 20 cm focal length lens. The laser fluence is varied by

adjusting both the laser power and lens-to-target distance.

Substrates are mounted in the deposition chamber by several methods. A
stationary substrate holder has been used to hold substrates at distances > 2.0 cm
from the target surface. Shorter deposition distances are obtained by mounting

substrates directly over the target surface on a microscope slide with a hole to

allow the focused laser beam to pass through to the target surface. Substrates can

also be attached to wires and suspended into the luminous regions of the plume as

102 Ceramic Thin and Thick Films
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discussed below.

The background buffer/reaction gas pressure in the deposition chamber is

introduced through a needle valve from a ballast tank whose pressure is servo

controlled to obtain the desired background pressure.

Side ports on the chamber allow for several line-of-sight optical access paths

perpendicular to the laser-plume axis. Other side ports on the chamber are

available for future access, such as electrical probing of the plume ions (e.g. as

in ref. 7) and optical probing of the plume particulates (e.g. as in ref. 8).

For typical laser heating experiments, a gas-dynamically stabilized vapor plume

is generated by the pulsed Nd/YAG laser beam focused onto a target. The

generated plume has instantaneous pressures (~0.1 MPa) much greater than those

of classical free molecular flow techniques (~10 Pa) and a rapid isentropic

expansion occurs to generate a non-perturbed mass transport situation. Ideally,

the laser should serve as a heat source without perturbing the vaporization and

plume formation processes. Establishment of these conditions may depend on

such factors as; the optical and thermal properties of the target material; surface

and system geometry; and laser energy, wavelength, and pulse width.

Optical Diagnostics

An optical multichannel analyzer (OMA), consisting of a 0.275 meter

monochromator with a gateable intensified photodiode array, is used to record the

emission spectra of the plume, synchronous with the laser. A fused silica 10 cm
focal length lens is used at twice its focal length to obtain one-to-one imaging of

the plume on the entrance slit of the OMA. By aperturing the entrance slits of the

monochromator and moving the imaging lens, the emission spectra from the plume

can be spatially resolved.

Two OMA detection time schemes are used. In the first approach, the detector

gate is 100 ns long and fixed in time after the laser pulse to avoid saturating the

detector array. In the second approach, the gate is 10 ns wide and is swept under

computer control from before the laser onset to several hundred nanoseconds after

the laser firing in order to time-resolve the plume emission spectra. The OMA
controller averages the detector array output over 100 to 1000 laser pulses and

subtracts a previously stored dark current signal from the emission spectrum prior

to transfer to the laboratory computer.

Ceramic Thin and Thick Films 103



Materials and Material Characterization

Sintered target materials for laser deposition experiments were either obtained

from commercial sources, or fabricated in-house, as indicated in Table 2. In

general, as-fired surfaces of the sintered ceramics were used as targets, and no

special attempt was made to prepare highly polished surfaces, as these quickly

become roughened by laser removal of material. Target materials were examined

by x-ray diffraction to verify their phase chemistry, when necessary.

Grain sizes and porosities were estimated from examination of thermally etched

surfaces with the scanning electron microscope (SEM). From the data in Table

2, it is clear that during typical experiments, the focused laser beam (— 250 /xm

dia.) irradiated a large number of grains during any given pulse.

Table 2. Target Materials For Laser Deposition Experiments

Material Source Average

Grain Size (/xm)

ai
2
o

3
commercial 99.8% 3

MgO commercial 98% 3

3A1
2
0

3
-Si0

2
(mullite in glassy matrix)

commercial 2.5

PZT (lead zirconate

titanate)

commercial 4

yttria-stabilized

zirconia

sintered from

sol-gel precipitated

powders, 1600°C, 5 hr

0.5

Ba^CujC^ sintered from commercial

commercial powder, 6 hr,

940°C, 20 hr, 420°C

8

104 Ceramic Thin and Thick Filins
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At the conclusion of laser deposition experiments, targets, as well as films, were

examined by SEM and energy dispersive x-ray analysis (EDX). Selected thin

films were deposited on electron-transparent carbon supports and examined by

transmission electron microscopy (TEM) to determine grain size, crystallinity and

microchemistry (the latter by EDX). Before and after annealing, thin films were

subjected to x-ray analysis using a Read camera
9

. Selected Ba
2YCu3

O
x

films

were characterized by electron spectroscopy (ESCA), and at very low

temperatures, by four-probe d.c. resistivity and a.c. magnetic susceptibility

measurements.

For most experiments, MgO substrates were used. It was found that MgO single

crystals can be readily cleaved to yield relatively smooth, uncontaminated (100)

surfaces. The chemical inertness of MgO, with regard to such oxides as CuO,

BaO, and PbO, makes it an ideal substrate for post-deposition annealing of thin

films of electronic ceramics. In situations where substrates of controlled area were

desired, e.g. for ease of positioning in the Read camera, thin slices of

polycrystalline MgO were cut and polished for this purpose.

RESULTS

BajYCujOj Film Deposition

Laser/Target Interaction

The mechanisms of material transport from target to substrate could be expected

to influence the structure of the resulting thin films. The effect of laser action on

the surface of a Ba
2
YCu

3
O

x
ceramic target is shown in Fig. 2. The original

as-fired surface in Fig. 2A is characterized by faceted grains with well-defined

grain boundaries and obvious growth steps. After one laser pulse (10 ns, 532

^m), such features have been largely eliminated from a typical area of the surface,

as shown in Fig. 2B, where the highest areas and sharpest edges have been

removed. The rounded appearance of the surface suggests melting, but probably

only in a very thin layer, as there appears to be no tendency for pooling of the

liquid or filling of voids. Thus the liquid film is probably removed in this process

by vaporization as rapidly as melting takes place.

During the deposition experiments reported here, the target material was rotated

continuously at a speed such that each pulse irradiated an area different from the

previous one. Gradually a circular trench was formed as material was removed

Ceramic Thin and Thick Films 105
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from the rotating target. Evidence for

melting is clear from such features as

congealed liquid streamers which

appear to have flowed down the trench

walls: these may represent molten or

partially molten ejecta with inadequate

escape velocities, or they may have

originated from melting in the higher

parts of the trench wall. The

appearance of the trench bottom (Fig.

2C) strongly suggests melting of the

surface, with formation of shrinkage

cracks as the melt rapidly solidified

after the termination of each laser

pulse.

External to the trench and adjacent to it

on the target surface, the effects of

laser interaction are also evident;

molten ejecta have congealed in the

process of leaving the surface, with the

effect resembling a liquid splash

pattern. Such features occur in an area

immediately adjacent to the trench,

where laser intensity was nearly as

great as that in the trench, but

apparently insufficient to cause

extensive vaporization. Further away

from the trench, an oriented pattern of

grain boundaries occurs, suggesting

textured solid state growth on the

surface. Closer examination of these

areas indicates that a combination of

growth, leading to straight, smooth

inclined surfaces, and etching,

indicated by pitted, recessed areas, is

responsible for the textured effect. The

degree of alignment of the growth surfaces is somewhat unexpected. Presumably

the growth/removal mechanisms are related to the vapor/solid, plasma/surface

Figure 2. Effect of laser irradiation on

Ba
2
YCu

3
O

x
target surface. A) As-

sintered original surface. B) Typical

area after single laser pulse. C) Bottom

of laser-produced pit in target after

numerous pulses.

106 Ceramic Thin and Thick Films
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interaction, as there is no evidence for melting in these areas. If the growth

surfaces are crystallographically aligned, this implies the possibility of plasma

phase epitaxy, which we have not further explored at this time.

By far the dominant mass transfer occurs from mechanisms operative in the

removal trench, directly under the area of maximum irradiation. A typical rate

of material removal for Ba2YCu3
O

x
would be ~ 10 mg/hr under the experimental

conditions outlined above. To reiterate, a combination of melting and

instantaneous vaporization is envisioned as responsible. However, the details of

the target melting/cooling process may be significant, as will be discussed further

in the final section of this paper.

Spectral Analysis of the Plume

Time and spatially resolved emission

spectra can be obtained by using a 10

ns gate on the OMA and aperturing the

entrance slit of the OMA’s
monchomator as described above.

Fig. 3 shows two representative OMA
emission spectra obtained from the

Ba
2
YCu

3
O

x
target plume. In Fig. 3

the sample position was static, and the

spectrum in Fig. 3A was obtained with

a fresh target, while Fig. 3B shows the

spectrum after cratering of the surface

had occurred from repeated laser

impact. Note the dependence of

relative intensities on the number of

accumulated laser shots. The more

volatile Y and Ba species have been

depleted, relative to Cu, after 5000

laser shots in the emission spectra of

the plume. This result is consistent

with the observation
10

that films

deposited with higher energy are

deficient in Cu and rich in Ba and Y.

Figure 3. Optical emission spectra from

laser-generated plume from a

Ba2YCu3
O
x

target. A) shows the

average spectra from the first 1000

shots, and B) shows the averaged

spectra of 1000 shots averaged after

5000 shots impacted the target.
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Mass spectrometric studies of the laser-induced plumes were carried out by other

workers in our laboratory
11

. The major plume species observed from the high

temperature superconductor target, Ba-,YCu
3
O

x ,
were Y, Ba, Cu, Cu +

,
CuO +

,

0
2 ,

and O. In addition to these species, mass spectrometric signals identified as

H?0, C07 ,
BaO, YO, Na

+
,
K +

and bimetallics (CuBa, YCu) were also observed

in the plume. Species assignments were confirmed by isotopic ratio

measurements. Oxygen atoms and ions, which are known to be present from the

optical emission spectra, were not detectable in the mass spectrometer.

Geometrical Effects on Film Deposition

In order to observe variation

in film deposition as a

function of angular position

relative to the Ba^YCu-^
target, substrates were

positioned as shown in Fig.

4. Small TEM grids were

placed at regular intervals

along the glass slide near the

substrates, to provide a mask

which could then be lifted

off after deposition to create

a well-defined edge along

which film thickness could

be measured. Some results

of this experiment are shown deposition as a function of substrate position,

in Fig. 5. The film

deposited at 10° off the plume axis obviously has much more material than the one

deposited at 40° off axis. The particulate nature of the film is evident in both

Fig. 5A and Fig. 5B; the visible structure of the films is dominated by particles

in the 0.1 to 1.0 /xm size range, believed to have been ejected from the target

surface during laser irradiation. Venekatesan et al.
6

,
have noted a cosine

dependence of the fine grained component of film thickness for geometries of the

type in Fig. 4, and interpret this as due to thermal evaporation. With extended

material removal from the target, the cone of particle ejection eventually becomes

somewhat narrowed due to the collimating effect of the crater walls, leading to an

increased concentration of coarse material near the plume axis.

Figure 4. Experimental set-up for studying film

108 Ceramic Thin and Thick Films
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Based on data of the type in Fig. 5, the

maximum Ba^YCu
3
0„ film deposition

rate, which occurs at the substrate

position nearest the beam and plume

axes in Fig. 4 is - 1.0 - 2.0 /im/hr.

Deposition rates further off-axis are

difficult to measure because of the

discontinuous nature of the particulate

coverage. The comments thus far have

applied chiefly to the particulate

deposits; as noted below, there is

evidence for a smaller sized fraction, as

well.

Evidence for Two Depositional Modes

In certain areas, when TEM grids used

for the masking experiments in Fig. 5

were removed, a very thin, coherent

layer was observed at the point of

detachment (Fig. 6). This film was

analyzed by EDX with difficulty, due ^gure 5. Results of 2 hr I^YCujC^

to its thinness, but was observed to
^aser deposition experiment, after

have a composition indistinguishable
removal of masking grids. A) 6 = 40 ,

from the rest of the deposit. The ®) ^ = ^ •

particle sizes in this material are below

the limit of resolution in the SEM (-6 nm). Upon further observation, it was

noted that the fine grained material had penetrated under the TEM grids in areas

where they were not firmly bonded to the substrate surface by carbon cement.

This implied that it should be possible to prepare a thin film free of the coarser

ejecta and composed entirely of fine particles, simply by utilizing line-of-sight

screening of the coarser material. This was in fact confirmed by experiments in

which carbon planchets were suspended in the plasma and carbon-film covered

TEM grids were placed on the shielded back side of the planchets to collect

material from the plume. Fig. 6C shows a TEM micrograph of condensate

collected in such an experiment within a 10 min. period. No evidence of the

coarser particles was noted. The film is estimated to be ~50 nm thick, and the

implied deposition rate is - 300 nm/hr. The fine particles are notably uniform in

size (avg. dia. ~ 5 nm). As deposited they are amorphous; however they become
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crystalline uncier electron beam

irradiation. EDX spectra are

qualitatively indistinguishable r'rom

buik Ba^YCu
3
Cf. In another

experiment, a series of planchets was

strung along a wire and suspended so

as to sample the vapor piume radially

over a distance of 2.5 cm. EDX
spectra taken from the fine grained

material on the shielded side of the

planchets were indistinguishable from

each other the entire 2.5 cm length.

Although the chemistry of the fine

grained deposits may not vary

dramatically, thickness is usually

sharply gradational, and such

gradations are usually symmetrical

relative to the vapor plume and any

obstructions. such as support

assemblies, it has flowed around.

Quite probably, it is variations in

thickness of the fine-grained component

of the laser-deposited films which are

responsible for the interference fringes

commonly observed.

Effect of Anneaiing

Read camera x-ray diffraction analysis

of as-deposited Ba^YCu
3
O

x
films

showed a general lack of crystallinity;

these films also showed a very high

room temperature resistivity.

Annealing for 10 min. at 910°C in air

yielded material with ESCA and x-ray

diffraction patterns similar to those of

bulk Ba-,YCu
3
O

x ,
with a room

Figure 6. Microstructure of fine-

grained component of masked

Ba-,YCu
3
O

x
film. A) Pattern after grid

removal. Note upturned film edges.

B) Edge of masked area at higher

magnification. C) TEM micrograph of

film shielded from coarser ejecta.

temperature resistivity whicn was essentially metallic. The film resistivity could

not be made superconducting at any temperature down to 20K, however, despite
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extended annealing in oxygen at

500-600 3
C. Comparative

microstructures of as-deposited and

annealed films are shown in Fig. 7.

As Fig. 7 shows, the sintering process

of these films is associated with

development of a honeycombed

structure, presumably as the fine

grained component shrinks

differentially around the larger particles

during sintering. There are several

possibilities for the lack of

superconductivity. If the fine grained

component were slightly off

stoichiometry, then the film would

contain isolated islands of

superconducting phase (coarser ejecta)

surrounded by a web of the

nonsuperconducting fine component.

Also it could be that a small amount of

Ba/CO-, reaction prior to the annealing

step could prevent the superconducting P®Sure Effect of annealing on

stoichiometry from being completely BaYCu
3
O

x
film. A) As-deposited,

maintained during annealing. Finally,
B) After 910 C, 10 min. anneal,

if the entire film were superconducting,

it is possible that the interconnecting bridges of fine material are so narrow the

critical current density is exceeded, with resultant quenching of the

superconductivity. Independent measurements of the superconducting properties

of the films were carried out using the a.c. magnetic susceptibility method, and

the results indicate that the percentage of the superconducting phase is very small,

thus, eliminating the first and last possibilities, and emphasizing the need for

careful control of post-depositional processing. It is significant in this respect that,

to date, most successful experiments with Ba?YCu3
O

x
have involved heated

substrates .

Laser Deposition of Other Ceramics

As indicated in Table 1, although the major part of the study has centered on

Ba,YCu
3
O

x ,
other targets were also used for laser deposition experiments. Thin
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films of yttria/zirconia and A1~,0
3
on MgO, and MgO, on sapphire, were

prepared. In the SEM, apart from scattered particles (presumably ejecta) of 0.05

to 0.25 nm size, these films were virtually featureless and their presence could be

established mainly by the appropriate lines in the EDX spectrum. The lack of

coarser particles was most notably true of the yttria/zirconia films. Films were

colorless and it is assumed that the elements were present as oxides. The films

which were examined by x-ray diffraction showed no crystalline pattern other than

the substrate. These films appear to be composed dominantly of the finer-grained

type of deposit noted above.

By contrast, the lead zirconate titanate

(PZT) and mullite films show

considerable SEM-resolvable
microstructure (see Fig. 8). The

microstructure of the as-deposited PZT
film in Fig. 8A resembles that of the

as-deposited Ba
2YCu3

O
x

film in Fig.

7A, in that both are characterized by a

large number of particles in the 0.1-

1.0 fj
.m size range, although the PZT

particles are strongly grouped near the

lower end of this range. As deposited,

the PZT film is amorphous; however,

a 10 min. anneal at 900°C produces a

material with an x-ray diffraction

pattern nearly identical to that of the

target. The shrinkage on sintering

observed for Ba-,YCu
3
O

x
does not

appear to be nearly as great for PZT,

however. The mullite target produces

a film characterized by much less

abundant ejecta (Fig. 8B), presumably

indicating a higher percentage of the

finer-grained film component. Melting

of the mullite ejecta is clearly indicated

by their shape; these may have originated in part from glassy matrix material in

the target (see Table 2).

Fig. 9 shows the spatially and time-resolved emission spectra from the plume

Figure 8. Microstructure of other

ceramic films. A) PZT as deposited.

B) Mullite as deposited.
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above a PZT target irradiated by the focused 1.06 /xm laser beam. A horizontal

0.5 mm slit was used in front of the OMA’s vertical entrance slit to obtain the

spatial resolution. The imaging lens was translated vertically to image the plume

10.0 mm above the target surface on the horizontal slit. Spectral features

attributed to doubly ionized Ti and Zr appear at the early times after the laser

(nominally at 200 ns). The dominant spectral features which appear in Fig. 9 at

later times are due to slower-moving, singly-ionized Zr and Ti. Identification

of spatially and time-resolved spectral features is aided by analysis of plume

emission from Ti, Zr, and Pb pure targets.

WAVELENGTH (nm)

Figure 9. Time-resolved optical emission spectra of the laser generated plume

from a PZT target from 10-10.5 mm above the surface. The laser is on at 200

ns.

DISCUSSION

The present results indicate that the vaporization and ejection of vapor species by

laser heating and excitation can produce both equilibrium and non-equilibrium

effects. Vapor plume formation is non-homogeneous, both in space and time.

Fast, very hot, non-equilibrated ions result from ions produced, preferentially, on-

axis early in the laser-surface interaction phase. These ions are accelerated by the

laser driven plasma formed just above the surface. On-axis hot neutrals are also

formed prior to the full development of an expansion-cooled plume jet. At later

sampling times, and with off-axis sampling, only cool neutrals are observed.
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Our experiments have confirmed that the films formed by the laser deposition

process consist of two components, a relatively coarse fraction in the range 0. 1
-

1.0 /zm, believed to have been physically ejected from the target, and a much
finer-grained fraction ( < 10 nm), which may represent plasma condensation. The

thickness of the former is largely determined by geometrical factors having to do

with the ability of projectiles to escape from the target surface. Hence the coarse

material can be effectively eliminated by line-of-sight shadowing, if desired. The

thickness of the fine-grained component may vary according to a number of

factors as the vapor plume penetrates the space above the substrate; these factors

include the presence of an electrical field, and the substrate temperature. From
results to date, the bulk chemistry of the finer-grained deposits does not appear to

vary substantially with radial distance in the plume; however, additional

observations are needed to bear this out fully.

It is perhaps significant that some materials yield a much higher percentage of the

coarser fraction than others. While the melting temperatures of A1
2
0

3 ,
MgO, and

yttria stabilized zirconia are all high relative to the materials which form abundant

ejecta, this alone doesn’t appear to be the causative factor, as separate experiments

with gold targets (to be reported elsewhere) show that despite extensive target

melting (Au melts at 1063 °C), no discernible ejecta are deposited on the substrate

surface. However it should be noted that I^YC^C^, PZT, and possibly,

mullite, are all incongruently melting compounds, and so there is a possibility that

this aspect of the melting behavior could be a factor.

A mechanism for formation of the ejecta can be proposed as follows. With

reference to the idealized time-temperature plot in Fig. 10, it is assumed that

post-pulse cooling of the target is slow relative to heating. Thus, referring to

incongruently-melting target compound AB in the schematic phase diagram, if

surface temperature were to remain in the AB + liquid field of Fig. 10 sufficiently

long during post-pulse cooling for the higher-melting compound A to form, this

phase could be metastab ly retained on the target surface as a microheterogeneity

when the residual melt crystallizes. This is thought to be a plausible interpretation

of the type of feature in Fig. 1 1 ,
which according to this hypothesis, might be a

region composed of BaY9Cu05
(bright round area at top of multiphase region) and

quenched melt (dark area at base of region), a combination resulting from the

incongruent melting behavior of Ba?YCu 3
O

x

16
.

Upon the next pass of the laser over this area it is likely that the feature could

result in an ejectum, as the lower melting material at the base becomes vaporized,
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Laser

Pulse

Figure 10. Proposed Mechanism for origin of ejecta in incongruentlv melting

systems. As surface of compound "AB” cools, local phase separation occurs,

which persists, leaving micro-inhomogenieties which influence subsequent

laser/ target interaction.

propelling the more refractory part of

the globule away from the surface.

Since target features of the type seen

in Fig. 1 1 are close in size to ejecta

deposited on the substrate, it is

possible that the coarser fraction of the

film deposits may have originated in

part in this fashion. Further

examination of incongruentlv vs.

congruentlv meiting target materials

will evaluate this possibility. It is also

possible that laser action on

multicomponent targets has a tendency

to produce microheterogeneities,

regardless of melting behavior, due to

components involved.

Figure 11. SEM micrograph of possible

ejectum precursor on laser-irradiated

Ba^YCu
3
O

x
target surface.

the inevitable differential volatility of the
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Future studies are planned to determine more precisely the relation between target

properties and film microstructures. Also, the effect of post depositional

annealing, perhaps in conjunction with heated substrate experiments, is a necessary

area of investigation. Since the electronic properties of thin films depend in a

crucial way upon microstructure and microchemistry, efforts aimed at

understanding how these features are related to the basic physics and chemistry of

the vapor plume will be pursued, including the use of time and spatially resolved

optical spectral analysis.

ACKNOWLEDGEMENTS

The authors wish to thank Dr I. Kelly for providing EDX analyses. Dr. C.

Ostertag has given useful comments on the sintering and microstructure. Dr.

John Blendell provided the yttria-stabilized zirconia target used in the experiments,

and Mr. M. Hill fabricated the Ba
2
YCu

3
O

x
target. Dr. L. Bennett provided the

.

c. magnetic susceptibility measurements.

REFERENCES

1. W.W. Duley, "C0
2
Lasers: Effects and Applications", Academic Press, New

York, 1976.

2. W.W. Duley, "Laser Processing and Analysis of Materials", p. 171-172,

Plenum Press, New York, 1983.

3. H.M. Smith and A.F. Turner, "Vacuum Deposited Thin Films using a Ruby
Laser", Appl. Opt., 4 [1], 147-148 (1965).

4. H. Sankur and R. Hall, "Thin-Film Deposition by Laser-Assisted

Evaporation", Appl. Opt. 24 [20], 3343-3347 (1985).

5. J.G. Bednorz and K.A. Muller, "Possible High T
c
Superconductivity in the

Ba-La-Cu-0 System", Z. Phys. B, 64, 189-193 (1986).

. T. Venkatesan, X.D. Wu, A. Inam and J.B. Wachtman, "Observation ofTwo
Distinct Components During Pulsed Laser Deposition of High T

c

Superconducting Films", Appl. Phys. Lett., 52 [14], 1193-1195 (1988).

116 Ceramic Thin and Thick Films



19

7. P. Krehl, F. Schwirke and A.W. Cooper, "Correlation of Stress-Wave Profiles

and the Dynamics of the Plasma Produced by Laser Irradiation of Plane Solid

Targets", J. Appl. Phys., 46 [10], 4400-4406 (1975).

8. G. Shen and E.S. Yeung, "A Spatial and Temporal Probe for Laser-

Generated Plumes Based on Density Gradients", Anal. Chem., 60 [9], 864-

868 (1988).

9. M.H. Read
,
27th Annual Pittsburgh Diff. Conf., November, 1964.

10. U. Sudarsam, N.W. Cody, M.J. Bozach and R. Solanki, "Excimer-Laser-

Induced Sputtering of YBa2Cu
3
0
7 _x

", J. Mater., Res., 3 [5], 825-831 (1988).

11. P.K. Schenck, D.W. Bonnell, and J.W. Hastie,
"
In situ Analysis of Laser-

Induced Vapor Plumes", Am. Vac. Soc., Proc. Joint Int. Laser Science and

Am. Vac. Soc. Conf., Atlanta, October, 1988 (in Press).

12. J. Narayan, N. Biunno, R. Singh, O.W. Holland, and O. Auciello,

"Formation of Thin Superconducting Films by the Laser Processing Method",

Appl. Phys. Lett., 51 [22], 1845-1847 (1987).

13. L. Lynds, B.R. Weinberger, G.G. Peterson, and H.A. Krasinski,

"Superconducting Thin Films ofY-Ba-Cu-O Produced by Neodynium: Yttrium

Aluminum Garnet Laser Ablation", Appl. Phys. Lett. 52 [4], 320-322 (1988).

14. H.S. Kwok, P. Mattocks, L. Shi, X.W. Wang, S. Witanachchi, Q.Y. Ying,

J.P. Zheng, and D.T. Shaw, "Laser Evaporation Deposition of

Superconducting and Dielectric Thin Films", Appl. Phys. Lett., 52 [21],

1825-1827, (1988).

15. A. Inam, M.S. Hegde, X.D. Wu, T. Venkatesan, P. England, P.F. Miceli,

E.W. Chase, C.C. Chang, J.M. Tarascon, and J.B. Wachtman, "As-

Deposited High-T
c

and T
c

Superconducting Thin Films Made at Low
Temperatures", Appl. Phys. Lett., 53 [10], 908-910 (1988).

16. R.S. Roth, C.J. Rawn, F. Beech, J.D. Whitler and J.O. Anderson, "Phase

Equilibria in the System Ba-Y-Cu-0-C0
2

in Air", p. 12-26 in "Ceramic

Superconductors II", M.F. Yan, ed., Amer. Ceram. Soc., Westerville, OH
1988.

Ceramic Thin and Thick Films 117



20

133

LEAD ZIRCONATE-TITANATE THIN FILMS
PREPARED BY THE LASER ABLATION TECHNIQUE

C. K. CHIANG*, L. P. COOK*, P. K. SCHENCK*, P. S. BRODY** AND
J. M. BENEDETTO**
*National Institute of Standards and Technology

Gaithersburg, MD 20899

Harry Diamond Laboratories

Adelphi, MD 20783

ABSTRACT

Lead zirconate-titanate (PZT) thin films were prepared by the laser ablation technique.

The PZT (Zr/Ti =53/47) target was irradiated using a focused q-switched Nd.'YAG laser

(15 ns, 100 mJ at 1.064 /xm). The as-deposited films were amorphous as indicated by X-ray
powder patterns, but crystallized readily with brief annealing above 650*C. The dielectric

constant and the resistivity of the crystallized films were studied using a parallel-plate type

capacitor structure.

INTRODUCTION

Recently, there has been a renewed interest in the growth of ferroelectric thin films

for potential use in non-volatile memories and other devices. The laser ablation technique,

in which a plume of ionized and ejected material is produced by high intensity laser irradiation

of a solid target,
1,2

offers several advantages for film deposition, e.g., no inherent limitations

on substrate materials and deposition conditions.
3

It is also a technique that can be easily

integrated into semiconductor processing. We have applied the laser ablation technique to

produce various thin films including barium titanate and lead zirconate-titanate (PZT) thin

films.
3,4

In this paper we report the x-ray, microstructural and electrical characterization of

PZT thin films from a PZT (53/47) ceramic target.

EXPERIMENTAL

Thin Film Preparation

To prepare lead zirconate-titanate thin films by the laser ablation technique, a PZT
(Zr/Ti =53/47) target was irradiated using a focused q-switched Nd:YAG 20 Hz pulsed laser

with a typical pulse width of 15 ns. For the present studies, the 1064 nm wavelength was

used, with energies of — 100 mJ focused to a —250 fim diameter. The reaction chamber was
continuously evacuated to < 1 mTorr by oil free pumps. During deposition, oxygen was bled

into the chamber to produce a background pressure of 100 mTorr. Sample targets were

mounted on a continuously rotating shaft to minimize cratering effects. A stationary substrate

holder was used to hold substrates (Pt or Pt-coated Si, typically 7 mm by 15 mm) directly

over the target surface at distances > 2.0 cm from the target surface. The growth rate of the

film was typically 1-2 microns per hour. The average thickness of the films was about 1-2

nm, as measured by profilometry.

Mat. Res. Soc. Symp. Proc. Vol. 200. ©1990 Materials Research Society
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Film Characterization

X-ray diffraction patterns were measured for the as-deposited PZT films as well as for

the films after heat treatment. Conventional scanning electron microscopy was used to

examine the microstructure of the films. More detailed analysis of these films will be

reported elsewhere.

Electrical Measurements

The resistivity and the dielectric constant of the bulk PZT thin films were calculated

from the impedances using the Cole-Cole relation.
5 The impedances were measured using an

automated Hewlett Packard 3570A network analyzer
6
for the frequency range from 100 Hz

to 13 MHz. The hysteresis loop was measured using a balanced Sawyer-Tower circuit

operated at 10 kHz. The electrodes were sputtered platinum. The electrode sizes for the

impedance measurements and the hysteresis loop measurements were 0.16 cm2 and 5.0 x 10"4

cm2
,
respectively.

RESULTS AND DISCUSSION

A micrograph of a PZT
thin film prepared by the laser

ablation technique is shown in

Figure 1 . The surface structure is

dominated by particles with

diameters between 0. 1 /xm and 1.0

urn. These particles originated as

melted or partially melted

material which was physically

ejected from the target.

The as-deposited films

were amorphous but crystallized

readily with heat treatment above

650*C. An x-ray diffraction

pattern for a film subject to post-

depositional annealing at 800'C is

shown in Figure 2. This pattern

suggests cubic PZT has formed

rather than the tetragonal PZT
expected from the phase diagram,

although, as will be described

below, the presence of

ferroelectric properties indicates

that at least a fraction of the

material must be non-cubic.

Possibly, line-broadening due to

small crystallite size obscures the

tetragonal splitting in these

materials. The films were

analyzed microchemically by EDX

Fig. 1 The PZT ceramic film by the laser ablation

technique.

Fig. 2 X-ray diffraction pattern of PZT ceramic film,

"x" refers to the lines from the platinum

substrate.
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and were found not to vary appreciably in their chemistry across their central 2 cm portion.

The composition of the film was the same as or very close to that of the original target.

Based on this analysis, we believe that the cubic x-ray pattern may result from the stress and

restriction of the small particles in the very thin film.

Figure 3 shows the Cole-Cole plot of the ac impedance of a PZT film after one hour

annealing at 850*C in air. In this type of plot, the extent to which the arc falls short of being

a complete half circle is an indication of the presence of inhomogeneities. The depressed

impedance arc indicates that the film indeed does have regions of inhomogeneity. The

Fig. 3 AC impedance of the PZT film; the dashed lines are the results of a Cole-Cole fit.

depression angles found in the

temperature range that a complete arc

were measured varied from 19* at

480*C to 15* at 625*C. These

relatively large depression angles are

usually interpreted as due to the

different relaxation effects caused bv

the inhomogeneities in the sample.

One of the sources of the

inhomogeneities is the extensive

porosity seen in the Figure 1

.

The dc resistivity of the PZT
film was calculated from impedance

data shown in Figure 3. The

temperature dependence of the

resistivity is shown in Figure 4. The

change of temperature dependance

near 480*C is usually attributed to

the cross over from grain boundary

dominated resistivity to the grain

dominated resistivity.
8 By

extrapolating the fitted line (Fig. 3) to

room temperature we obtained a

10
3

/T (K
1

)

Fig. 4 DC resistivity of PZT ceramic film as a

function of inverse temperature.
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resistivity of 8 x 10
20 ohm-cm. Using 1 x 10

18 ohm-cm for bulk resistivity of PZT at room
temperature, we estimated the effective geometric correction factor (defined as the ratio of

observed resistivity to that of the bulk for the same material) to be 800.

The dielectric constant was

calculated by fitting the complex

impedance spectra to a Cole-Cole

arc.
5 From 480'C to 625*C we

obtain a dielectric constant of 2.5 to

3.5 for the PZT film. The dielectric

constants can also be calculated using

a simple RC parallel equivalent

circuit to examine the frequency

dependence. The frequency

dependence of the dielectric constant

at 209*C, 329*C, 425‘C, 625’C

and 672*C is shown in Figure 5.

The dielectric constant observed at

low frequency and low temperature is

2. Since these apparent dielectric

constants are deduced from the same

impedance data as the resistivities, we
can use the same geometric factor obtained from resistivity discussed above. Thus, we obtain

a dielectric constant of 1600 to 2800 for the PZT film after geometric correction.

Fig. 5 Frequency dependence of the dielectric

constants of PZT film.

For practical applications the most important feature of these laser ablated PZT films

is the presence of ferroelectric hysteresis, as demonstrated in Figure 6. Hysteresis

measurements were done with electrodes of 0.25 mm diameter. The dielectric constant

calculated from these measurements is about 600

These values are approaching those of

the bulk material. The difficulty in

interpreting the impedance data is

thus attributed largely to

microstructural discontinuities and

variations in thickness. Both factors

could distort the impedance data. On
other hand, the impedance data serves

as a diagnostic tool for investigating

the relationships between the

properties of the film and its

crystallinity, microstructure, and

preparation conditions. For the

present PZT films, further

improvement of the microstructure is

desirable, which can be achieved by

varying the deposition conditions.

The remanent polarization is 0.036 C/nr

Fig. 6 Compensated hysteresis loop of a PZT thin

film.

In summary we have produced lead zirconate-titanate ceramic thin films by the laser

ablation technique. The X-ray diffraction patterns, electrical resistivity, dielectric constant and

ferroelectric hysteresis were studied. Experimental evidence shows that the laser ablated lead

zirconate-titanate ceramic thin films can have ferroelectric properties approaching those of the

bulk material.
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ABSTRACT

Laser- induced vaporization of ceramics shows promise as a technique for
the deposition of thin films of these materials. Critical to the utility of this
technique is an understanding of the laser material interaction, plume formation
and dynamics, material transport and how variations in the vaporization
conditions effect the deposited film. Lead zirconate titanate (PZT, Zr/Ti-47/53)
targets were irradiated using a q-switched NdYAG laser (15 ns, 100 mJ at 1.064
/im) . The deposition chamber was maintained at a pressure of 100 mTorr oxygen.
Material from the plume was collected on silicon wafer substrates, suspended 1.0
- 3.0 cm above the target. The films were characterized by SEM/EDX, TEM, x-

ray diffraction and electrical measurements before and after annealing. Very
thin films were deposited on carbon coated metal grids for observation in the
TEM using a hot stage to study crystallization.

Temporally and spatially resolved spectra of the light emitted by the
laser- generated plume were obtained with an optical multichannel analyzer (OMA)

to yield information on the plume generation and chemistry of the deposition
process. These spectra indicate that under these conditions a plasma is created
above the target surface which persists for -100 ns after the laser pulse.

EXPERIMENTAL

Deposition Apparatus

The Laser Deposition Facility consists of a high power pulsed laser system,
deposition chamber, and ancillary analysis equipment. The laser used in this
work is a NdYAG 20 Hz pulsed laser with a typical pulse width of 15 ns. Discrete
wavelengths of 355, 532, and 1064 nm, with energies up to 200 mJ per pulse at
1064 nm, are available. For the present studies, the 1064 nm wavelength has
primarily been used, with energies of -100 mJ focused to a -250 /im beam spot
diameter.

The cylindrical deposition chamber is constructed of stainless steel and
has internal dimensions of -20 cm in diameter and -8 cm high. The chamber is

equipped with multiple ports for: mounting targets and substrates, laser access
to the targets, and optical spectroscopic observations of the laser generated
plumes. The reaction chamber is continuously evacuated to <1 mTorr by oil free
pumps. Sample targets are mounted on a continuously rotating shaft to minimize
cratering effects. The NdYAG laser is focused through an optical port onto the
target using a 20 cm focal length lens.

Substrates are mounted in the deposition chamber by several methods. A
stationary substrate holder has been used to hold substrates at distances >2.0
cm from the target surface. Shorter deposition distances are obtained by
mounting substrates directly over the target surface for line-of-sight deposition
on a microscope slide with a hole to allow the focused laser beam to pass through
to the target surface as shown in Fig 1. Substrates can also be attached to

wires and suspended into the luminous regions of the plume for shadowed
deposition as shown in Fig. 2. The shadowed deposition technique was generally
used to prepare films for TEM observation. A heated substrate holder has been
constructed, with geometry similar to that in Fig. 1. At present the maximum
temperature attainable with this apparatus is -450°C.

The background buffer/reaction gas pressure in the deposition chamber is
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Figure 1 Line -of- sight deposition
geometry for laser deposited thin
films

.

Figure 2 Shadowed deposition geometry
for laser deposited thin films.

introduced through a needle valve from a ballast tank whose pressure is servo
controlled to obtain the desired background pressure.

Side ports on the chamber allow for several line-of- sight optical access
paths perpendicular to the laser-plume axis. Other side ports on the chamber
are available for future access, such as electrical probing of the plume ions
(e.g. as in [1]), optical probing of the plume particulates (e.g. as in [2])
and mass spectrometric analysis of the plume (e.g. as in [3]).

The laser target for the experiments reported here was a dense PZT of
nominal Zr/Ti ratio 47/53 as supplied by a commercial source. The x-ray pattern
of this material indicated only the presence of the well -crystallized tetragonal
form.

Optical Spectroscopy

As shown in Fig 3., an optical
multichannel analyzer (OMA) consisting
of a multiple grating 0.275 meter
monochromator with a gateable
intensified photodiode array, is used
to record the emission spectra of the
plume, synchronous with the laser. A
fused silica 10 cm focal length lens
is used at twice its focal length to

obtain one-to-one imaging of the plume
on the entrance slit of the OMA. By
aperturing the entrance slits of the

monochromator with a 0 . 5 mm horizontal
slit and moving the imaging lens (L2

in Fig. 3), the emission spectra from
the plume can be spatially resolved.

The intensifier gate is set at
10 ns wide and is swept under computer
control from before the laser onset to

several hundred nanoseconds after the
laser firing in order to time-resolve
the plume emission spectra. The OMA
controller averages the detector array
output over 100 laser pulses and
subtracts a previously stored dark
current/background signal from the

emission spectrum prior to transfer to

the laboratory computer.

Figure 3 Schematic of apparatus for

temporally and spatially resolved
optical emission spectra of the laser
induced plume.



Hot-Stage TEM Studies

To make specimens suitable for hot-stage transmission electron microscopy
(TEM) , 3 mm nickel grids coated with a carbon film were placed on the back side
of a planchet in the plume for between 3 and 10 minutes; the planchet shielded
the grids from the direct line-of-sight ejecta. The specimens were heated in
the TEM hot-stage to temperatures in excess of 900°C. Conventional and diffuse-
dark- field microscopy and electron diffraction were used to study the films
during the heating experiments. Before and after the heating experiments the
films were characterized by TEM and energy-dispersive x-ray analysis (EDX) using
a beryllium specimen holder; the hot-stage was not suitable for the collection
of x-ray spectra.

Electrical Measurements

The dielectric constant of the thin film was measured at 1 MHz. To
determine the dielectric constant of the as-deposited films

,
we sputtered on a

gold electrode. For the annealing runs interdigitized silver electrodes were
painted on the as -deposited film. After the capacitance of the film was measured
at room temperature

, the whole film assembly was annealed at a higher temperature
for 10 minutes. The film was removed from the furnace and air cooled to room
temperature while the capacitance was measured. This procedure was repeated for
the next annealing temperature

.

RESULTS AND DISCUSSION

SEM and X-rav Characterization

A typical as -deposited film by the line-of-sight method is shown in
Fig. 4 before annealing and in Fig. 5 after annealing. The films are about 1

/xm thick. These films were analyzed microchemically by EDX and were found not

Figure 4 SEM micrograph of as- Figure 5 SEM micrograph of line-of-
deposited line-of-sight film. sight film after annealing.

to vary appreciably in their chemistry across their central 2 cm portion. These
films are amorphous to x-rays in the as-deposited form ,

but they crystallize
readily with a brief annealing at 750°C in air, giving an x-ray pattern having
the proper two thetas for most of the reported PZT lines. However, it does not
show the splitting required for tetragonal symmetry, and thus is probably cubic.
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The microstructural changes accompanying the annealing are shown in Figure 5,
where it can be seen that relative to the as-deposited film, some densification
of the finer-grained fraction has occurred. While the as-deposited films are
generally dark gray, with annealing, they take on lighter gray color which is
similar to that of the target. The morphology of films deposited on a heated
substrate (~450°C) differs subtly from that of the unheated substrate film in
that the mass of material between the large particles is somewhat more dense.
However, x-ray analysis shows no indication of PZT crystallization, and the as-
deposited film is largely amorphous. Future experiments will utilize a new
apparatus capable of moderately higher substrate temperatures.

According to the PZT phase diagram 47/53 composition thin films should
become ferroelectric below 250-300°C. Thus we attempted to cause the material
to transform from cubic to tetragonal by slow cooling, However efforts in this
area were not successful. Future research will be focused to deal with this
problem.

Optical Spectroscopy

Fig. 6 and Fig 7 show representative emission spectra from the laser-
induced plume at 2. 0-2. 5 mm and 7. 0-7. 5 mm above the PZT target with a background
pressure of 100 mTorr 02 . These spectra are part of a series of spectra taken
with 0.5 mm spatial resolution in two dimensions relative to the laser impact
point. The spectra were taken at each location at 10 ns intervals (near the time
of the laser pulse) and 20 ns intervals (100 ns after the laser pulse). In Fig.
6 and Fig. 7 only every other spectra is plotted for clarity.

Figure 6 Time -resolved emission
spectra from the laser- induced plume
2. 0-2. 5 mm above the PZT target
(Scale: 256048).

200 300 400
WAVELENGTH (nm)

Figure 7 Time-resolved emission
spectra from the laser- induced plume
7. 0-7. 5 nm above the PZT target
(Scale: 18186).

The PZT plume emission spectra were compared with emission spectra from
laser- induced plumes above pure Ti, Zr, and Pb targets to aid in their analysis.
The emission from the PZT targets is at early times (<100 ns) by emission from
singly, doubly and triply ionized Ti and Zr, and with singly ionized Pb emission
to a lesser extent. At longer times the spectra are due to singly ionized and
neutral species. This is particularly true 7mm above the target surface, as in
Fig. 7, compared to nearer the target surface. The strong ionic emission is

consistent with the formation of a plasma extending from the laser impact point
to about 12 mm above the target in the center of the laser- induced plume. The
velocities of the various ionic and neutral species can be estimated from the

most probable arrival times at various heights above the PZT target. The higher
the state of ionization the faster the velocity of the species. Ti*** and Zr

+++

have velocities in excess of IQ 7 cm/s. These velocities and those of the other
ionic species present correspond to kinetic energies of from 50 to >100 ev. The
role of these highly energetic species in the deposition process is unclear and
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is under study by adjusting the laser fluence which in turn alters the ratio of
higher ionized species to singly ionized/neutral species.

Hot-Stage TEM Studies

The as -deposited films consisted of = 5 nm particles clustered in * 50 run

aggregates (Fig. 8). Electron diffraction patterns show diffuse rings typical
of amorphous or nanocrystalline material, with the strongest ring corresponding
to a distance of 2.85 A - 3.05 A and weaker rings corresponding to 1.82 A and
1.52 A. Diffuse dark- field microscopy has not as yet been able to determine
whether the films are truly amorphous, or nanocrystalline, or a mixture of
amorphous and nanocrystalline phases. EDX spectra indicate the presence of Pb,

Zr and Ti. Qualitatively the ratios of Pb:Zr:Ti appear to be close to 2:1:1,
but accurate quantitative measurements remain to be done.

mmnM: .ai m
Figure 8 TEM micrograph of the Figure 9 TEM micrograph of the
as -deposited 5 minute film. 3 minute film heated above

775°C for 30 minutes.

On heating in the TEM to 775 ± 10°C, rings of sharp spots developed in the
diffraction pattern. The more intense sharp rings were found to superimpose on
the diffuse rings from the as-deposited film. The d-spacings calculated from
the sharp spots matched tetragonal Zr02 (a0 - 3.64 A, c0 - 5.27 A). EDX spectra
from before and after heating show that the lead content of the films has been
reduced to a very low level by heating above 950°C, presumably by volatilization
of the PbO in the vacuum of the TEM. The Zr to Ti ratio appears to have been
very little affected by the heating. There were no significant differences
between the 3 and 5 minute films except thickness.

Fig. 9 shows the microstructure of a 5 minute deposition film after heating
to 800°C in the TEM; the film was above the crystallization temperature of 775°C
for over 30 minutes. A continuous but open structure has been formed by the
sintering together of rounded particles between 6 and 18 nm in diameter. The
distinction between the crystalline Zr02 and the presumably amorphous Ti02
particles is difficult because of the fine scale of this structure.

The as -deposited PZT film has been characterized in the TEM. One of the
most important questions that remains to be answered is whether the as -deposited
film is nanocrystalline. The volatility of lead precludes hot-stage TEM as a

technique for observing the crystallization of these PZT films. However, the

results of parallel studies show that the crystallization of less volatile films
such as BaTi03 can probably be studied in- situ in the TEM. There is also
potential for determining the sintering behavior of these fine particle films.
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The resistivity of the as-deposited
film was 2.5 x 10 6 ohm-cra. The low
resistivity value suggests that the

as-deposited film was not in its

original PZT form. Fig. 10 shows the
capacitance of the as deposited thin
film being annealed. As the annealing
temperature increases, the capacitance
shows a minimum near 500 °C. The
capacitance increases when further
increasing the annealing temperature.
The capacitance transition may reflect
the crystallization of the amorphous
thin film.

ANNEALING TEMPERATURE (C)

Figure 10 Capacitance of as-deposited
PZT thin film during annealing.

CONCLUSIONS

As noted in an earlier study [4] , there are two discrete particle size
groupings in many laser deposited films: a coarser fraction in which particles
range between -0.1 and 1.0 nm and a finer fraction of <10 run. The coarser
fraction apparently originates as melted or partially melted material which has
been physically ejected from the target; the finer fraction is believed to
represent vapor condensate. The ejecta follow essentially a line-of-sight
trajectory and can be prevented from reaching the substrate by use of a suitable
barrier, whereas the vapor condensate forms on all surfaces in the vicinity of
the target, regardless of whether they are facing the target. Thus there exists
the possibility for controlling the particulate morphology over a wide range.
As would be expected, the fine-grained fraction totally sinters readily,, as
confirmed by our TEM observations on PZT shadowed films. There would seem to

be large potential for such fine-grained deposits in microelectronic processing,
provided crystalline films can be with the correct stoichiometry.
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ABSTRACT

Thin films of BaTi0
3
and PZT (lead zirconate titanate, 47%PbTi0

3 , 53%PbZr03 ) have been produced

by laser irradiation of the appropriate ceramic targets and deposition of the ejected and vaporized

material on planar substrates. The microstructural changes during thermal processing of these films

have been studied by scanning electron microscopy/energy dispersive x-ray spectrometry (SEM/EDX),

transmission electron microscopy (TEM), differential scanning calorimetry (DSC), x-ray diffraction (XRD),

and by measurement of electrical properties. Films have been deposited using both Nd/YAG and

excimer lasers and on unheated as well as heated substrates. Excimer films are considerably smoother

than the Nd/YAG films, and the uniformity of the as-deposited microstructures is promoted by substrate

heating. However, ferroelectric hysteresis loops were only observed for the considerably less smooth
Nd/YAG PZT films; thermal treatment did little to improve the smoothness of these films. An excimer

BaTi0
3
film deposited on a heated substrate showed crystallographic alignment and had a dielectric

constant of -100. Efforts are underway to combine the best features of films produced by both

methods.

INTRODUCTION

The utility of laser deposition for preparation of ceramic thin films has become increasingly

appreciated in the last few years [1 ], first with application to high T
c
materials, and more recently for

ferroelectric thin films [2,3,4]. The advantages of laser deposition have included: wide variety of

possible solid targets, close compositional similarity of deposited films to targets, large selection of

substrates and substrate deposition conditions, and high degree of flexibility in laser operating

parameters, including wavelength, fluence, and both temporal and spatial variation in energy density.

A major requirement is understanding of the materials science issues such as nucleation and
crystallization, phase equilibria, sintering and grain growth in these films.

EXPERIMENTAL METHODS

Films were deposited using both Nd/YAG and excimer lasers. For the Nd/YAG films, typical laser

operating conditions were: 20 Hz pulse rate, 1 5 ns pulse width, 1 00 mj/pulse at 1 064 nm, and fluence

of -300 J/cm 2
. For the excimer films, operating conditions were: 1 0 Hz pulse rate, 23 ns pulse width,

200 mJ/pulse at 193 nm, and fluence of -30 J/cm 2
. The deposition chamber was maintained at a

pressure of 100 mTorr (13 Pa) oxygen. Most films were deposited on substrates positioned 1 .5-3 cm
above the target. Substrates were generally either Pt-coated Si or pure Pt to facilitate electrical

measurements. Targets were commercially prepared calcium-doped BaTi0
3 , and PZT formulation "5A",

consisting of 47%PbTi0
3 , 53%PbZr03 . During film depositions, the targets were rotated with the laser

pulses to expose fresh material. Deposition times ranged from 5 min. (TEM specimens) to 1 hr. During

the 1 hr runs as much as 5 /ym of material was deposited on the substrate area closest to the source.

A few BaTi0
3
films were deposited on substrates heated resistively to dull red heat, estimated by

optical pyrometry to be 700-800°C. Because of Pb volatility PZT films were annealed after deposition

in a PZT cell. Films were examined by SEM/EDX and XRD using conventional methods. For the EDX
analyses, standardless data analysis [5] allowed the estimation of relative elemental ratios as a function

of position on the films. Real time backscattered electron diffraction patterns were obtained in the SEM
from submicron areas of the surface of selected PZT films according to the methods described in [6].

DSC measurements were made on PZT thin films deposited on Pt; weight of the deposited film was
-0.5 mg. Dielectric and ferroelectric properties were measured using parallel plate capacitors formed

between sputtered electrodes on the film surfaces and the underlying platinum-coated wafer [4],

Specimens for TEM examination, principally of excimer films, were prepared in two different ways.

(1 ) Thin films were deposited directly on carbon films supported by copper grids; for some depositions

the grids were attached with carbon or silver paint to a Pt/Si substrate which was held at dull red heat.
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(2) Thin films were deposited directly on a heated Pt/Si substrate and 3 mm disks were cut from the

substrate and thinned to electron transparency from the back side.

RESULTS

SEM/EDX

A marked difference was observed between the Nd/YAG and excimer films at magnifications

obtainable in the SEM. Whereas the excimer films are virtually featureless at all magnifications, except

for scattered ejecta, the Nd/YAG films have a much rougher surface dominated by ejecta in the range

from 0.1 /ym to a few //m in diameter. A less obvious component of the Nd/YAG films is a finely

particulate (5-10 nm) fraction, observable principally by TEM [1,2], which appears to represent

condensate from the vapor plume. This overall microstructure (Fig. la) is typical of both BaTi0
3
and

PZT films deposited by Nd/YAG. EDX analysis of chemical variations in the Nd/YAG PZT films showed,
within the limits of the method ( ± 1 0% relative), no significant variation in the films with respect to Pb,

Zr, Ti along a radial distance of 1 cm from the center (nearest the plume).

An attempt was made to improve the microstructure of the Nd/YAG PZT films by thermal annealing.

Typical results are shown in Fig. 1-b. As is evident, the heat treatment results simply in coarsening of

the microstructure as the amorphous as-deposited material crystallizes. This coarsening is manifested

by an increase in pore size, which has accompanied sintering and growth of grains to a few tenths of

a micron in diameter. Thus although a successful attempt was made to preserve Pb stoichiometry at

annealing temperatures as high as 1100°C by controlling the Pb pressures as outlined above, no

improvement in the density and smoothness of the film was achieved.

A relatively thick excimer PZT film annealed in air at 650°C was examined initially by reflected light

microscopy. The film nearest the target was observed to consist of tightly-packed, equiaxed particles

5 to 1 0 ijm in size; further from the target, the particles are 1 to 5 //m in size, round and dispersed in

a homogeneous medium. Electron backscattered diffraction patterns were obtained in the SEM from

these areas, and it was determined that each particle is a single crystal, and that the medium
surrounding the dispersed particles is either amorphous or microcrystalline. EDX analysis of the crystals

gave (normalized metal at.%): Pb-49, Zr-33, Ti-18. EDX of the surrounding medium showed Pb-37,

Zr-41 , Ti-22.

Powder x-rav diffraction analysis

As deposited, all Nd/YAG and PZT thin films prepared on unheated substrates were amorphous to

x-rays. These films crystallized readily upon annealing at 500°C or less to yield x-ray patterns similar

to those published (patterns 5-0626 and 33-784, ref. [7]). One important difference suggesting cubic

symmetry is the lack of splitting of pseudocubic {001} and {Okl} lines. In fact a 750°C anneal of

Nd/YAG PZT could be indexed with a cubic cell of a0 = 4.07 A. A pattern for a similar material is

shown in Fig. 2.

A series of Nd/YAG PZT films, part of which are indicated in Fig. 1, were heated at various

temperatures in a cell designed to control Pb loss. Samples retained XRD patterns without peak

splitting until >800°C. Above this temperature, peak splitting occurs giving patterns suggesting

tetragonal symmetry, but which vary in detail from the published tetragonal PZT pattern for this

composition (a complete investigation will be published elsewhere [8]). Curiously, these films exhibit

ferroelectric hysteresis at temperatures below the observation of peak splitting, indicating the symmetry
- while apparently cubic in terms of lack of observed peak splitting - cannot be strictly cubic in a

crystallographic sense.

Thin films of BaTi0
3
deposited on a heated substrate at dull red heat give x-ray patterns without

obvious evidence of splitting. Upon more detailed examination, they do show slight evidence of non-

cubicity, as in the example of Fig. 3, which leads to a tetragonal cell of a = 3.993(1) and

c = 4.013(3) A. However these films are not ferroelectric.

Transmission electron microscopy

The PZT films deposited by excimer laser at room temperature on a carbon film were amorphous,

very uniform and practically featureless, apart from some larger particles or ejecta 50 to 1000 nm in

size, as shown in Fig. 4. Most of the ejecta appeared to have landing tracks that lead up to their

ultimate resting place and are aligned in the same direction. The excimer BaTi0
3
films deposited at

room temperature on carbon films (Fig. 5) were also amorphous; the microstructure was fissured and
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Fig. 1. SEM micrographs indicating effect of 800°C anneal on as-deposited Nd/YAG PZT films.

TWO - THETA (DEGREES)

Fig. 2. a. XRD pattern of Nd/YAG PZT film annealed at

750°C (no peak splitting), b. Pattern of tetragonal

target material for comparison.

Fig. 3. XRD pattern of excimer
BaTi0

3
film on heated substrate (Fig. -

8) showing incipient peak splitting.

contained some larger ejecta 50 to 500 nm in size. A higher magnification micrograph (Fig. 6) of the

same film shows that it has an open structure of low density and is composed of equiaxed particles 1

0

to 30 nm in diameter. The arrowed region of the BaTi0
3
film in Fig. 5 was heated with the electron

beam and as can be seen it became smoother and denser but no crystallization was detected.

Deposition of BaTi0
3
on a carbon film attached with carbon paint to a substrate at dull red heat

produced a film that was uniformly dense (Fig. 7) and resembled the PZT films deposited on a room
temperature carbon substrate. The carbon paint did not provide good thermal contact between the

substrate and the film, which was therefore at a temperature intermediate between red heat and room
temperature.

Beam heating of large ejecta in BaTi0
3
films deposited on both room and intermediate temperature

carbon films caused both the ejecta and a region about 0.5 //m in diameter around them to crystallize

to tetragonal BaTi0
3

of particle size 15-50 nm. Electron beam heating of the PZT film caused
crystallization to a fee fluorite structure with a0 = 5.05 A as determined by electron diffraction; note

that aQ for cubic ZrO-, is 5.09 A. EDX spectra showed that the Pb content of the film was reduced by

beam heating. The crystallite size was in the range 10 - 100 nm. The BaTi0
3
deposited on a heated

Pt/Si substrate was in the form of rod-shaped crystals with their long axes approximately normal to the

plane of the film. The rods are 25 to 50 nm in diameter, but their length cannot be accurately

determined as the specimen preparation may have reduced the thickness of the film; however, they are
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Fig. 4. TEM micrograph of excimer PZT on room
temperature carbon film.

Fig. 5. TEM micrograph of excimer BaTi0
3
on

room temperature carbon film.

Fig. 6. High magnif. TEM micrograph of excimer

BaTi0
3
on room temperature carbon film.

Fig. 7. TEM micrograph of excimer BaTi0
3
on

"warm" carbon film.
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at least 250 nm long. Fig. 8(a) is a TEM image of the BaTi0
3 taken when the film was tilted 60° from

normal to the electron beam so that the rods are nearly side-on; Fig. 8(b) is the corresponding selected

area electron diffraction pattern correctly oriented with respect to the image. The arcs of greater and
lesser intensity in a number of the diffraction rings indicate crystalline texture in the film. In particular,

the first ring, 100/001, and the fourth ring, 200/002, have sharp, relatively intense arcs centered on

a line parallel to the direction of the rods in the image showing that during deposition the rods grow
with their axes aligned with one of the cube axes of the cubic perovskite structure. The electron

diffraction patterns were better fitted to the tetragonal BaTi0
3

structure with a = 3.994 and

c = 4.038 A than to a cubic structure; however only one of the expected peak splittings, 200/002
(also observed by XRD, as noted above), was visible and this result is not seen as confirming that

tetragonal BaTi03 was produced. After tilting the film to an orientation where the image showed no
texture, the rings in the diffraction pattern showed no variation in intensity.

Differential scanning calorimetry and electrical measurements

Only the excimer PZT films on Pt substrates were analyzed by DSC. Two events were observed on
heating up from room temperature to 730°C, in flowing air at a heating rate of 20°C/min. Fig. 9

shows behavior indicating a glass transition in the vicinity of 300 °C; this is consistent with the as-

deposited film being amorphous. At higher temperatures (not shown) the crystallization behavior of the

PZT thin film is evidenced by a broad exotherm centered near 500 °C, suggesting that the nucleation

and growth proceed gradually, with completion near 700°C.
As indicated above, ferroelectricity has only been observed in the Nd/YAG PZT thin films; a typical

hysteresis loop for this material is shown in Fig. 10. The electrical properties of other films similar to

those in Fig. 1 are reported in more detail elsewhere [4]. The excimer BaTi0
3 thin film, while having

excellent structural properties, is not ferroelectric. It does have an excellent dielectric constant of about
1 00, however. The excimer PZT films have not to date proved electrically measurable, due to shorting

of sputtered electrodes. Further work is in progress on these and other films.

Fig. 9. DSC of excimer PZT film on unheated

substrate, showing glass transition region.

APPLIED FIELD OCV/em)

Fig. 10. Applied field vs. polarization hysteresis

loop for Nd/YAG PZT film (700°C).

DISCUSSION

For the Nd/YAG films to be of device quality, a way must be found to improve the smoothness and
density; our experiments suggest that post-depositional annealing is not the answer; shadowed
deposition [2] offers possibilities which we are exploring further. However, although the films are not

smooth, the ferroelectric properties offer encouragement.
The excimer films, on the other hand, approach device quality in terms of smoothness, density, and

crystallinity. Furthermore, they can be readily processed. Excimer BaTi0
3
films deposited on a carbon

film of intermediate temperature as well as excimer PZT films deposited on a room temperature carbon
film were uniform and dense except for the relatively few large ejecta on the surface. The BaTi0

3
film

on a room temperature carbon film (Fig. 6) is composed of small particles 1 5-40 nm in size but can be

made more uniform by beam heating the film. By contrast, the Nd/YAG films had a very open, low
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density structure composed of very fine particles (-5 nm for PZT and 10-15 nm for BaTi0

3 ) in larger

aggregates [2]. Thus for BaTi0
3 , the more abundant or larger excimer-produced particles depositing on

a heated substrate favor the production of a dense, uniform film. The DSC results suggest that the PZT
films go through a glass transition at about 300°C, and above this temperature the ability of the

particles to flow together and form a dense layer would be enhanced. The density and level of

uniformity are relevant to processing these films since volume changes that occur in post deposition

heat treatments have been observed (in our unpublished work) to cause undesirable delamination and

cracking of the film. The observations of landing tracks for the large ejecta (up to a micron in size)

show that the ejecta constitute a small fraction of the plume produced by the laser; attempts to

eliminate them will center on modifying the plume production conditions.

The similarity in size between the excimer BaTi03 particles deposited on the carbon film at room
temperature and the diameter of the rods in the BaTi0

3
film deposited on the Pt/Si film at 700°C

suggests that each particle that lands on the film in the initial layer crystallizes immediately and is a

seed for subsequent crystal growth. The development of rods aligned with a perovskite cube axis

suggest that the cube directions may be the fastest to grow and as the film thickens grains that are

close to cube aligned grow at the expense of any others. On cooling from the deposition temperature

of ~700°C the BaTi0
3
should go through a cubic to tetragonal phase transformation at the Curie

temperature (~ 100°C). At this point the film is under tension in the plane of the substrate because

the coefficient of thermal expansion for Pt is 4x1
0"6

less than for BaTi0
3

. Since c/a for tetragonal

BaTi0
3 is -1.01, alignment of the tetragonal a-axis normal to the substrate will reduce the tensile

stress. The electron diffraction results described above for the BaTi0
3
deposited on heated Pt/Si

indicate the film may be at least partially tetragonal, and the splitting is such that the c axis may be

aligned in the plane of the film. Electrical measurements indicate that the film is not ferroelectric.

Efforts are under way to determine the relation between particle size, stress, orientation and electrical

properties in these films.

Annealing amorphous excimer PZT films in air causes crystallization to the PZT perovskite structure

in which the Pb ion occupies a site that has 1 2-fold oxygen coordination. However, annealing PZT films

at a low pressure using beam heating for about a minute in the TEM causes some volatilization of the

lead, and produces a fee fluorite structure with each cation having 8-fold oxygen. Thus, while a post

annealing step is essential for production of PZT films, care must be taken to avoid Pb loss. The EDX
analyses described above for the partially crystallized, two-phase excimer PZT film suggest that as-

deposited chemistry is not as close to the target as for Nd/YAG films.

SUMMARY

All the laser-produced films examined are amorphous as deposited on unheated substrates, but

crystallize readily to the perovskite structure upon heating to 500°C or less; these temperatures are

compatible with most device processing. Heated substrates improve film density and result in

crystallographic alignment, in situations where volatility is not a problem. Nd/YAG and excimer films

differ considerably in their microstructure. Ideally laser processing will ultimately produce films with

both the desirable ferroelectric and stoichiometric properties of the Nd/YAG films, and the

microstructural attributes of the excimer-deposited films.
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ABSTRACT

Dense smooth lead zirconate-titanate thin films have been prepared by excimer laser

deposition. The as-deposited films are amorphous as indicated by x-ray powder patterns.

Differential scanning calorimetry studies show that the film has a glass transition at 301 °C,

and the amorphous to crystalline transformation takes place above 350°C to 650°C. Phase

formation as a result of post-deposition heat treatment is described.

INTRODUCTION

For electrical and electronic applications of ceramic materials, we have applied pulsed

laser deposition to produce various thin films, including barium titanate and lead zirconate-

titanate (PZT). 1 '3 The PZT films produced in our laboratory using a Nd/YAG laser showed

ferroelectric hysteresis, indicating potential for application as non-volatile memories and

related devices. However, these films had unsuitable microstructure, including large ejected

particles and rough surfaces.
2 One cause of this morphology may be the thermal energy

produced by the Nd/YAG laser during the sputtering. To improve these films we have since

used an excimer laser, and in this paper we report the effect of post-depositional annealing

on PZT films deposited by pulsed eximer laser deposition.

EXPERIMENTAL

The thin film deposition system was the same as reported earlier
1

,
except that we used

an ArF excimer laser (193 nm). The deposition was done at a repetition rate of 10 Hz and

nominal pulse width of 23 ns. The laser beam was focused to produce a fluence of typically

10-30 J/cm2 . A commercial PZT target (PZT 5A, 47% PbTi0
3
and 53% PbZr0

3)
was used.

During the deposition, the target was rotated and the laser beam was rastered across the target

to maintain uniform material removal. A rotating substrate holder was used to hold substrates

directly over the target surface at distances 3.0 cm from the target surface. The reaction

chamber was continuously evacuated to < 1 mTorr by oil free pumps. During deposition,

oxygen was metered into the chamber to produce a background pressure of 100 mTorr. The

growth rate of PZT film was about 50 nm/min. Typical thickness of the thin film was from

150 nm to 500 nm.
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For electronic studies we used silicon < 100> single crystal wafers as substrates which

were coated with 500 nm platinum. For the materials processing studies, we used platinum

substrates. After deposition, the films were annealed in air at various temperatures and times.

To determine the crystallization temperatures of the as-deposited PZT films differential

scanning calorimetry (DSC) measurements were made. A platinum substrate similar to that

upon which the film was deposited was used as the reference. DSC curves were measured

at 20°C/min in flowing air. Each sample was measured for two cycles from 50°C to

approximately 720°C. In one measurement, about 0.6 mg of as-deposited material was

removed from the substrate mechanically and run in the DSC using an aluminum pan as the

sample holder. The use of low mass aluminum pans for the sample holder and reference

increased sensitivity and allowed us to detect the exact location of the glass transition

temperature.

For an amorphous material, crystallization will not occur if it is annealed at a temperature

less than its glass transition temperature. The DSC data provided us the guide for selecting

the annealing temperature for the PZT film. We have annealed a series of the as-deposited

amorphous PZT films in air for one hour at 350°C, 400°C, 450°, 500°, 550°C and 600°C.

The annealed films were studied by x-ray powder diffraction. The x-ray diffraction

patterns were measured directly with the film in place on the platinum or silicon substrates,

using Cu K«j radiation. Because the x-ray measurements were done under the same

conditions, the peak-heights could be used for a semi-quantitative analysis of the relative

amounts of phases. We measured the peak-heights of selected major peaks to indicate

variations in the ratio of the phases present as a function of annealing conditions. The

different peak-heights were re-scaled relative to the intensity of the (101,110) peak for

comparison.

Optical microscopy was used for examining the gross features of the films and scanning

electron microscopy was used to examine the microstructure of the films. The hysteresis loop

was measured using a balanced Sawyer-Tower circuit operated at 10 kHz. The electrode size

for the hysteresis loop measurement was 5.0 x IQ*
4 cm . Extensive characterization on these

films has been done, with details of the electrical characterization reported elsewhere.
3"4

RESULTS

The as-deposited films were amorphous, as determined by their x-ray diffraction pattern

which showed an amorphous hump with no sharp crystalline peaks. The films are of uniform

thickness of approximately 400 nm over a region of 1 cm and have clear interference patterns

indicating that they are transparent at this thickness. Optical microscopy of the films showed

a smooth surface.

The DSC signal from the sample is very small due to the small amount of available

material from the thin film samples. Since the amorphous to crystalline transition is a non-

reversible transformation, only the initial heating trace contains the phase transformation

information. The signals from the subsequent cooling trace or the second heating trace, or

any other runs after that, showed only a smooth variation with temperature. The second

heating trace of the same film reflects only the heat capacity of the film and the substrate.

Hence, the second heating trace could be used as the background for analysis of the transition

of the film. The background subtracted DSC traces of the as-deposited PZT film are shown

in figures 1 and 2.
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Figure 1 shows the initial heating trace of the PZT film on platinum. On heating at

20°C/min from room temperature to 720°C, the thin film on the platinum substrate showed

a broad exothermal peak. This peak is due to re-crystallization, which transforms the

amorphous film to crystalline form. The broadness of the peak is partially due to the heating

rate which is high compared with the rate of crystallization. Nevertheless, the thermal process

is completed at approximately 670°C. Examining figure 1 closely, one could identify T
g

in

figure 1 ,
although it is not very clear.

Figure 1 DSC trace of an as-deposited PZT film on a Pt substrate.

Figure 2 shows the trace obtained from the PZT film removed from the platinum

substrate. The glass transition of the amorphous film is clearly shown as a step in the curve.

It is identified with two parallel lines in the figure 2. From this data we determine the mid-

point of the glass transition temperature of the film is 301 °C.

Figure 2 DSC traces of PZT material removed from an as deposited film.

The parallel lines indicate the location of T
g

.

The x-ray patterns of the PZT films after annealing at various temperatures are shown in

figure 3. The 357°C pattern shows only an amorphous hump and the peaks from the platinum

substrate. The patterns of 398°C, 450°C and 500°C shows that the crystalline peaks increase

with increasing annealing temperature. The amorphous hump decreases at the same time.
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These peaks are identified as the pyrochore phase of PZT. The volume fraction of the

pyrochore phase reached a maximum at 500°C. At 550° and 602°C the x-ray patterns show
nearly the same strength of the crystalline peaks. These patterns were identified as the

perovskite phase of PZT5 . At 500°C there is small amount of perovskite phase, but the

pyrochore phase is not seen in the 550°C pattern.
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Figure 3 The x-ray diffraction patterns of the PZT films heat-treated

at different temperatures.

Figure 4 shows the formation of the pyrochore and perovskite phases as a function of the

annealing temperature. In the figure the formation of the pyrochore phase is plotted using the

intensity of the strongest peak (20=29°). The formation of perovskite phase is plotted using

the intensity of both the (1 10, 101) and (200,002) peaks (figure 3). This result indicates that

there are two types of crystals formed in two temperature regions. The two regions separated

by a relatively short temperature region of less than 50°. The two crystalline regions were

not revealed in the DSC studies.
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Figure 4 The formation of crystalline phases of PZT film as a function

of isothermal heat-treatment.
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These heat treated films have essentially no change in surface morphology examined with

optical and electronic scanning microscopies. Figure 5 is a typical micrograph of the PZT
film on platinum substrate. It can be seen that the smooth surface is decorated by many
particles with diameters less then 1 ^m.

Figure 6 shows a typical ferroelectric hysteresis loop obtained from an PZT thin film

produced by excimer laser deposition. This film was about 180 nm in thickness. The

maximum applied voltage was about 12 volts. The coercive field is approximately 80 kV/cm
and the remanent polarization is approximately 14 /xC/cm2 .

Figure 5 A SEM micrograph of a PZT film heat-treated at 550°C.

Figure 6 A typical hysteresis loop of a PZT film after post-depositional

heat-treatment.

DISCUSSION AND CONCLUSION

The surface morphology of the excimer laser deposited films are significantly better than

those of Nd/YAG laser
1 ’*. Ejected particles are seen in both cases, but the number of

particles seen in the excimer laser film is much less
4,6

. The ferroelectric properties of the
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eximer deposited film are also improved, the remanent polarization is almost a factor of two
higher than in the Nd/YAG deposited film

2
.

Using pulsed laser deposition to produce a PZT thin film, the as-deposited film is in an

amorphous state if the substrate temperature is at ambient temperature. DSC data suggests

that the film should remain in an amorphous state as long as the heat treatment temperature

is less than its Tg or 301 °C. The control of nucleation should be at a temperature slightly

above Tg. Crystallization should occur if heat treated at a temperature higher than 400° C.

However, the PZT processing should be designed to avoid the pyrochore phase which

crystallized at temperature range between 400°C and 500°C. Also, the lead oxide in lead

zirconate and its solid-solution is known to be volatile
5

. Care must be taken to avoid lead loss

at temperatures higher than those reported here, especially at long annealing times. Because

lower temperatures will be compatible with the processing of silicon substrates, it is concluded

that the optimum processing temperature is in the vicinity of 550°C.
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INTRODUCTION

In recent years, ferroelectric Pb(Zr 53Ti 47)03 (PZT) films on silicon wafers for silicon-integrated

nonvolatile memories have become increasingly important, particularly in the semiconductor industry.

Although PbZr03 is anti-ferroelectric, its solid solutions with more than about 10 mole percent

PbTi03
are ferroelectric [1]. These solid solutions show rhombohedral and tetragonal distortion from

the ideal cubic perovskite structure. A morphotropic phase boundary occurs near 55 mole % PbZrC^.

Solid solutions richer in PbZrC^ are rhombohedral, while those richer in PbTi0
3 are tetragonal.

Pulsed laser deposition is a technique in which a plume of vaporized and ionized material is produced

by the irradiation of a target material by using a high intensity laser. In this investigation, two

different types of pulsed lasers, Nd/YAG and excimer, were used to produce films on Pt-coated Si

wafers and Pt substrates using a lead zirconate-titanate (PZT[Zr/Ti= 53/47]) target.

This paper is part of a continuous joint effort to investigate the processing and characterization of

ferroelectric thin films [2-4]. The goals of this study are to investigate the optimum conditions for

preparing PZT films; to understand the phase formation at various heat treatment conditions; to

characterize the properties of these films by using a variety of techniques such as X-ray diffraction,

scanning and transmission electron microscopy, energy dispersive X-ray, and electrical measurements,

etc.; to compare properties of films prepared with the Nd/YAG and the excimer lasers; and to

understand the crystallography of the thin film materials.

EXPERIMENTAL

The fully dense target PZT ceramic disk was obtained commercially. The films were produced with

the use of both a focused Q-switched Nd/YAG pulsed laser and a focused ArF excimer laser. The

schematic of the Nd/YAG laser deposition apparatus is shown in Figure 1 . A laser beam was passed

through a hole in the substrate holder and was focused onto a rotating target in a vacuum chamber to

produce a laser-induced plume. The pulse width was 15 ns and the 1064 nm fundamental wave length

was used. During deposition, oxygen was metered into the chamber to produce a background pressure

of 13.33 Pa (100 mTorr). The growth rate of the film was about 1-2 /xm per hour, and the distance

between the target and the substrate was about two centimeters. Although the excimer laser deposition

apparatus was similar to the Nd/YAG schematic (see Fig. 1), the 192 nm laser beam did not pass

through a hole in the substrate. Instead, it impinged the target surface with an inclination angle of

approximately 35° from the horizontal direction. Available analytical diagnostics for both the plume

and the deposition process in both laser systems were mass spectroscopy, optical spectroscopy,

electrical probes and optical scattering.

All films reported here were deposited onto room temperature substrates and post-annealed at various

temperatures up to 1200°C in order to understand the phase formation. In the case of the Nd/YAG
system, heat-treatments were performed at 500, 600, 650, 700 and 750°C in air, and also at higher
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temperatures of 800, 900, 1000, 1100 and 1200°C by using a lead-buffered cell. Two substrates, Pt

metal foil and Pt coated silicon wafers, were used. The average thickness of the films was estimated

by profilometry.

RESULTS AND DISCUSSION

Both the Nd/YAG and the excimer laser produced amorphous films (X-ray diffraction patterns

showed the presence of a broad amorphous hump at around 25 to 35° 28) and under appropriate heat-

treatment the ferroelectric perovskite PZT phase was formed. The average thickness of the films was

about 2 pm. The energy dispersive x-ray spectra of these films show compositions similar to the

target.

In general, the excimer laser appears to produce films with finer microstructure and better electrical

properties. The SEM micrographs of the films annealed at around 600°C are shown in Figure 2a for

the Nd/YAG and in Figure 2b for the excimer laser. The Nd/YAG film shows the presence of large

particles. This coarseness seems to be absent in the excimer-produced films.

The ferroelectric nature of these films was demonstrated by the hysteretic behavior relating the

remanent polarization and the applied field. Figures 3a and 3b illustrate such loops for the films

deposited by the Nd/YAG laser and annealed at 700°C, and deposited by the excimer laser and

annealed at 600°C. While both lasers produce ferroelectric films, the excimer films show relatively

higher remanent polarization.

X-ray diffraction patterns of the thin-films of Pb(Zr 53Ti 47)03
annealed at various temperatures

between 15 minutes (1200°C) and 6 hours (500°C) as prepared with the Nd/YAG laser are illustrated

in Figures 4a and 4b. The perovskite PZT phase appears to form as a result of the reaction between

the Pb, Zr and Ti oxides at a temperature as low as 500°C (the stick pattern of PZT from the JCPDS
Powder Diffraction File is shown for comparison). These diffraction peaks, however, are

characteristic of cubic symmetry. After annealing at temperatures between 500 to 750°C, the

pseudocubic symmetry was still observed (the film annealed at 750°C can be indexed by a unit cell of

= a=4.067(2)A). The hkl indices are illustrated for the tetragonal case.

At higher anneal temperatures (800-1200°C), splitting of the cubic peaks was observed. This splitting

could either be due to the appearance of tetragonal symmetry or the presence of a second phase. At

1100°C, a tetragonal cell of ~ a =3.937(4) and c=4.068(5)A can be used to index these lines. In

these high-temperature films, small amounts of other phases such as ZrO^ appear to be present. At

1200°C, the pattern was drastically different; the peaks corresponding to PZT diminished and the

presence of a much larger amount of ZrC^ was identified. The possible presence of ZrTi04 , PbO and

the pyrochlore phase, PboTLOg, were also observed. Some unknown peaks still remain to be

identified.

X-ray results from a set of films produced by the excimer laser show the formation of the pyrochore

phase at low annealing temperatures and the formation of a pseudocubic pervoskite PZT phase

between 500 and 550 °C.

Since the ferroelectric nature of these films rules out the possibility of cubic symmetry, the apparent

conflict between the observed cubic symmetry and the lower symmetry required for ferroelectric

behavior is possibly due to the presence of surface stress (strain) as a result of thermal mismatch

between PZT and the substrate, and/or the small crystallite size of t\e material. At higher

temperatures, the annealing effect could release the strain and allow the tetragonal splitting to appear.
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Current efforts continue in the X-ray profile analysis of these films.

SUMMARY

Thin films of Pb(Zr 33Ti 47)03 (PZT) deposited on Pt and Pt-coated silicon substrates using laser

deposition techniques (Nd/YAG and excimer) produced amorphous films at room temperatures. Upon
annealing, these films crystallized and gave rise to well-defined X-ray powder patterns with

pseudocubic symmetry. Higher annealing temperature appeared to relieve the strain and allowed the

tetragonal symmetry to appear. In general the excimer laser produced films with better surface

morphology and possibly better electrical properties as well.
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Figure 1. Schematic of the Nd/YAG laser ablation apparatus
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Figure 2. SEM micrograph of PZT films (a) ND/YAG, annealed at 70CPC and (b) excimer, annealed
at 600°C

Figure 3. Applied field vs. polarization (a) Nd/YAG annealed at 700°C and (b) excimer, annealed at

600°C

Figure 4. X-ray diffraction patterns for Nd/YAG PZT films annealed from 500 to 1200°C. Hatched
peaks are due to substrate.
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I. Introduction

The pulsed laser deposition technique has a number of advantages for thin film deposition, including the

following: a) the chemistry of complex target materials can be transferred to the deposited film; b) targets

can be changed quickly without the need to break vacuum; c) a wide range of in-situ thermally processed

microstructures can be produced, depending upon the temperature of the substrate; and d) deposition

environment (P^, electrical field, geometry) can be easily varied.

Our early interest in pulsed laser deposition centered on the production of high Tc ceramic films [1];

shortly thereafter, we were successful in producing a wide variety of ceramic thin films by die laser

deposition process, including films of refractory materials such as MgO, ZrO^ and AI2O3 [2]. At die

same time we realized that it was also possible to make BaTi0
3
by this method. Coincidentally, there

existed an increasing interest in ferroelectric and dielelectric thin films for devices, and so we have

continued to investigate the production of these materials by the pulsed laser deposition method. This

paper summarizes our recent results for BaTi0
3

. A companion paper in this symposium discusses results

for PZT.

n. Experimental

Experimental details for this study are shown schematically in Fig. 1. A pulsed ArF excimer laser

operating at 193 nm was used for this study. The essential features of laser operating conditions are:

23 ns pulse duration, 20 Hz pulse rate, fluence - 10 J/cm2 , 13.33 Pa (100 mT) oxygen pressure. We
have found this system to give higher deposition rates and fewer particulate ejecta relative to the Nd/YAG
laser system [1]. Deposition rates used in this study were typically ~ 1 /xm/hr. During deposition, the

pulsed laser beam impinged at ~ 35 degrees on the solid target, in this case a commercially prepared,

dense ceramic of a formulation known as "BaTi0
3
B" which contains 5 mol % CaTiC^ The target was

rotated at a constant speed of 30 rpm. As the target rotated, the laser beam was rastered on the target,

by moving the laser-focusing lens under computer control, so that material was removed nearly evenly

from the target. Because the laser operates at 193 nm, all optics including windows were of UV grade

silica, or equivalent. The films were normally deposited on a < 100> silicon wafer. These wafers had

a thermally grown oxide coating of several hundred nanometers, with a Ti interlayer of —25 nm
followed by a sputtered Pt coating of 200 nm. During BaTi0

3
film deposition, the substrate was rotated

and heated resistively by means of d.c. current from a power supply running in the constant current

mode. The amount of current was varied, depending on the size of the wafer or wafer fragment being

used as the substrate, in order to give a surface temperature of ~750°C, based on optical pyrometer

measurements. During deposition, a background pressure of 13.33 Pa oxygen was maintained by a

differential pumping arrangement.
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III. Results and Discussion.

When deposition took place on an unheated substrate, the resulting film was amorphous. From
transmission electron microscopy (TEM) investigation, it was clear that these films formed by the gradual

buildup of particulates of —25 nm diameter (Fig. 2). With heating, crystallization was estimated to take

place before 500°C was reached, based on observations from TEM hot stage microscopy and atmospheric

isothermal crystallization experiments. As followed on a TEM hot stage, crystallization produced BaTi03

directly, with crystallites of roughly the same size as the deposited particles, and with no preferred

orientation. On the other hand, crystallization on the hot 750°C substrates produced a very dense,

completely crystalline film with a considerable degree of orientation (Fig. 3). Electron diffraction and

x-ray analysis (Fig. 4) suggested cubic or near-cubic symmetry of these crystallites, which were elongated

perpendicular to the substrate surface, and measured roughly 35 by at least 250 nm [3]. For these films,

which were apparently not ferroelectric, a dielectric constant in the 100-200 range has been measured.

We prepared another BaTiC^ film on a hot 750°C substrate by the same method, which had similar x-ray

characteristics, yet which showed ferroelectric hysteresis (Fig. 5). The data in Fig. 5 were taken with

a Sawyer-Tower circuit at 100 Hz using a sinusoidally applied voltage. For these measurements, 100

ptm dia. Pt top electrodes were sputtered on the surface using a shadow mask. The film thickness was

100 nm. The dielectric constant calculated for this material was 1300 at 1 kHz (this agrees well with the

dielectric constant of the bulk target estimated at 1200). Raman data for these Aims [4] indicate

tetragonality, despite the lack of peak splitting on the x-ray patterns.

The reasons for the differences in ferroelectric behavior among the films prepared by the same method

on the hot 750°C substrates are not known. Conceivably, such differences could be related to minor

variations in the temperature of the substrate during processing, or to orientational effects, which could

also explain in part the lack of observed peak splitting in the ferroelectric samples. Further measurements

on these materials are in progress.

The films produced by this method are very smooth, as indicated in Fig. 6. There are practically no

surface features distinguishable with the SEM. The surface roughness, as measured by profilometry, is

0.07 nm; most of this roughness is due to the presence of a few, widely scattered, larger particles.

IV. Summary.

The laser deposition method, as described here, has produced relatively smooth, dense ferroelectric thin

films of BaTi0
3 . To our knowledge, this paper is one of the first reports of ferroelectric BaTi03

produced by this method. The use of a heated substrate apparently produces dense films due to the

complete coverage and growth of crystallites from the plume condensate particulates as they arrive at the

surface. Films therefore do not develop the usual fissuring associated with low temperature deposition,

followed by post-depositional annealing. However, modifications are necessary before production is

practical, including better areal uniformity of thickness, and elimination of the remaining particulate

material. Notwithstanding the possibilities for improvement, these films are of device or near-device

quality. Consequently, it can be said that they have significant potential as thin film capacitors, due to

their high dielectric constant, and in ferroelectric form, as materials for thin film memory.
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Fig. 1. Target/substrate geometry. Fig. 2. As-deposited BaTi03
film

(unheated substrate) (TEM).
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Fig. 3. Oriented BaTi0
3
Film

(heated substrate) (TEM). Fig. 4. X-ray data from BaTi03

thin film (heated substrate).

Fig. 5. Hysteresis loop for BaTi0
3

thin Film (heated substrate).

Fig. 6. Micrograph of BaTi0
3
thin

Film (heated substrate) (SEM).
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Abstract

Lead titanate-zirconate films were produced by laser-

induced vaporization from a PZT target with the use of a

focused q-switched Nd:YAG laser. Deposition was onto room-

temperature platinum-covered silicon substrates. Although the

films were initially amorphous as indicated by x-rays, they

crystallized when annealed. EDX results showed that the film

and targets were similar in composition. SEM and optical dark

field micrographs showed a structure which might be

interpreted as a sintered assemblage of paniculate. A pattern

of platinum electrodes was sputter deposited onto each sample

to form parallel plate capacitors for investigating dielectric

and ferroelectric properties. For a 2.5-|im-thick film annealed

at 700’C, the relative dielectric constant was approximately

that of the bulk target (e
r
= 880). Hysteresis loops were

obtained. The remanent polarization was 5.1 pC/cm2 measured

at a 160 kV/cm peak sinusoidal field.

Introduction

Recently, there has been increased interest in ferroelectric

films on silicon substrates for silicon-integrated nonvolatile

memories [1]. Laser-induced vaporization (also called laser

ablation) is a film deposition technique in which a plume of

ionized and ejected material is produced by high-intensity

laser irradiation of a solid target [2,3]. This is a technique

which could be integrated into semiconductor processing. We
have applied this technique to produce films on silicon sub-

strates using a lead zirconate-titanate (PZT) target. These films

have ferroelectric properties. In this paper we report the x-ray

results for crystallinity, energy dispersive x-ray (EDX) results

for composition, and scanning electron microscope (SEM) and

dark field optical micrographs for microstructure. We also

report hysteresis loop measurements for remanent polarization

and capacitance measurements for dielectric constant.

Film Preparation

The films were prepared from a commercial-source PZT
ceramic disk with the use of a focused q-switched NdrYAG
pulsed laser [4], The pulse width was 15 ns and the 1064-nm

fundamental wave length was used. Pulse energies of about

100 mJ were focused to an approximately 250-pm spot The

cylindrical deposition chamber is 20 cm in diameter and 8 cm
in height. The deposition geometry is one in which the ab-

lating beam passes through a hole in the substrate (fig. 1 ), or a

similar geometry in which a slit replaces the hole and in which

0-7803-0190-0/91S01.00 ©IEEE

the beam was moved back and forth parallel to the slit. In both

arrangements, the target is rotated. The deposition chamber

was continuously evacuated to less than 1 mTorr by oil free

pumps. During deposition, oxygen was bled into the chamber

to produce a background pressure of 100 mTorr. The substrate

and target were separated by about 3 cm. The growth rate was

about 2 pm per hour. Deposition was on room temperature

substrates, and films were annealed after deposition in air for

1.5 to 2 hours at 650*C, 700*C, and 750*C.

Film Composition and Crystal Structure

Figure 2 shows EDX (20-kV accelerating potential) results

for a 2.5-pm-thick film produced by the non-rastering method

and annealed at 700*C (film No. 1). Typically, the spectrum did

not vary appreciably across the film, and comparison of spectra

showed that the target and the film were the same or close in

composition within the limits of analytical uncertainty (5 to

10%).

Figure 1. Schematic of laser ablation apparatus.

Figure 2. Energy dispersive x-ray spectrum of laser-deposited

PZT film.
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X-ray diffraction patterns were ootained for the tareet and

for the annealed films. The line splittings expected for the

ferroelectric tetragonal or rhomboneaerai Dhase are not seen in

the annealed film. The pattern tor the film suggests possible

cubic symmetry. Hysteresis loops and remanent polarization,

however, are observed, and it is therefore likely that at least

some of the material is in a ferroelectric phase. Figure 3 shows

a ponton of the pattern for the target, and the same ponion for

the annealed film.

TWO - TKTA (OCGtCIS)

Figure 3. Portion of x-ray diffraction patterns of PZT target

(bottom) and laser-deposited film annealed at 700°C (top).

Characteristic tetragonal ( 101 )/( i 10) splitting is seen in target

but not in film.

Film .Microstructure

A low-power optical dark field micrograph of an annealed

film (film No. 1) is shown in figure 4. An SEM micrograph is

shown in figure 5. The film appears to be an assemblage of

particulate which may have originated as melted target material

which was then recrystallized by the annealing process. Films

annealed at 650°C and 750“C showed a similar morphology.

Figure 5. SEM micrograph of an annealed Film (No. 1).

Dielectric and Ferroelectric Properties

Dielectric and ferroelectric properties were investigated

with the use of parallel plate capacitors formed between sput-

tered electroded areas on the film surfaces and the platinum

film covering the silicon substrate [6], Four different films

were examined: film No. 1 was annealed at 700°C; film No. 2,

also at 700°C; film No. 3, at 65CTC; and film No. 4, at 750°C.

Electrodes on film 1 were circular, 0.010 in. in diameter, elec-

trodes on the other films were squares, 0.006 in. on a side.

Electrical contacts to electrodes were made with tungsten

probes using a probe station. The films varied in thickness

between 2.5 pm (film 1) and 3.2 pm (film 4). Since thickness

varied across the samples and only a limited number of meas-

urements were made on each sample, thicknesses, which were

determined with a profilimeter, are only approximate. Thick-

nesses are also average values since the surfaces were rough

and covered with particulate.

In the films, there is a background structure dominated by

particle-like forms 0.1 pm across and less. There is also a dis-

tribution of larger particles. This kind of morphology may be

characteristic of films produced by the unmodified laser abla-

tion process. We note, however, that there may be some simple

methods to reduce film coarseness [5],

Figure 4. Dark field optical micrograph of an annealed laser-

deposited film (No. 1 ). Dark areas in comers are portions of

sputter-deposited platinum electrodes.

Hysteresis loops obtained with a basic Sawyer-Tower

circuit and sinusoidal applied voltages (50 kHz) are shown in

figure 6. From these results, it is clear that the remanent po-

larization is strongly dependent on the applied field. The re-

sults are for film 1 . Similar loop sets were obtained for the re-

maining samples. Plots of remanent polarization versus applied

peak field are shown for all four films in figure 7. The results

are similar for the 700°C and 650°C films. The remanent po-

larization levels are markedly lower for the 750”C film. We
note only a slight indication of saturation of remanent polariza-

tion as field levels are increased.
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Figure 6. Nested hysteresis loops for film No. 1.
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APPLIED FIELD (kV/cm)

Figure 7. Plots of remanent polarization

versus applied field for films 1, 2, 3, and 4.

Memory applications depend on the switching of the rema-

nent polarization with a single pulse and the retention of the

switched value with time. Figure 8 shows an oscillograph

record of changes in polarization as a function of time for a test

capacitor (film No. 1) switched first by a positive voltage pulse

and then by a negative voltage pulse. The record was obtained

using a Sawyer-Towet circuit. Note the slight decay in rema-

nent polarization over the trace interval. Measurements deter-

mining decay over long periods of time have not yet been

made. Included in the figure is a plot of the change in polariza-

tion (right scale) versus applied field (horizontal upper scale)

produced by the positive pulse and negative pulse, respectively.

The dielectric constant was calculated from bridge meas-

urements of capacitance with the assumption that the film

material between the electrodes was homogeneous and using

the approximate average thicknesses obtained with the profil-

imeter in the calculation. A value for the dielectric constant

was also obtained for the bulk ceramic target Results are

shown in table 1. The values for the ceramic target and the

films are reasonably close for the 650*C and 700’C annealed

films. The dielectric constant of the 750°C film, however, is

considerably less than that of the target. The values of dielec

-

Table 1. Measurements of dielectric constant at 10 kHz

Sample Rel. dielectric

constant

Temp, annealed

CC)
Thickness

Target 880 (ceramic) 5 mm (bulk)

Film no. 1 800 700 21 pm
Film no. 2 760 700 2.7 pm
Film no. 3 790 650 2.9 pm
Film no. 4 510 750 3.0 pm

trie constant and remanent polarization that are quoted for the

films are initial values. Values of both remanent polarization

and dielectric constant decreased with switching cycles, par-

ticularly for high field strengths. Results showing this decay

(or fatigue) phenomenon when the electric field is cycled at 50

kHz are shown in figure 9. The fractional decrease in the value

of remanent polarization and of dielectric constant after a fixed

number of cycles was at least roughly the same.

The rapid decay with cycling, at high field strengths, of

both the dielectric constant and remanent polarization and the

fact that this decay occurs in a proportionate way suggest an

opening of gaps (dielectric constant of air (e
r
= 1) between the

high dielectric constant particles (e
r
= 800). The apparent

decrease in the dielectric constant would result from the low

dielectric constant series capacitors produced by the gaps. The

appearance of gaps between particles also reduces voltages

across individual particles and thus reduces the field strength

within a particle. Remanent polarization is thus reduced as a

result of the relation between applied field and remanent po-

larization (fig. 7). We speculate that such fracturing of the film

material at high applied field may result from large strains (and

consequent stresses) produced by c-domain regions nucleating

or expanding within a-domain surroundings. Smaller strains

resulting from the inverse piezoelectric effect may also con-

tribute to the suggested fracturing. We note that separation of

the electrodes from the bulk of the film could also contribute

to the decay-with-cycling phenomenon.

APPLIED FIELD (kV/Cfn)

Figure 8. Changes in polarization (curve 1, right-hand scale) as

a function of time for a positive pulse (curve 2, left-hand scale).

Positive pulse was followed by a negative pulse (curve 3)

producing polarization as a function of time (curve 4). Func-

tional relation between electric field and polarization increment

and decrement is also shown.

jj

l

I

Figure 9. Results showing decay in polarization switched and

apparent dielectric constant with cycling when applied field

strength was 160 kV/cm.
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Conclusion

Films on platinum-coated silicon substrates made by the

simple process of laser evaporation from a stoichiometric PZT
target were ferroelectric when post-annealed. The ferroelectric

films have basic polarization-switching characteristics needed

for memory applications. The films, however, presently have a

coarse surface morphology which would limit applications in

silicon-integrated devices. For this reason we believe primary

consideration should be given to process modification directed

toward both improving the smoothness of the underlying film

and eliminating the large surface particulate.
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ABSTRACT

Pulsed laser deposition (PLD) has recently been shown to be an effective means of depositing thin films from

refractory targets. In this study, Nd/YAG and excimer lasers have been used to deposit thin films from refractory, high

Tc superconducting, dielectric, ferroelectric and magnetic targets. Optical emission spectroscopy of the laser induced plume

has been used to determine the identity and energy (temperature) of the excited state species present in the laser induced

plumes. Temporally and spatially resolved optical emission spectra were obtained using a gated intensified photodiode

array detector coupled to a grating spectrometer. The individual emission spectra were analyzed to identify the atomic and

ionic species present. The temporal and spatial evolution of individual emission lines were used to determine the velocity

of the species in the plume. These results were combined with the results from in situ molecular beam mass spectrometric

analysis of the plumes. In addition, studies of the stoichiometry and morphology, as well as the electrical properties, of

these PLD thin films were carried out for correlation with the spectroscopic observations.

1. INTRODUCTION

The vapor plumes produced by the direct interaction of high energy laser radiation with target surfaces have

practical application as a material transport medium for the deposition of thin films, particularly films of ceramic and

related complex materials. The literature on laser thin film deposition was reviewed by Duly1,2
, who noted that the first

thin films were deposited by laser as early as 19653 , and also by Sankur and Hall
4

, who emphasized the optical

applications. Most notable, however, is the recent increase in usage of the technique, as indicated by the increase in

technical publications. The majority of papers are concerned with deposition of Ba2YCu3Ox , Bi-Sr-Ca-Cu-O, and related

high T
c

materials. This interest is due primarily to the utility of the method over conventional sputtering and other

preparative methods in preparing thin films of the various high Tc
ceramic superconducting phases, the first of which was

discovered in 19865 .

Laser-based sputtering systems offer a number of advantages for film deposition. Small systems suitable for

research and development use require less capital investment than, for example, comparable sputtering, chemical vapor

deposition (CVD), or molecular beam epitaxy (MBE) systems. Virtually any solid material can serve as a target, including

those with complex multicomponent chemistries, so long as the target is relatively homogeneous. An important advantage

of the PLD process is its ability to deposit thin films of essentially the same composition as the target material, even from

complex mixtures. There appear to be no inherent limitations on the substrate material. Films can be deposited under a

variety of conditions, including deposition in the presence of active gases and onto heated substrates.

The physical interactions occurring during laser-induced mass transport are numerous, and include, among others,

.

melting, vaporization, particle ejection, ion etching, and plasma condensation. The absorption of the incident photons by

a polycrystalline ceramic target is potentially inhomogeneous, due to the effect of grain boundaries and the optical

anisotropies of the individual crystals. Ceramics vary greatly from material to material in their ability to absorb laser

radiation and show strong absorption wavelength dependencies. In general, most ceramics have higher optical transmission

than metals, leading to dissipation of the incident energy at greater depth in the target. Most film deposition methods utilize

pulsed, rather than continuous wave excitation, as larger instantaneous incident power is possible without raising the

temperature of the bulk target significantly. Time-dependent phenomena are especially important during laser irradiation.

The material leaving the surface during initial plume generation may interact further with the tail of the incoming laser



56

SPIE Proc. Sept. 1991 1594-41

pulse. The laser-generated plume typically has a strong directional component, and the optical spectra from the plume

region are very complex, with both temporally and spatially varying contributions from ions as well as neutrals.

The range of laser generated plumes which have been studied in our laboratory include high T
c

ceramic

superconductors Ba^CujO* and Bi2Sr2CaCu20x ; refractory targets of graphite, SiC, TaC, Hf02 , and yttria-stabilized

Zr02 ; electronic materials Si, Si02 , MgO, A1203 , and Pb^ZrTiOg (PZT); and FejC^ + Ag, which form magnetic thin

films. Plumes from targets of pure components, ie. Cu, Pb etc., and simpler compounds in these systems have been

studied to aid in the analysis of the complex plume emission spectra.

2. EXPERIMENTAL METHOD

2. 1 Plused Laser Deposition Apparatus

The Laser Deposition Facility consists of a deposition chamber with target and substrate mounts, Nd/YAG and

excimer high power pulsed laser systems, and ancillary analysis equipment. The Nd/YAG laser used in this work is a

20 Hz pulsed system with a typical pulse width of 15 ns. Discrete wavelengths of 355, 532, and 1064 nm, with energies

up to 200 mJ per pulse at 1064 nm, are available from the Nd/YAG laser. The 1064 nm wavelength has primarily been

used for optical characterization and film generation using the Nd/YAG laser for PLD, with incident energies of

approximately 100 mJ focused to about 250 fim beam spot diameter. The excimer laser operates with either ArF (193 nm,

400 mJ) or KrF (248 nm, 600 ml). The ArF 193 nm line operating at a constant energy of 100 mJ was predominantly

used for excimer-produced films in this work. The laser beams were transfered to the deposition chamber through nitrogen

purged channels for lab safety and, in the case of the ArF 193 nm light, to avoid energy loss by atmospheric absorption.

The beams were stationary during spectroscopic observation of the plume emission. However, during thin film deposition,

the beams were rastered across rotating targets obtain a larger area of uniform deposition and to facilitate uniform target

removal.

The cylindrical deposition chamber was constructed of stainless steel with internal dimensions 20 cm diameter by

8 cm height. The chamber was equipped with multiple ports for mounting targets and substrates, laser access to the

targets, and optical spectroscopic observations of the laser generated plumes. The chamber was normally continuously

evacuated to < . 1 Pa by oil free pumps. Sample targets were mounted on a continuously rotatable shaft which aided in

minimizing cratering effects. The Nd/YAG laser was typically focused through an optical window onto the target using

a 20 cm focal length lens. The laser fluence could be varied by adjusting both the laser power and lens-to-target distance.

Thin film substrates were mounted in the deposition chamber by several methods. Both stationary and rotating

substrate holders were used to hold substrates at distances 1.0 - 3.0 cm from the target surface. To obtain shorter

deposition distances, substrates were mounted on a microscope slide positioned directly over the target surface. A hole

drilled through the slide allowed the focused laser beam to pass through to the target surface. A heated substrate holder

was used during deposition of high Tc
and PZT films. Background buffer/reaction gas in the deposition chamber was

introduced through a micrometer-controlled needle valve. To obtain the desired background pressure, gas was supplied

from a low pressure ballast tank whose pressure was servo-controlled at about one kPa.

Ports on the chamber allowed for several line-of-sight optical access paths perpendicular to the laser-plume axis.

Other side ports on the chamber were provided for future access, such as electrical probing of the plume ion^ and optical

probing of the plume particulates
7

.

In typical vacuum experiments, a gas-dynamically stabilized vapor plume was generated by the pulsed laser beam

focused onto a target. Generated plumes have instantaneous pressures (
— 0.1 MPa or greater) at the surface much greater

than those of classical free molecular flow ( < 10 Pa). Above the surface, rapid isentropic expansion occurs, generating

a non-perturbed mass transport situation. Ideally, the laser should serve as a heat source without perturbing the

vaporization and plume formation processes. Establishment of these conditions may depend on such factors as (1) laser

energy, wavelength, and pulse width; (2) system geometry; (3) the optical and thermal properties of the target material;

(4) local target surface morphology.
: ~ -

’
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2.2 Optical Emission Spectroscopy

As shown in Fig 1., an optical multichannel analyzer

(OMA) consisting of a multiple grating 0.275 meter

monochromator with a gateable intensified photodiode array,

was used to record the emission spectra of the plume,

synchronously with the laser. One-to-one imaging of the

plume on the entrance slit of the OMA is obtained using a

10 cm focal length fused silica at twice its focal length. By
aperturing the entrance slits of the monochromator with a

0.5 mm horizontal slit and moving the imaging lens (L2 in

Fig 1.), emission spectra from the plume can be spatially

resolved. The OMA spectrometer was wavelength calibrated

using a Hg pen lamp. The actual spectral sensitivity of the

spectrometer system was calibrated by mounting spectral

radiance standards (D2 lamp for the UV and a tungsten ribbon

lamp for the visible) inside the deposition chamber. This

insured that the spectral response calibration included window,

lens and filter (used to block second order) effects.

Figure 1 Schematic of apparatus for temporally and

spatially resolved optical emission spectra of the laser

induced plume.

The timing of the laser firing and OMA gate were

controlled by a laboratory computer. When the Nd/YAG
laser was used, as depicted in Fig 1., the computer controlled

both the flashlamp (FL) and Q-switch (QS) firing. Since the

Q-switch firing set the exact time of the laser firing, the gate

of the OMA was referenced directly to the Q-switch time. In

the case of the excimer laser operating in a constant energy

mode, the actual firing of the laser relative to the timing

trigger varied with laser internal temperature and the voltage required to maintain the constant energy. Because of this,

the actual firing time of the excimer laser was measured relative to the laser trigger using a photodiode and time interval

counter. This measured time was used by the computer to adjust the actual OMA gate time. Two OMA detection time

schemes were used. In the first approach, the detector gate was 100 ns long and fixed in time after the laser pulse to avoid

saturating the detector array. This technique was used when higher resolution spectra were obtained from weakly emitting

plumes. In the second approach, the gate was 10 ns wide and was swept under computer control from before the laser

onset to several hundred nanoseconds after the laser firing in order to resolve the plume emission spectra in time.

Typically, 28 discrete gate times were used to map the temporal evolution of the emission spectra. The interval between

gate times was adjusted to cover the duration of observable emission. The OMA controller averaged the detector array

spectra from 100 to 1000 laser pulses and subtracted from the emission spectrum a previously stored dark current signal

prior to transfer to the laboratory computer. The laboratory computer was used to plot the data and perform wavelength

or spectral sensitivity corrections.

2.3 Spectral Analysis

The OMA-obtained emission spectra from the laser generated plumes were complex, containing not only lines from

highly excited neutral and ionic species, but also broad band emission from the plasma portion of the plume. The analysis

of the spectra was difficult, since the plume temperature greatly exceeds the source temperatures in standard wavelength

reference lists. In addition, the volume of spectral data, 28 gate times, 512 spectral elements repeated at several spatial

locations makes manual analysis impossible. Most of the spectra obtained were at low spectral resolution (
— 1 nm), thus

emission line overlap in spectra from multi-element targets was inevitable. Emission spectra taken of laser induced plumes

from single element targets were used to generate a reference library of emission spectra obtained under conditions similiar

to those of the multi-element targets used in film depositions. Higher resolution spectra (
— 0.1 nm) also helped identify

lines with individual neutral or ionic species. - __ u
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The analysis of the plume emission spectra was aided by an in-house computer spectral search program created

specifically to help analyze the OMA data. This program used a 33 element data base based on a standard reference

wavelength table
8

. The database contained 1 1,363 lines from 190 to 900 nm. Both manual and automatic peak search and

identify with adjustable search sensitivity and width is available. Wavelength calibration can also be based on known line

locations. The time resolved spectra were plotted versus time and wavelength. Spectral features identified by the

computer were then plotted as a function of time to yield information on the creation, velocity, and temperature of the

species.

3. RESULTS AND DISCUSSION

3.1 Emission Spectroscopy of Graphite Targets

Optical emission spectra generated from laser vaporization

of graphite targets depended dramatically upon the focus conditions

of the laser spot (20 mJ at 532 nm) on the sample. With a tight

focus, and hence high local laser fluence, the plume emission was

dominated by line spectra, due primarily to C+ and C+ + .

Defocussing the laser, and thereby reducing the laser fluence,

resulted in spectra dominated by C2 emission. Fig. 2 shows a low

resolution spectrum of the plume emission obtained with a

100 ns OMA gate set just after the laser pulse. The well known
Swan system (A3n

g
- X’

3
!^) is apparent in Fig. 2. The Av = -2,

-1, 0, +1, +2 vibrational bands at 436.5, 473.7, 516.5, 563.5

and 619.1 nm, respectively, dominate the spectrum. Additional

features at 387.6 nm and 426.7 nm are due to a strong emission

from C +
. A small amount of residual laser scattering is also

observable at 532 nm. Fig. 3 is a higher resolution spectrum of

the 1-*Q, 2-*l, 3-*2 and 4-*3 transitions (running red to blue).

The intensity ratios of these vibrational transitions provides

information on the vibrational temperature of the C2 molecule in

the plume, assuming local equilibration of vibrational states. A
preliminary analysis of this spectrum indicates vibrational

temperatures of 6000-8000 K. The rotational temperatures are

substantially lower, 3000-4000 K, due to the expected more facile

collisional rotational cooling of the C2 molecules in the expanding

plume. This emission spectrum is neither time nor spatially

resolved and it is unlikely that a single rotational or vibrational

temperature can be assigned since both rotational and vibrational

cooling will occur during the plume expansion. These vibrational

and rotational temperatures are also higher than the terminal

kinetic (translational) temperatures of the neutral species obtained

from the mass spectrometric time-of-arrival data9,10 -

Figure 2 Low resolution (0.6 nm) emission spectra

from laser-generated plume from a graphite target

showing the C2 Swan bands.

Figure 3 High resolution emission spectrum from the

laser-generated plume from a graphite target.

Time and spatially resolved emission spectra were obtained by using a 10 ns gate on the OMA and aperturing the

entrance slit of the OMA’s monchomator as described above. The time and spatially resolved emission spectra shown in

Fig. 4 were obtained using a 1 mm aperture and imaging the target surface at the aperture . Normally the spectra are

accumulated every 10 ns from just prior to the laser pulse to 400 ns after the laser pulse, but for clarity in Fig. 4, only

the spectra taken every 20 ns from 70 to 190 ns after the laser are shown. The strong emission line from C+ at 426.7

nm rapidly decreases in time due to the short radiative lifetime of the transition (
—5 ns) and the fact that ion production

within the plume falls off sharply 50-100 ns after the laser pulse. This narrow production esae effect may. also" be seec
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in the narrow ion peaks in mass spectral time of arrival

profiles
9,10

. The Swan band emission intensity falls off more

slowly due to its longer radiative lifetime (170 ns) and possible

creation in the plume after the laser pulse has ended. The relative

heights and widths of these bands depend on both the

vibrational and rotational temperatures, however, the relative

heights are more sensitive to the vibrational temperature, and the

relative widths to the rotational temperature. The ratio of the Av
= -1 vibrational band at 473.7 nm to the Av = 0 band at S16.S

nm can provide a C2 vibrational temperature. Likewise, the width

of these bands provides a measure of the rotational

temperature. Both the rotational and vibrational temperatures of

Cj decrease with time, as one would expect.

3.2 Emission Spectroscopy of Ba2YCu3Ox Targets

Fig. 5 shows two representative OMA emission spectra

obtained from the Ba^Q^C^ target plume. The plumes were

generated using 20 mJ of 532 nm Nd/YAG laser light focused to a

250 /xm spot with a background gas pressure of — 13 Pa of 02
. In

Fig. 5 the sample position was static, and the spectrum of Fig. 5A
was obtained with a fresh target, while Fig. 3B shows the spectrum

after cratering of the surface had occurred from repeated laser

impact. Note the dependence of relative intensities on the number

of accumulated laser shots. The more volatile Y and Ba species

have been depleted, relative to Cu, after 5000 laser shots in the

emission spectra of the plume. This result is consistent with the

observation by Sudarsen et. al
11

that films deposited with higher

fluence are deficient in Cu and rich in Ba and Y.

Mass spectrometric studies of the laser-induced plumes

were carried out m collaboration with other workers in our

laboratory10 . The major plume species observed from the high

temperature superconductor target, Ba2YCu3
Ox , were Y, Ba, Cu,

Cu + , CuO +
, 02 , and O. In addition to these species, mass

spectrometric signals identified as H20, C02 , BaO, YO, Na+ , K+

and bimetallic species (CuBa, YCu) were also observed in the

plume. Elemental assignments were confirmed by isotopic ratio

measurements. Oxygen atoms and ions, which are known to be

present from the optical emission spectra, were not detectable in the

mass spectrometer.

The films deposited using the 1.06 /x Nd/YAG laser light

and Ba2YCu3Ox targets with a background pressure of — 13 Pa 02

were found to be oxygen deficient. Post annealing in an 02

MRVCLCNCTH Cna>

Figure 4 Time and spatially resolved emission spectra

of the C2 Swan bands in the laser-generated plume.

Figure 5 Emission spectra from the laser-generated

plume from a Ba2YCu3Ox target.Fig. A. shows

average spectra from first 1000 shots and Fig. B
shows the average spectra of 1000 shots after 5000

shots.

atmosphere did not result in a superconducting thin film. However,

thin films made using 193 nm excimer light, — 13 Pa 02

background pressure and Bi2Sr2CaCu2Ox
targets were superconducting ( Tc

= 80 K) after annealing ( 810-850°C, 24-

72 hours in air).
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3.3 Emission Spectroscopy of PZT Targets

Fig. 6 and Fig 7 show representative emission spectra from the excimer (100 ml, 193 nm) laser-induced plume

at 2.0-2.5 mm and 7.0-7.5 mm above the PZT target with a background pressure of 13 Pa Oj. These spectra are part of

a series of spectra taken with 0.5 mm spatial resolution in two dimensions relative to the laser impact point. Spectra were

taken at each location at 10 ns intervals (near the time of the laser pulse) and 20 ns intervals (100 ns after the laser pulse).

In Fig. 6 and Fig. 7 only every other spectrum is plotted for clarity.

The PZT plume emission spectra were compared with emission spectra from laser-induced plumes above pure Ti,

Zr, and Pb targets to aid in their analysis. Emission from the PZT targets occured at early times ( < 100 ns) by emission

from singly, doubly and triply ionized Ti and Zr, and with singly ionized Pb emission to a lesser extent. At longer times

the spectral features were due to singly ionized and neutral species. Fig. 7 shows this to be particularly true 7mm above

* the target surface compared to nearer the target surface. The strong ionic emission is consistent with the formation of a

plasma extending from the laser impact point to about 12 mm above the target in the center of the laser-induced plume.

The velocities of the various ionic and neutral species were estimated from the most probable arrival times at various

heights above the PZT target. Species with higher states of ionization have greater observed velocities. Ti+ + + and

Zr+ + + have velocities in excess of 107 cm/s. These velocities and those of the other ionic species present correspond

to kinetic energies of from 50 to > 100 ev. The role of these highly energetic species in the deposition process is unclear

and is under study by adjusting the laser fluence which in turn alters the ratio of higher ionized species to singly

ionized/oeutral species.

Figure 6 Time-resolved emission spectra from the

laser-induced plume 2.0-2.5 mm above the PZT
target (Vertical Scale:256048 counts).

laser-induced plume 7.0-7.5 mm above the PZT
target (Vertical Scale: 18186 counts).

PZT films were deposited on Pt-coated silicon substrates using both the Nd/YAG 1.06 /i line and the excimer

193 nm line (conditions as for Figs. 6-7). The as-deposited films were amorphous and required post-deposition annealing

at — 550°C to obtain the required ferroelectric perovskite phase. The PZT films deposited using the excimer laser have

much better microstructure, i.e. less ejected particles and a smoother surface, and exhibit better ferroelectric properties

than those obtained using the Nd/YAG laser. The excimer PZT films were patterned and ferroelectric hysteresis loops

were obtained using a Sawyer-Tower circuit. Further optical and mass spectrometric work is planned to study the role

of laser wavelength and fluence on the PZT deposition process.
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4.

COMMENTS AND CONCLUSIONS

The techniques of time-resolved optical emission spectroscopy and mass spectrometry (MS) complement each other

in the in-situ analysis of laser-induced vapor plumes. Optical emission spectroscopy is well suited to monitoring the

evolution of highly excited species formed during plume development while mass spectrometry is more suited to analysis

of the cooler post expansion species. Together, the two techniques provide a more complete picture of plume composition,

temperature, dynamics, and thin film laser deposition processes than either one alone. A significant problem in comparing

MS and optical results is the dichotomy between observable species of the two techniques.

In future studies, methods will be developed and applied to time-resolved optical measurement of surface and

plume temperatures. The results will be used to test models, under development, of the laser heating and plume formation

process.

5.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the asistance of Jianrong Zhao in the analysis of the OMA spectra, W.
G. Mallard for computer simulation of the spectra; E. N. Farabaugh, M. Vaudin, J. Kelly and A. J. Paul for

characterization of the thin films; and P. S. Brody for electrical characterization of PZT thin films. This work was

supported in part (graphite) by the Air Force Office of Scientific Research.

6.

REFERENCES

1. W. W. Duley, C0
2
Lasers: Effects and Applications, Academic Press, New York, 1976.

2. W. W. Duley, Laser Processing and Analysis of Materials, pp. 171-172, Plenum Press, New York, 1983.

3. H. M. Smith and A.F. Turner, ‘Vacuum Deposited Thin Films using a Ruby Laser', Appl. Opt., Vol. 4, No. 1,

pp. 147-148, 1965.

4. H. Sankur and R. Hall, "Thin-Film Deposition by Laser-Assisted Evaporation*, Appl. Opt., Vol. 24, No. 20, pp. 3343-

3347, 1985.

5. J. G. Bednorz and K.A. Muller, "Possible High T
e
Superconductivity in the Ba-La-Cu-O System*, Z Phys. B, Vol. 64,

pp. 189-193, 1986.

6. P Krehi, F. Schwirke and A.W. Cooper, "Correlation of Stress-Wave Profiles and the Dynamics of the Plasma

Produced by Laser Irradiation of Plane Solid Targets*, J. Appl. Phys., Vol. 46, No. 10, pp. 4400-4406, October 1975.

7. G. Shen and E.S. Yeung, *A Spatial and Temporal Probe for Laser-Generated Plumes Based on Density Gradients",

Anal. Chem., Vol. 60, No. 9, pp. 864-868, May 1, 1988.

8. J. Reader, C. H. Corliss, W. L. Wiese and G. A. Martin, Wavelengths and Transition Probabilitiesfor Atoms and

Atomic Ions, NSRDS-NBS 68, U. S. Goverment Printing Office, 1980.

9. J. W. Hastie, D. W. Bonnell and P. K. Schenck, 'Thermochemistry of Materials by Laser Vaporization Mass

Spectrometry: 2. Graphite, High Temp. High Press., Vol. 20, pp. 73-89, 1988.

10. P.K. Schenck, D.W. Bonnell, and J.W. Hastie, ’In situ Analysis of Laser-Induced Vapor Plumes', High Temp. Set.,

Vol. 27, pp. 483-501, 1990.

11. U. Sudarsan, N. W. Cody, M. J. Bozack and R. Solanki, "Excimer laser-induced sputtering of Yba2Cu307_x
", J.

Mater. Res., Vol. 3, No. 5, pp.825-829, Sept./Oct. 1988.



62

Thin BaTi0
3
and Lead Zirconate-Titanate Films

Preparation, Microstructure, and Ferroelectric

Properties of Laser-Deposited Thin BaTiO, and Lead
Zirconate-Titanate Films

P. S. Brody, B. J. Rod, K. W. Bennett

Harry Diamond Laboratories, Adelphi, MD 20783-1197

L. P. Cook, P. K. Schenck, M. D. Vaudin, W. Wong-Ng, and

C. K. CMang
National Institute of Standards and Technology

Gaithersburg, MD 20899

Abstract: Ferroelectric thin films of BaTi03 and lead zirconate titanate,

PbZro^Tio 4703 (PZD, have been prepared by pulsed exdmer laser

deposition. The microstructure and crystallography of these films have
been studied by scanning electron microscopy (SEM), energy dispersive

x-ray spectrometry (EDX), transmission electron microscopy (TEM), x-

ray diffraction (XRD), and differential scanning calorimetry (DSC). Elec-

trical properties, including remanent polarization, dielectric loss, and
dielectric constant, have been measured. Also, switched remanent polar-

ization has been measured under conditions of continuous cycling.

Introduction

Interest in ferroelectric thin films has increased recently, due to the realization that

the use of these materials may provide practical and improved nonvolatile silicon

integrated random access memory (RAM). 1 Ferroelectric thin films have other

applications as well, including optical switches and waveguides, and sensors and

actuators. The tetragonally distorted perovskite forms of lead zirconate titanate

(PZT) and BaTi03 are the most extensively studied and used bulk ferroelectric

materials, and have also become leading candidates for thin film applications.

In a series of papers2
'10 we have described progress in the use of the laser

deposition method to produce ferroelectric thin films. Our earliest studies dem-
onstrated that PZT films could be deposited using the Nd/YAG laser.2,3 Subse-

quently, we were able toshow that these films, although characterized by a rough

surface morphology, could be made ferroelectric.4,5 Next, we applied the exdmer
laser to thin film deposition, and were able to produce films having markedly

smoother surfaces,6 although these were not ferroelectric Most recently, we have

succeeded in producing extimer-deposited films having both improved surfaces

as well as ferroelectric properties.
7'10 The present paper builds upon these results

and reports new results on the characterization of PZT and BaTiC^ thin films

produced by the exdmer laser deposition method. Laser deposition presents, we
believe, a very important route for the preparation of ferroelectric thin films.

1
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Thin Film Deposition and Processing

Pulsed laser deposition was used to prepare thin films of BaTi03 and PZT from

dense stoichiometric ceramic targets. The laser was operated at 193 nm (ArF).

Films were deposited on <100> silicon substrates which had been coated with a

titanium bond layer about 25 nm thick, followed by a 200-nm-thick platinum

layer. Depositions took place in an evacuated chamber, with a background

oxygen pressure of 13.33 Pa. This pressure was maintained by a continuously

metered oxygen flow combined with a differential pumping arrangement. The
laserbeam was brought into the chamber and onto the target atan incidence angle

of ~35 * through a windowed vacuum port. The laser was pulsed at20 Hz, with 23-

ns pulse duration. Fluence was ~30 J/cm2
, with 100 mj per pulse. The substrate-

to-target distance was 2 to 3 cm. The geometry of the deposition system is shown
in Fig. 1. During deposition, a luminous plume was produced, the axis of which

was perpendicular to the target surface. The laser beam was scanned across the

rotating target by an external focusing lens, which was moved under computer

control at the rate necessary to ensure comparable exposures on each area of the

target. Using this arrangement it was possible to avoid production of deep

troughs in the target surface, and instead, material wasremoved relativelyevenly

from the surface, thereby prolonging the useful life of the target. Deposition times

ranged up to 1 hr at deposition rates of ~2 |im/hr. The as-deposited films showed
optical interference fringes, indicating a variation in thickness near the edges.

Rotation of the substrate during deposition promoted increased uniformity of

film thickness, and resulted in films without interference fringes over a central 1

to 1.5-cm2 region. While the use of this effect was limited by the size of our

chamber, we believe the idea of dual nonconcentric rotation axes for target and
substrate could be applied to produce films uniform over much larger areas.

Figure 1. -Arrangement for deposition of films using excimer laser.

2
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In the present study films were deposited on both unheated and heated

substrates. The substrate heater used a geometry similar to Fig. 1, in which the

rotating Si substrate was resistively heated by passing 1 .5 to 2.5 A through it at an

applied potential of 6 to 12 V. The temperature was maintained during the

depositions by operating the heating power source, a dc supply, in the constant

current mode. At first the temperature was slowly raised to the desired point

manually to avoid thermal runaway. Temperatures were estimated by optical

pyrometry at incandescent temperatures (i.e., T > 550 °C).

Due to Pb volatility, it was not possible to deposit PZT on substrates heated

to incandescent temperatures. Instead, substrates were heated to a temperature

below incandescence—estimated, as above, to be at -400°C Other films were

deposited on unheated substrates. To complete a post-depositional annealing

step for all PZT films, the wafer substrate was inserted into a preheated box

furnace for times ranging from 15 min to several hours.

Microstructural Characterization

General

Before the electrical measurements, the laser-deposited films were examined by
SEM/EDX, TEM (including hot stage work), Raman scattering, profilometry, and
XRD (Ni-filtered Cu Ka radiation, theta/two-theta diffractometer).

In the as-deposited state on unheated substrates, all films were amorphous,

based on both x-ray and electron diffraction. By comparison with films prepared

by the Nd /YAG method (Fig. 2), we found the surfaces of the excimer films were
relatively smooth (Fig. 3), with only a few widely scattered ejecta present (e.g., at

upper left of Fig. 3). Profilometry measurements on the excimer-deposited films

Figure 2. Microstructure of Nd/YAG-deposited PZT film (SEM).

3
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Figure 3. Microstructure of excimer-deposited PZT thin film (SEM).

indicated an average surface roughness of nearly 0.07 jim for both BaTi0
3
and

PZT films. Most of this roughness was caused by a few widely scattered ejecta.

BaTi03
Excimer-deposited thin films were prepared from a dense ceramic target of a

commercial formulation known as ceramic "B," which contained 5 mol% CaTi03 .

Preliminary TEM-hot-stage experiments were completed on very thin excimer-

deposited films which had been formed directly on electron-transparent carbon

substrates. Most of the results of this study have been described in ref. 6, where
it was noted that, with heating, amorphous BaTi03 particulates crystallized

directly to tetragonal BaTi03 . On the basis of this information, we decided to

deposit BaTi03 directly on a heated substrate, with the aim of causing crystalliza-

tion to occur at the vapor plume/film interface, as film growth proceeded. Using

the heated substrate assembly described above, we deposited a film at dull red

heat, estimated at 750 °C. This crystalline BaTi03 film had a very dense microstruc-

ture, and showed apparent cubic (rather than tetragonal) symmetry, on the basis

of both XRD and TEM-electron diffraction. It also had considerable preferred

orientation, with <100> perpendicular to the substrate surface. The grains were

elongated parallel to the crystallographic alignment axis. A TEM micrograph for

a section perpendicular to the alignment axis is shown in Fig. 4, where it can be

seen that the average grain size in this section is in the range 25 to 50 nm. The grains

were rodlike and measured at least 250 nm in the elongated direction. This film

was not ferroelectric, and was found to have a dielectric constant of -100. Another

film deposited in similar fashion, although also having apparent cubicsymmetry
on the basis of the x-ray pattern (Fig. 5), was ferroelectric (to be described below).

Raman data for this ferroelectric thin film showed that in spite of an apparently

4
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cubic x-ray pattern which did not exhibit splitting, the material had Raman lines

at wavenumbers characteristic of tetragonal symmetry. 11

Figure 4. Microstructure of excimer-deposited BaTi0
3
thin film deposited on

heated substrate (-750*0 (TEM).

Two-theta (degrees)

Figure 5. XRD data for ferroelectric excimer-deposited BaTi0
3
thin film.

Note lack of tetragonal splitting.
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PZT
To prepare PZT thin films, we used a dense ceramic of a commercial formulation

known as "PZT 5A." InitialTEM studies6 indicated lead loss due to electron beam
heating, so crystallization studies were not completed in the TEM. However,
noting that the as-deposited PZT films were amorphous, we carried out studies

to investigate the crystallization process by DSC,6 '9 a method commonly em-
ployed for glassy materials. The DSC data suggested a glass transition near 300 °C.

We then attempted to deposit films at a substrate temperature of -400 *C (i.e.,

above the glass transition temperature), so that the mobility of deposited material

would permit good densification. Crystallization was then completed after depo-

sition by annealing in air under isothermal conditions. Since the DSC data

indicated a broad crystallization maximum near 500 °C, we chose an annealing

temperature of 600 *C. This yielded unexpectedly large crystallites, as shown in

Fig. 6, where it can be seen that the individual crystallites averaged 4 to 5 Jim

across. On the basis of EDX analyses, production of correct film stoichiometries

using the excimer system was more of a problem for PZT than for BaTi0
3

. The
portions of the films deposited away from the vapor plume axis could not be

crystallized completely; rather, they contained PZT crystals in a lead-depleted,

glassy matrix. Areas of the film deposited directly in front of the plume could be

crystallized completely, however, and so these areas were used for the electrical

measurements reported below. XRD patterns for films prepared in this fashion

were similar to those for the BaTi0
3, in that they showed a lack of tetragonal

splitting (Fig. 7).
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Figure 6. Microstructure of partially crystallized excimer-deposited PZT thin

film (reflected light microscope).
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Figure 7. XRD data for ferroelectric excimer-deposited FZT thin film. Note
again the lack of tetragonal splitting.

Dielectric and Ferroelectric Properties

Genera!

Dielectric and ferroelectric properties were studied using parallel plate capacitor

structures. To form these structures we deposited an array ofsquare Pt electrodes

on the surface of the film by sputtering using a shadow mask. The resulting

capacitors were investigated using a Hewlett-Packard 4275A LCR meter* and a

four-probe technique; capacitance and dissipation factors were measured at 1

mV. Ferroelectric hysteresis measurements for determining remanent polariza-

tion were made using a Sawyer-Tower circuit and a Hewlett-Packard 8116A
pulse/function generator at sinusoidal applied voltages of ±5 V. We measured
decay of remanent polarization and dielectric constant with cycling at 200 kHz.

BaTiOz

A 2-pm-thick BaTi03 film, with microstructural and crystallographic characteris-

tics as described in the previous section, was measured and shown to give a

ferroelectric hysteresis loop (Fig. 8) with a remanent polarization of 4.3 pC/cm2

at an applied field of 180 kV/cm. Because of the thickness of this film it was not

possible to fully investigate the dependence of remanent polarization on applied

field. The dielectric constant for this film was calculated to be -1300, a value close

to the bulk dielectric constant for BaTi03 ceramic "B."

*Certain commercial equipment, instruments, or materials are identified in this paper in order

to adequately specify the experimental procedure. Such identification does not imply recom-

mendation or endorsement by the U.S. Government.
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-200 -100 0 100 200

Applied field (kV/cm)

Figure 8. Polarization vs. applied field for 2-pm excimer-deposited BaTI0
3

thin film measured at 10 kHz.

PZT
A 180-nm-thick PZT film was shown to give ferroelectric hysteresis loops as

indicated in Fig. 9. There is no clear tendency for saturation of the remanent

polarization in Fig. 9. Fig. 10 indicates the effect of applied field on remanent

polarization. The highest measured remanent polarization was 13.5 pC/cm2
at

600 kV/cm. The switching behavior was measured for single 8-V negative and

positive pulses as shown in Fig. 11.

The remanent polarization shows no indication of decay over the time

interval of Fig. 11. Fig. 12 shows decay of the switched remanent polarization as

a function of switching cycles (fatigue), as determined from hysteresis loop

measurements. It appears that the decay begins to level off at 10 10 cycles. The
value ofthe dielectric constant, as determined from the measured capacitance and

by assuming a homogeneous film, also decayed with cycling (Fig. 12). The

dissipation factor (Fig. 13) showed relatively less change with cycling. These

fatiguing data are similar to those obtained on PZT films prepared by other

methods.

8
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-1000 -800 -600 -400 -200 0 200 400 600 800 1000

Applied field (kV/cm)

Figure 9. Polarization vs. applied field, showing nested hysteresis loops, for

180-nm excimer-deposited PZT film (annealed at 600*0; measured at

10 kHz.

Peak applied voltage (kV/cm)

Figure 10. Remanent polarization vs. applied field for same film as in Fig. 9.
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Time (ms)

Figure 11. Polarization vs. time for 8-V positive and negative pulses for same
film as Fig. 9.

700

-- 600

" 500

" 400

" 300

-- 200

-- 100

Figure 12. Remanent polarization and dielectric constant vs. cumulative

switching cycles at 200 kHz for same film as Fig. 9.
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Figure 13. Dissipation factor as a function of cumulative switching cycles at

200 kHz for same film as in Fig. 9.

Conclusions

Dense smooth thin films of BaTi03 and PZT were prepared on Pt-coated silicon

using the pulsed excimer laser deposition technique. Ferroelectric BaTi03 films

can be formed directly on substrates heated at dull red heat. To produce ferroelec-

tric PZT films, however, it was necessary to use a lower substrate deposition

temperature, followed by post-deposition annealing. The PZT ferroelectric thin

films have polarization/switching characteristics required for memory applica-

tions; the BaTi03 thin films have not been fully investigated. Fatigue properties

of the PZT thin films are similar to those prepared by other methods.
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ABSTRACT

Thin films of BaTi03 and Pb(Zr 53 Ti 4

7

)03 (PZT) have been deposited on Pt
and Pt-coated silicon substrates using both Nd-YAG and excimer lasers. The
BaT103 films were prepared using heated substrates and were crystalline.
The PZT films were deposited at room temperature and were amorphous; on
annealing, they crystallized and gave rise to well-defined powder x-ray
diffraction patterns.

To compare and correlate the properties and processing conditions of these
thin films, characterizations were performed using a variety of analytical
techniques including x-ray diffraction, TEM, SEM/EDX and ferroelectric and
dielectric property measurements. The x-ray diffraction technique was used
for identifying the various phases formed and also for analyzing the
profiles of the diffraction peaks. Both the PZT films annealed below 800*C
and the BaTi03 films typically show polycrystalline x-ray diffraction
patterns corresponding to a pseudo-cubic structure (i.e no peak splitting)
instead of the tetragonal patterns characteristic of the target materials.
It was found that for the BaTi03 films the pseudosymmetry was due to

crystallographic alignment of the longer c-axis in the substrate surface to

relieve strain. In the PZT films annealed below 900*C, it is suggested
that the residual surface strain and/or small crystallite size of these

materials may have precluded the peak splitting; at higher annealing
temperatures, the tetragonal symmetry was recovered.

INTRODUCTION

In recent years, ferroelectric Pb(Zr 53 Ti w )03 (PZT) and BaTi03 films on
silicon wafers have become increasingly important for silicon- integrated
nonvolatile memories. Laser- induced vaporization (also called pulsed laser
deposition) is a technique in which a plume of ionized and ejected material
is produced by high- intensity laser irradiation of a solid target, and the

plume is deposited on a substrate. This technique has been applied using
two different types of lasers, Nd/YAG and excimer, to produce films on Pt-

coated Si wafers and Pt foil substrates, by laser irradiation of



commercially prepared lead zirconate- titanate (PZT(Zr/Ti - 53/47)) and
BaTi03 (5Z CaTi03 ) targets.

In the structure of a cubic perovskite AB03 (Figure 1) , the B*
+

ions occupy
the centers of each unit cell while the A2+ ions are located at the
corners. In the corresponding distorted ferroelectric structure, the B4+

ions move parallel to the c-axis, giving rise to a tetragonal crystal
structure with two polarization states; a permanent electric dipole
parallel or antiparallel to c is produced primarily by the up or down
displacement of the B4+ ions with respect to the other ions. The high
temperature form of BaTi03

is cubic, and as it cools to room temperature a
phase transformation to a tetragonal structure takes place at the Curie
temperature (= 120 # C) [1]. In the case of PZT, although PbZr03 is

antiferroelectric, its solid solutions with more than about 10 mole percent
PbTi03 are ferroelectric [2] and show rhombohedral and tetragonal
distortion from the ideal cubic perovskite structure at room temperature.
A morphotropic phase boundary occurs near 55 mole Z PbZr03 . Solid
solutions richer in PbZr03 are rhombohedral (pseudocubic with slight
extension along a body diagonal) , while those richer in PbTI03 are
tetragonal with c/a a few percent greater than 1. Both the rhombohedral
and the tetragonal

.

phase are ferroelectric.

Fig. 1 Polarization states in a ferroelectric AB03 structure

Since knowledge of the crystallization process in thin films is fundamental
to thin- film processing technology, the goals of this continuous joint
effort [3-6] are: to investigate the optimum conditions for preparing PZT
films; to understand the phase formation at various heat treatment
conditions; to understand the crystallography of the thin film materials;
to characterize the properties of these films by using a variety of
techniques including x-ray diffraction, scanning and transmission electron
microscopy (SEM and TEM) and electrical measurements; and to compare
properties of films prepared with the Nd/YAG and the excimer lasers. This

paper emphasizes the results of x-ray diffraction studies.

EXPERIMENTAL

Fully dense PZT and BaTi03
target disks for film preparation were obtained

commercially. Films were produced with the use of both a focused Q-



switched Nd/YAG pulsed laser and a focused ArF excimer laser. The
schematic of the Nd/YAG laser deposition apparatus is shown in Figure 2. A
laser beam was passed through a hole in the substrate holder and was
focused onto a rotating target in a vacuum chamber to produce a plume which
deposited onto the substrate. The pulse width was 15 ns and the 1064 nm
fundamental wave length was used. Although the excimer laser deposition
apparatus was similar to the Nd/YAG apparatus, the 192 nm laser beam did
not pass through a hole in the substrate. Instead, it impinged on the
target surface at about 65 # to the surface normal. In both laser systems

Fig. 2 Schematic of the Nd/YAG laser deposition apparatus

analytical diagnostics were available for the plume and deposition process,
including mass spectroscopy, optical spectroscopy, electrical probes and
optical scattering. We have reported optical spectra from the PZT plume in
an earlier reference [3]. During deposition, oxygen was metered into the
chamber to produce a background pressure of 13.33 Pa (100 mTorr) . The
growth rate of the film was about 1-2 /xm per hour, and the distance between
the target and the substrate was about two centimeters.

The BaTi03 films were deposited using an excimer laser on a heated
substrate whose temperature was estimated to be around 750* C. The PZT
films reported here were deposited onto room temperature substrates and
post-annealed at various temperatures up to 1200*C. Two substrates were
used, Pt metal foil and Pt-coated silicon wafers. In the case of the
Nd/YAG films, heat- treatments were performed at 500, 600, 650, 700 and
750° C in air, and also at higher temperatures of 800, 900, 1000, 1100 and
1200°C by using a lead-buffered cell. The PZT films produced by the
excimer laser were heat-treated at 357, 398, 450, 500, 550 and 602*C. The
average thickness of the films was estimated by profilometry

.

X-ray data were measured with a computer -controlled diffractometer equipped
with a graphite crystal monochromater operating at 40KV and 30MA. CuK^
radiation was used for data collection. In general, the 26 scanning range
was 3* -72*

.
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A BaTi0
3 film was prepared for TEM observation by cutting a 3 mm disk and

ion milling the disk from the substrate side with a glass cover on the film
side to avoid sputtering from the substrate onto the film. Once the film
had been perforated, the specimen was milled briefly from both sides to
remove any glass that was sputtered from the cover slip onto the film.

RESULTS AND DISCUSSION

BaTiO, Thin Films

The average thickness of the BaTi03 films is about 1 fm. X-ray powder
patterns from these films do not show obvious evidence of peak splitting in
Figure 3a, where the stick pattern of the tetragonal reference pattern of
BaTi03 from the JCPDS-ICDD File 5-626 [8] is included for comparison. It
is seen that despite the presence of only one experimental peak for each
doublet in the tetragonal standard, the experimental peaks align with the
higher 29 peak in the standard as shown clearly in the 001/100 diffraction
peak in Figure 3b. This suggests that the film is crystallographically
textured with the a-axis of the tetragonal cell normal to the surface of
the film. Detailed examination of the 002/200 diffraction peak in Figure
3c showed a partially resolved splitting, which yielded a tetragonal cell
of a - 3.993(1) and c - 4.013(3) A.

TEM observation of a BaT103 film at many different orientations showed it
to consist of rod- shaped crystals with their long axes approximately normal
to the plane of the film. The rods are 25 to 50 nm in diameter. Their
average length cannot be accurately determined but has been estimated to be
around 250 nm. Figure 4a is a TEM image of the BaTi03 film taken when the
film was tilted 65* from normal to the electron beam so that the rods are
nearly side -on.

The crystallographic alignment of the rods of BaTi03 relative to the film
was observed with electron diffraction. Figure 4b is a diffraction pattern
from a selected area of Figure 5a correctly oriented with respect to the
image. The arcs of intensity in a number of the diffraction rings indicate

Fig. 3a X-ray diffraction pattern of BaTi03 ,
the stick pattern from the

JCPDS File is included for comparison.
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TWO - THETA CESS^I

Fig. 3b X-ray pattern showing
alignment of a-axis.

Fig. 4a TEM micrograph of excimer
BaTi0 3 on heated Pt/Si
substrate

.

Fig. 3c X-ray pattern showing
a-axis incipient
splitting.

Fig. 4b Selected area
electron diffraction
from area in Figure 4a.

crystalline texture in the film. For example, the first ring, 100/001, and
the fourth ring, 200/002, have sharp, relatively intense arcs centered on a

line parallel to the direction of the rods in the image. With electron
diffraction it is not possible to differentiate between 100 and 001

diffraction. However, the x-ray results showed a tendency for the a-axis



of the tetragonal cell to be normal to the film, indicating the rods are
mostly a-axis aligned. During the growth of the film, the fastest growing
rods will come to dominate the microstructure. This suggests that during
deposition at ~750°C, when the material is cubic, <100> is the fast growth
direction.

Fig. 5 Raman spectrum of BaTi03

An explanation for the c-axis orientation of BaTi03 in the plane of the
film can be suggested as follows. On cooling from the deposition
temperature of =750 #

C, the film developed tensile stresses in the plane of
the substrate. When the BaTi03 cooled through the Curie temperature of
about =120*C [1], it underwent a cubic to tetragonal phase transformation.
It has been shown that cooling from 727 #

C (1000K) to 127°C (400K) Pt and
BaTi03 contract by 0.613Z and 0.712Z respectively [1]. The BaTi03 film,
being constrained by the Pt substrate, experiences a thermal expansion
mismatch of about 0.1Z. Alignment of the larger tetragonal c-axis parallel
with the substrate surface reduced the magnitude of the tensile stresses In
the plane of the substrate. This is consistent with the alignment of the
a-axis with the substrate normal that is observed in the x-ray diffraction
patterns

.

The tetragonal symmetry of the BaTi0
3

film was also implied by the similar
Raman spectra of the film and the ceramic target. Figure 5 shows a section
of the spectrum up to 1000 cm' 1

. The narrow lines at 304 and 715 cm' 1 are
an indication that the film has crystallized in the tetragonal form. These
lines, however, are weaker and broader in the film than in the target.
Possibly this is because the magnitude of the tetragonal distortion is

smaller in the film than in the substrate [8], or, alternatively, because
residual strain in the film causes inhomogeneous broadening of the lines.

PZT thin films

X-ray diffraction results show that both the Nd/YAG and the excimer lasers

produced amorphous PZT films at room temperature, and that under



appropriate heat- treatment the ferroelectric perovskite PZT phase was
formed. The average thickness of the films was about 2 nm. The energy
dispersive x-ray spectra of these films show compositions similar to the
target.

Thin- films of Pb(Zr J3 Ti w )03 were prepared with the Nd/YAG laser and
annealed at various temperatures and times ranging from 15 minutes at
1200°C to 6 hours at 500°C. X-ray diffraction patterns from these films
are shown in Figure 6. The perovskite PZT phase appears to form at a
temperature as low as 500°C (the stick pattern of PZT from the JCPDS Powder
Diffraction File 33-784 [8] is shown for comparison). The diffraction
patterns for films annealed at temperatures between 500 and 750*C appear to
be characteristic of cubic symmetry. For example, the film annealed at
750°C can be indexed by a pseudo-cubic unit cell with a0 - 4.067(2)A). For
comparison, the hkl indices are illustrated for the tetragonal case.

20 30 40 50 60 70

Two - theta ( °

)

Fig. 6 X-ray diffraction patterns for annealed Nd/YAG PZT films produced

by excimer laser
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Fig. 7 X-ray diffraction patterns for annealed excimer PZT films.

At higher annealing temperatures (800-1200°C) , splitting of the pseudo-
cubic peaks was observed at a temperature > 900° C. The patterns taken at
750*C and 800*C are rather similar. The apparent splitting of the
diffraction peaks occurs at an annealing temperature slightly below the
temperature for the onset of chemical decomposition. At 1100° C, a

tetragonal cell of = a-3. 937(4) and c-4.068(5)A can be used to index the
diffracsion peaks. In these films annealed at high- temperature , small
amounts of other phases such as Zr0 2 appear to be present. At 1200* C, the
pattern was drastically different; the peaks corresponding to PZT
diminished and the presence of a much larger amount of Zr02 was identified.
The possible presence of ZrTiO* , PbO and Pb 2 Ti 2 0 6 ,

was also noted. Some
unknown peaks still remain to be identified.

X-ray results (Figure 7) from a set of films produced by the excimer laser
show the formation of the pyrochlore phase at low annealing temperatures
and the formation of a pervoskite PZT phase between 500 and 550°C. Again,
the pseudocubic symmetry was observed from these PZT patterns.

The ferroelectric nature of some of these films was demonstrated by the
hysteresis loops relating the remanent polarization and the applied field.
Figures 9a and 9b are hysterisis loops from PZT films, one deposited by the
Nd/YAG laser and annealed at 700° C, and the other deposited by the excimer
laser and annealed at 600° C. Annealing above 550° C has been found
necessary to produce the PZT phase

.

The ferroelectric properties, shown in Figure 8, of the film annealed at

700° C require the presence of non- cubic symmetry. Unlike the BaTi03 film
which was deposited at high temperature, the PZT films do not appear to be

crystallographically aligned. The pseudo-cubic x-ray peaks lie at positions

intermediate between the tetragonal doublets of the target materials,

instead of aligning with either peak of the doublets. The apparent
difference between the observed cubic symmetry and the lower symmetry
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Fig. 8 Applied field vs. polarization for PZT (a) Nd/YAG annealed at 700*C
and (b) excimer, annealed at 600°C.

required for ferroelectric behavior is possibly due to the presence of
interfacial stress as a result of thermal mismatch between PZT and the
substrate, and/or the small crystallite size of the material.

The x-ray full width half maxima values (FWHM) of the major diffraction
peaks from the Nd-YAG PZT film annealed at 750*C, as well as for a BaTi03

film, have been measured. While these FWHM values are all greater than
those of the standard profile reference material LaB6 (average » 0.1*) [9],
the PZT peaks are substantially broader (average 0.4°) than the BaTi03

values (average 0.2°). This indicates that unlike the BaTi03 film which
was deposited on a heated substrate at a temperature of =850*C (from which
grains can orient to partially relieve strain during cooling) , the PZT
films may still have a certain amount of surface residual strain (apparent
shift of XRD peaks as compared with the tetragonal standard) . Only when
these films were annealed at high enough temperature, i.e. at >900* C, was
the residual stress relieved (which also allowed grain growth) . Efforts
are continuing in the x-ray profile analysis of the films annealed at
around 700 # C to investigate the residual strain and crystallite size
contribution to the diffraction peak broadening.

Fig. 9 SEIM micrograph of PZT films (a) ND/YAG, annealed at 700*C and (b)

excimer, annealed at 600°C.
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In general, Che excimer laser appears to produce films with finer
microscructures . The SEM micrographs of the films annealed at around 600*C
are shown in Figure 9a for the Nd/YAG and in Figure 9b for the excimer
laser. The Nd/YAG film shows the presence of large particles, presumably
produced by ejection of melted material from the surface of the target. The
grain size is smaller and more uniform in the excimer-produced films.

SUMMARY

Thin films of PZT deposited on Pt and Pt-coated silicon substrates using
laser deposition techniques (Nd/YAG and excimer) produced amorphous films
at room temperature. Upon annealing, these films crystallized and gave
rise to well-defined x-ray powder patterns with pseudocubic symmetry.
Surface stress on the film and/or small crystallite size presumably
precluded the splitting of these peaks. Higher annealing temperatures
appeared to relieve the strain and allowed the tetragonal PZT symmetry to
appear. The BaTi03 films were deposited at high temperature and alignment
of the tetragonal a-axis normal to the substrate was observed in both x-

ray diffraction (pseudo-cubic symmetry) and TEM. This alignment presumably
reduces the tensile stress due to the thermal mismatch between the film and
the substrate. In general the excimer laser produced films with better
surface morphology.
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ABSTRACT

PZT thin films were prepared by pulsed laser deposition on unheated Pt-
coated Si substrates. As deposited, the films were amorphous. Films
crystallized at 550 - 600 °C to produce predominantly crystalline ferroelectric
PZT. Crystallization of the amorphous material was accompanied by a linear
shrinkage of -2 %, as manifested in development of cracks in the film.

Spacing, width and morphology of larger cracks followed a regular progression
with decreasing film thickness. For film thicknesses less than 500 run, much
of the shrinkage was taken up by small, closely- spaced cracks of local extent.
Implications for measurement of PZT thin film ferroelectric properties and
processing are discussed.

INTRODUCTION

The laser deposition method is an important alternative route for
processing thin film lead zirconate - titanate (PZT) because it can be made
compatible with silicon wafer processing, and it is a practical way of
transferring material with known bulk properties to thin film form. 1,2 Using
a pulsed excimer laser, dense, smooth PZT thin films have been successfully
deposited on platinum coated silicon wafers. 3 When the substrate was held at
ambient temperature, the as-deposited films were amorphous. Post depositional
heat- treatment or the use of heated substrates is therefore needed to form
crystalline PZT films with ferroelectric properties.

In previous studies 3
,
we used differential scanning calorimetry to show

that amorphous PZT films have a glass transition at -300 °C, and that
crystalline phases form in the temperature range from 350°C to 650°C. The
amorphous to crystalline transition of the film was also investigated using the
x-ray diffraction method. For processing PZT films deposited on silicon
substrates, the optimum temperature for heat- treatment was tentatively shown
to be near 550°C.

In this paper we report confirmatory results on the post-depositional
crystallization of PZT films and provide new data on the structural changes
associated with the crystallization process.

EXPERIMENTAL

PZT thin films were prepared by using an ArF excimer laser (193 nm) .

The deposition was done at a repetition rate of 10 Hz and nominal pulse width

*Guest scientist from Department of Materials and Nuclear Engineering,
University of Maryland, College Park, MD.
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of 23 ns. The laser beam was focused to produce a fluence of 10-30 J/cm2
. A

commercial PZT ceramic (PZT 5A, 47% PbTi0 3 and 53% PbZr0 3 ,
from Morgan Matroc,

Inc., Vernitron Div.
,

Bedford, OH**) was used as target. During the
deposition, the target was rotated and the laser beam was rastered across the

target to maintain uniform material removal. A rotating substrate holder was
used to hold substrates directly over the target surface at distances 2. 0-3.0
cm from the target surface. The reaction chamber was continuously evacuated
by oil free pumps to a background pressure of <1 mTorr. During deposition,
oxygen was metered into the chamber to produce a background pressure of 100

mTorr. The growth rate of the PZT films was about 50 nm/min.

We used silicon <100> single crystal wafers as substrates which were
coated with 200-500 nm platinum. The substrates were held at ambient
temperature during the deposition. After deposition, the films were heat-
treated in air at various temperatures. Typical heat- treatment time was one

hour

.

The annealed films were examined by x-ray powder diffraction (Cu Ka x

radiation) to determine the formation of the crystalline PZT phase. Reflected
light microscopy was used to examine the gross features of the films, and a

scanning electron microscope (SEM) was used to examine the microstructure of
the films. Circular platinum electrodes of 2.5 X 10' 3 cm2 area were sputtered
on the surfaces of the annealed films using a shadow mask to study
ferroelectric properties. Ferroelectric hysteresis loops were measured with
a balanced Sawyer-Tower circuit operated at 200 kHz.

RESULTS AND DISCUSSION

Fig. 1 shows the x-ray
patterns of PZT thin films
on Pt/Si heat-treated at

450, 550, and 600 °C. In
the 450 °C film, there is no
definite indication of
crystalline PZT, whereas in

the 550 °C film, the

(101/100) PZT peak is

visible, but weak. The 600

°C film shows a well-
developed PZT diffraction
pattern. The broad
pyrochlore peak is present
in all three films. The PZT
pattern shows no tetragonal
peak splitting, suggesting
cubic symmetry
nonetheless we have observed
ferrolelectricity in these

films. The test for

ferroelectricity was,
however, greatly hindered by
the difficulty in obtaining
non-shorted electrodes.

Two Theta (Degree)

Fig. 1 X-ray diffraction patterns of PZT films

on Pt/Si deposited on unheated Pt/Si substrates
and post-annealed at various temperatures for one

hour. PZT peaks are indexed; P = pyrochlore;
S = substrate.

**Identification of items by explicit reference to an individual

manufacturer are given for completeness, and are not meant to indicate that the

US government recommends these specific items for this application.
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Undoubtedly, much of this
difficulty was caused by microcracks
produced in the films by the annealing
process. These microcracks were
observed by light microscopy in most
films annealed above 500 °C, and were
more pronounced in thicker films; with
decreasing thickness, the cracks
appeared to diminish, and ultimately to

disappear. Results of more detailed SEM
observations on films of various
thickness annealed at 600 °C, 1 hr, are
shown in Figs. 2-4. Fig. 2 Edge -on view of substrate

with 0.8 fim film.

a 100 pm b

Fig. 3 Plan view of films; a) rectilinear cracks in 1.3 /im film;
b) network of irregular cracks in 0.6 /im film; c) discontinuous
cracks in 0.4 /im film; d) widely spaced thin cracks in 50 run film.

Fig. 2 shows a cross section of a relatively thick film (0.8 /im) , which
appeared to be continuous. As the plan view in Fig. 3a indicates, however,' the

1.3 /tm film was traversed by a relatively regular, rectilinear network of
cracks. In a thinner film of thickness -0.6 /im (Fig. 3b), the cracks did not
have straight sides and instead formed an irregular, yet continuous network.
For a film thickness of -0.4 /im (Fig.

3c) the network was not continuous and
the cracks terminated themselves by
closing, rather than by intersecting
other cracks. In films of -50 run

thickness (Fig. 3d)
,

the major cracks
did not extend far enough to intersect
and these cracks were thin and widely
spaced. However higher magnification
(Fig. 4) indicates that these very thin
films, while having few large cracks,
contained myriad closely- spaced

,

submicron-wide fissures extending less

than a micrometer. fig- ^ Plan view of
higher magnification

50 nm film at
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Fig. 5 Average spacing between
cracks as a function of film
thickness

FILM THICKNESS C nrrf)

Fig. 6 Average crack width as a

function of film thickness

Data on crack spacing and crack
widths obtained from SEM studies are
shown in Figs. 5 and 6, respectively.
Crack spacing showed a definite decrease
from -350 pm to -100 pm as film
thickness decreased from -1.3 pm to -0.5
pm; below this there was no further
decrease. Crack width showed a similar
decrease, from -7 pm at -1.3 pm
thickness to -0.3 pm at -0.5 pm
thickness. By combining data in Figs. 5

and 6, an estimate of the linear
shrinkage in these films was obtained,
as indicated in Fig. 7. Based on this,
shrinkage was -2 % for most film
thicknesses, a reasonable value by
comparison with other crystallized glas
showed lower apparent shrinkage, because
shrinkage due to microfissures of the typ
dominant as film thickness decreased.

Fig. 7 Apparent linear shrinkage as

computed from data in Figs. 5 and 6

ses 5
. Films less than 0.5 pm thick

the large cracks did not account for
e illustrated in Fig. 4, which became

The transition from a rectilinear network of cracks to an irregular, more
polygonal arrangement took place at a film thickness of -1.0 pm. The
transition from this continuous, roughly polygonal, network to discontinuous
cracks with closed ends began at a film thickness of -0.5 pm. At this point
the films may have become too weak to support the long range stress field
necessary to produce a network of large cracks. Fracture mechanics analysis
of simple shrinkage of an isotropic sheetlike body ideally produces an array
of hexagonal polygons separated by a regular hexagonal crack pattern . The
existence of the rectilinear pattern noted above for the thicker films suggests
that this ideal situation was complicated there by additional factors, possibly
including a preferred orientation of PZT crystallites, and a mechanical
interaction with the substrate. For films below -0.5 pm the influence of
microfissures was increasingly important and the rectilinear pattern was
accordingly affected.

It should be noted that the one-step heat treatment used to post-process
the films consisted of putting a cool sample directly in a hot furnace or,

alternatively, heating it up with the furnace. We have also prepared films by
both air quenching and furnace cooling. All procedures involving
crystallization resulted in cracks. Although there was some variation in the

severity of cracking, no significant improvement was found among the

alternative heating and cooling schemes. Similarly, a prolonged annealing did



not affect the cracks. Only films not
heated above 500°C were crack-free;
however, these did not contain
ferroelectric crystalline PZT. One
method to eliminate the cracking problem
should be to deposit PZT on heated
substrates so that it crystallizes
directly, without the need for post-
depositional annealing.

With cracks existing in the PZT

film, the electrical characterization
was very difficult4

. Some cracks simply
shorted the electrodes and others
severely distorted the result of the

measurements. The electrical
measurements could be performed only if
the electrode area was less than the
area between the cracks. Using an
electrode 560 pm in diameter we were
able to verify the ferroelectric
hysteresis of the films in a few areas
as shown in Fig. 8.

Applied Field CkV/crrO

Fig. 8 A typical hysteresis loop of
a PZT film after post-depositional
heat- treatment at 600°C for one hour
in air. The diameter of circular
electrode was 560 /im.

CONCLUSIONS

Post-depositional experiments on laser-deposited amorphous PZT thin films
have confirmed that crystallization to ferroelectric PZT occurs between 550-

600°C. The -2 % shrinkage accompanying crystallization causes cracks to form,
with a geometry which depends upon film thickness.
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ABSTRACT

X-ray diffraction techniques were used to study the crystallography of PZT
thin films prepared by the laser deposition technique. This investigation
included identification of phases formed during the annealing process and also
the analysis of the profiles of selected diffraction peaks. The PZT films
annealed below 800°C typically showed powder x-ray diffraction patterns
corresponding to a cubic structure (i.e no peak splitting) instead of the
tetragonal patterns characteristic of the target materials. The upper bound
contribution of the macro and micro strain to the observed X-ray peak profile
and positions was estimated. It was believed that the combined effect of small
crystallite size together with residual strain, and possible local
inhomogeneity gave rise to the broadening and displacement of the x-ray peaks,
which subsequently masked off the splittings. At this stage the physical
effect of high temperature annealing is not known. It is possible that as the
annealing temperature increased, grain growth took place along with relaxation
of residual strain, allowing peak . splitting to be observed^.

INTRODUCTION

Knowledge of the crystallography of ferroelectric thin films is

fundamental to thin- film processing technology. To make useful devices using
these films, information on crystal symmetry, lattice parameters and detailed
structure must be correlated with electrical properties. The x-ray powder
diffraction technique was employed in this study to obtain crystallographic
information. By comparing the positions, profiles and relative intensities of
diffraction peaks from the film with those from the target material, and also
with the reference pattern provided by ICDD Powder Diffraction File (PDF) [1] ,

information on the phase purity, structure, preferred orientation, residual
strain and crystallite size of the material was obtained.

In general, strain can be classified into two types, namely, macrostrain
and microstrain. Residual strain causes x-ray diffraction peak displacement
and is calculated by

Sd/d0 - (df-d0 )/d0 (1)

where d0 is the unstrained spacing and df is the corresponding strained value.

The possible causes of diffraction peak broadening are microstrain, small

crystallite size, stacking faults and compositional inhomogeneity. One of the

fastest approximate ways to determine the crystallite size value, D (equation

(2)) by assuming the microstrain to be negligible, is to use the breadth B of

a peak corrected for instrumental broadening and to apply the Scherrer
equation:

B— KA/(Dcos9) ( 2 )



In this equation K is a dimensionless constant depending on a number of factors
including the crystallite shape and size distribution [2] and generally can be
set to unity, A is the X-ray wavelength and 9 is the Bragg angle. The most
widely used method for measuring the peak (line) breadth is the width at half
peak maximum. In this study, B was obtained using the relation B2 - B0

2 - Bj 2
,

where B0 and B* are the widths of the observed peak profile and the
instrumental broadening profile, respectively. Crystallite sizes obtained by
substituting the value B into equation (2) have been found to be within 20% of
those of the Warren-Averbach and the integral breadth methods that take into
account possible contributions from microstrains [3].

The primary goal of this paper, which is part of a continuing study [4-8]
,

is to compare the crystallography of PZT films produced using the laser
deposition technique with that of the target, and to study the profile and peak
position of selected peaks in order to estimate the upper bound contribution
of crystallite size and residual strain to the observed diffraction peaks.

EXPERIMENTAL

The laser- induced vaporization (also called pulsed laser deposition)
technique was used to produce PZT films on Pt-coated Si wafers and Pt foil
substrates at temperatures higher than 800°C. Pt-coated Si wafers were used
because of the smoother surfaces which were more suitable for patterning in
order to study the electric properties. However, at high temperature, ie

.

800°C, oxidation of Si and delamination of the Pt coating took place, and
therefore Pt was used instead. Fully dense PZT target disks for film
preparation were obtained commercially 1

. A focused Q- switched Nd/YAG pulsed
laser and an ArF excimer laser were both used to produce the films. Energy
dispersive x-ray spectrometry was used to study the composition of films. The
details of the laser and deposition chamber have been described elsewhere [4-

8 ].

All PZT films reported here were deposited onto room temperature
substrates and post-annealed at temperatures up to 1200*C. In the case of the
Nd/YAG films, sequential heat- treatments were performed at 500, 600, 650, 700
and 750 °C in air, and with a different film prepared under the same deposition
conditions at 800, 900, 1000, 1100 and 1200°C using a PZT cell to maintain the

proper lead pressure. Since the results of subsequent annealings of these
films showed the PZT formation to be around 600°C, the films produced by the

excimer laser were heat-treated at lower temperatures of 357, 398, 450, 500,

550 and 600 °C to investigate phase formation. The average thickness of the

films was measured by profHometry by using a masked area of the film as a

reference

.

Phase identification
was conducted using a

computer- controlled
diffractometer. X-ray
profile analysis was
performed at IBM using a

high resolution x-ray
parallel beam double crystal
diffractometer with a

rotating anode and CuKc^

line source. A high-speed
scintillation counter2 was
used. Figure 1 is a

schematic drawing showing
the arrangement of the parallel beam geometry of the x-ray optics. The details
of the x-ray optics have been described elsewhere [9]. To avoid interference
from overlapping peaks from the substrate, the (101)/(110) and the (112)/(121)
peaks were used for the crystallite size calculation.

Fig 1. Schematic of parallel beam x-ray optics
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X-ray diffraction results show that both the Nd/YAG and the excimer lasers
produced amorphous PZT films at room temperature, and that under appropriate
heat- treatment the ferroelectric perovskite PZT phase was formed. Energy
dispersive x-ray spectra from these films show compositions similar to the
target. From profilometry

,
the films were of = 2 nm thickness. The

ferroelectric nature of the selected films was demonstrated by hysteresis loops
relating the remanent polarization and the applied field [8].

X-ray patterns of PZT films prepared with the Nd/YAG laser and the excimer
laser are shown in Fig. 2 and 3. These results demonstrate the formation of
a perovskite PZT phase between 500 and 600 °C for both the Nd/YAG and the
excimer deposited films; at lower temperatures a pyrochlore phase was observed
in the excimer laser film which could be converted into PZT at higher annealing
temperatures. The lack of obvious differences in the intensity distribution
between the PZT film and the reference pattern of PDF 33-784 [1] indicates that
preferred orientation is not significant and the PZT film is not
crystallographically aligned.

Fig. 2. X-ray diffraction patterns for the annealed Nd/YAG PZT films. The
reference pattern of PDF 33-784 [1] is included for comparison.
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Fig. 3. X-ray diffraction patterns Fig- 4. X-ray patterns of (a) PZT

for excimer PZT films target and (b) film annealed at 750°C

Figure 4 shows a comparison of the X-ray diffraction pattern of the Nd/YAG
film annealed at 750°C with the pattern from the target material. We see

substantial differences between these patterns: the diffraction peaks from the

film are rather broad with no peak splitting and the pattern can be indexed
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using a cubic unit cell (with aQ - 4.067(2)A), whereas the pattern from the
target has tetragonal symmetry; the peak positions match those of the JCPDS
stick pattern very closely and correspond to a cell with a - 4.036A, c -

4.146A. All the diffraction patterns for films annealed at temperatures
between 500 and 800°C appear to be characteristic of cubic symmetry. The
splitting of the diffraction peaks occurs at an annealing temperature slightly
below the temperature for the onset of chemical decomposition. At 1100°C, a

tetragonal cell of a-3 . 937(4) and c-4.068(5)A (c/a - 1.033) can be used to

index the diffraction peaks. At this stage the physical process of annealing
at high temperature is not known.

The diffraction pattern from the Nd/YAG film annealed at 750°C was
analyzed in terms of crystallite size and strain. The widths, B, of the
110/101 and 112/121 diffraction peaks, 0.29° and 0.38°, were used to calculate
the crystallite size using equation (2), giving results of 315 and 260 A. The
strain in the a and c directions required to transform the tetragonal cell of
the target to the cubic cell of the film was calculated;

6de/dc (target)
” ” ^c(target) )/^c(targ«t) " "1.91x10

5da/da(taxget )
- (da(fiJjn) - da(target)) /Retarget) ” 7 . 68x10 3

DISCUSSION

Figure 5 shows the PbTi03 -PbZr03

sub -solidus phase diagram [11] . PbZr03

has a perovskite structure and is

antiferroelectric ,
however its solid

solutions with more than about 10 mole
percent PbTi03 are ferroelectric [10].
In the structure of a cubic perovskite
AB03 (Figure 6), the B*

+ ions occupy the
centers of each unit cell while the A2+

ions are located at the corners . In the
corresponding distorted ferroelectric
tetragonal structure, with cell
parameters c and a such that c/a is a

few percent greater than 1, the B*
+ ions Fig. 5 The PbTi03 -PbZr03 subsolidus

move parallel to the c-axis, giving rise phase diagram [11]

to a crystal structure with two
polarization states; a permanent

4 A
electric dipole parallel or
antiparallel to c is produced
primarily by the up or down
displacement of the B*

+ ions with
respect to the other ions. Another
ferroelectric phase has a

rhombohedral R3m symmetry [11, 12].

This can be considered as a

pseudocubic structure with slight
extension along a body diagonal.

Figure 5 also illustrates the
crystallographic transformation
temperature and composition of
PbTi03 -PbZr03 . The high temperature form of PZT is cubic, and as it cools to

room temperature a phase transformation to a tetragonal or rhombohedral
structure takes place at the Curie temperature which ranges from = 250 to 480°C
depending on composition. A morphotropic phase boundary (an abrupt structural
change within a solid solution with variation in composition) occurs near 55

mole % PbZr03 and is nearly independent of

i !b!%
4 &

Fig. 6. Polarization states in a

ferroelectric AB0 3 structure



temperature [ 10] . Solid solutions richer in PbTi0 3 are tetragonal, while those
richer in PbZr0 3 are rhombohedral . Previous work [13] on the measurements of
electrical and thermal expansion properties, x-ray and neutron diffraction
studies have found that the rhombohedral region contains two phases.

It is thought that the PZT films in this study are not cubic at room
temperature but rather tetragonal for the following 2 reasons: (1) the presence
of a remanent polarization loop; (2) according to the phase diagram as shown
in Figure 5, the cubic phase is not stable at room temperature for these
compositions

.

Possible reasons for the apparent conflict between the observed cubic
symmetry and the lower symmetry required for ferroelectric behavior include
small crystallite size, the presence of macro and microstrain, and
inhomogeneous composition. In general, small crystallite size of ~10Q to 1000A
in a material will cause peak broadening [14]. In tetragonal materials with
c/a close to one, peaks may broaden to the extent that closely separated
doublets corresponding to two d spacings, d and d+£d, can no longer be
distinguished, giving the appearance of a single peak at a position
intermediate between the two. This occurs when the total broadening from
microstrain, particle size effects (equation (1)) and instrumental broadening,
Bit is greater than the peak separation, 25dtan0/d. The separations for the
101/110 and 112/211 doublets for the reference PDF pattern 33-784 [1] (with c/a
- 1.033) were 0.4° and 0.8° respectively, considerably greater than the
measured peak widths for the cubic film annealed at 750°C. Therefore, unless
the PZT initially crystallizes in a tetragonal structure with c/a close to one,
the 110 and 112 cubic peaks can not be the result of purely broadened doublets
due to small crystallite size.

Macro strains may be caused by the mismatch in thermal contraction between
the film and the Pt substrate while cooling from the annealing temperature and
also by phase transformation. On cooling from 1000K to the Curie temperature
of about 650K, unconstrained Pt contracts by 0.07% more than unconstrained PZT
(in the cubic perovskite form). At the Curie temperature the cube axes
transform such that a is about 1% less than the cubic parameter and c is 2%
more; the stresses generated by this transformation are partially accommodated
by domain formation and rearrangement. From the Curie temperature down to room
temperature Pt contracts by about 0.35% more than PZT and therefore the PZT
film experiences compressive stress as it cools. The calculated values of 7.68
x 10-3 and -1.91 x 10-2 for the a and c strains for the present film which are
necessary for changing the doublets into singlets are however too large to be
realistic for room temperature deposited laser films. These values are
comparable to the values for epitaxially prepared films which are known to have
relatively high residual strains. From this estimate, it is therefore likely
that the residual strain could not be the sole factor which caused the doublets
to converge to one.

Another possible reason for peak broadening is that the individual
particles in the sample may not be compositionally homogeneous which would give

rise to a variation of lattice constant. However, this is not believed to be
the main cause of the observed cubic symmetry because as the annealing
temperature increases, peak splittings were observed.

It is tentatively concluded that not any one of the above factors alone,
but a combination of them contribute to the observed profile and peak position.
We cannot, however, exclude the possibility that a portion of the film did
crystallize in the cubic form. Current work continues on the investigation of
the individual contribution of the macro and microstrain, crystallite size and
compositional inhomogeneity to the diffraction profile.



Thin films of PZT were deposited on Pt and Pt-coated silicon substrates
using laser deposition techniques (Nd/YAG and excimer) . The films were
amorphous at room temperature but, on annealing, they crystallized and gave
rise to well-defined x-ray powder patterns with cubic symmetry; however, the
films were ferroelectric which requires a lower symmetry. It is suggested that
the characteristic tetragonal peak splitting is not observed because of peak
broadening and shifting due to a combined result of the presence of residual
strain (and microstrain) , small crystallite size and local inhomogeneity. At
higher annealing temperatures, grain-growth and/or strain annealing possibly
occur and allow the tetragonal PZT symmetry to appear.

1 Morgan Matroc Inc., Vernitron Division, Bedford, Ohio. The name of the
manufacturer was cited in this paper for the purpose of explaining experimental
procedures only. NIST does not endorse it for public use.

2 Rigaku Instrument Inc., Japan.
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ABSTRACT

Thin films of BaTi0 3 were deposited on platinum- coated silicon substrates
using pulsed laser deposition and characterized using electron microscopy,
powder x-ray diffraction and electrical measurements. The microstructure
consisted of columnar BaTi03 grains oriented normal to the substrate. Two
preferred orientations were observed, with either the (001) or (111) planes of
BaTi03 being parallel to the substrate. The electrical properties of two films _
were measured and it was found that the (111) film was ferroelectric and the

(001) film was not. Possible reasons for this are discussed.

BACKGROUND

The envisaged applications of BaTi03 thin films make use of the desirable
electrical properties of this material. The large electro-optic effect
displayed by BaTi03 enables it to be used in photonic switching devices. Non-
ferroelectric BaTi03 could be used in thin- film capacitors for dynamic random-
access memory (DRAM). Ferroelectric BaTi03 would find application as long
term, radiation-hard, non-volatile memory. For all these applications, the —
grain size, shape and crystallographic texture of the films must be controlled-
for optimum properties. Careful characterization of the microstructure of
BaTi0 3 thin films as a function of processing conditions is a vital part of any
research program that leads to useful devices. In this paper we report-
progress on relating the structural characterization of these films to their...

electrical properties.

EXPERIMENTAL METHODS

Thin films of BaTi0 3 were deposited onto a platinum- coated silicon wafer
by pulsed laser deposition using an ArF excimer laser (wavelength 193 nm) in
a chamber containing oxygen at 13.3 Pa (100 mTorr) 1 ' 5

. The target was
commercial BaTi03 containing 5% CaTi03 . The substrates used were (001) Si
wafers with a thin coating of thermally grown amorphous silicon oxide followed
by a 25 nm interlayer of Ti to improve adhesion between the silicon oxide and
the 200-250 nm thick layer of Pt. The laser was pulsed at 10 Hz with each—
pulse lasting about 23 ns and typically containing 100 mJ of energy. The laser
was focussed on the target producing a luminous plume

; the fluence varied from
10 to 60 J/cm2 per pulse. The substrate was heated by passing a controlled
current through it. In early designs electrical contact was made with a simple -

alligator clip and the temperature was not uniform across the wafer. Recent
improvements in the design of the contact have produced a more uniform
distribution of the surface temperature which is measured using optical
pyrometry. Deposition times up to 1 h were used and the maximum film thickness
deposited varied from 500 to 1000 nm; however, the thickness varied
significantly over the wafer because the distance from the plume source to the

substrate varied over the wafer surface. No heat treatments were carried out
on the specimens after removal from the deposition chamber.
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Microstructural characterization of the films was carried out using
transmission electron microscopy (TEM) . Some specimens were studied in cross
section and some in plan-view. Cross-section specimens were prepared by gluing
1 to 2 mm wide strips of coated substrate together in the face-to-face
orientation, cutting cross sections, supporting them with Cu disks containing
a 600 fim hole, grinding them to 20 to 30 ^m thick and ion milling. Further
characterization was performed using powder X-ray diffraction to assess phase
purity and crystallographic texture, i.e. preferred orientation. Electrical
measurements were made on several of the films to determine whether they were
ferroelectric and, if so, to obtain a value for the remanent polarization.

RESULTS

In this study, three specimens
which will be denoted A, B and C were
studied in either cross section or

plan view. Fig. 1(a) is a cross-
section TEM micrograph of specimen A
showing only the BaTi0 3 film; the Pt/Si
substrate has been milled away along
with a part of the film. The film
consists of columnar grains that have
grown normal to the substrate. These
grains are about 40 to 100 nm in cross
section and extend across the

thickness of the film which was
measured to be 550 nm in a thicker
part of the specimen where the film
was complete. An electron diffraction
pattern was recorded with the electron Fig. 1(a).
beam parallel to the (001) Si substrate micrograph

100nm

Cross-sectional TEM
of specimen A showing

plane (Fig. 1(b)) and contains columnar grains

diffraction spots from the Si and
diffraction rings from the BaTi0 3 thin
film. Because c/a for tetragonal
BaTi0 3 is 1.01 (very close to one), the

separation of, for example, the 002
and 200 rings is too small to be
detectable by electron diffraction.
Thus, from this pattern, we cannot
determine whether the BaTi0 3 is tetra-
gonal, and cubic indexing is given.
The 111 ring is strong and the 110 and
002 rings are weak in the direction
normal to the (001) Si substrate
indicating preferred orientation of
the (111) BaTi0 3 planes parallel to the

substrate. The Pt/BaTi0 3 interface
region of this specimen is shown in

Fig. 2; a lighter band 15 to 25 nm
wide can be seen between the BaTi0 3 and
the polycrystalline Pt and there is

some penetration of this lighter
region into the Pt film. Energy dispersive x-ray spectra from this band and

from the bulk BaTi0 3 show that the lighter band is Ti-rich in comparison with

the BaTi0 3 and electron diffraction from this region suggests that it is

amorphous

.

Specimen B had a similar microstructure to A with a slightly smaller grain

size, 20 to 70 nm. However, a diffraction pattern (Fig. 3) taken at the same

Fig. 1(b). Electron diffraction pattern
from specimen A showing strong 111 ring
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Fig. 2. BaTi0 3/Pt interface region of Fig. 3. Electron diffraction pattern
specimen A showing light region at from specimen B, showing strong 001
interface and 002 rings. [001] Si is marked

orientation as Fig. 1(b) showed a different preferred orientation to A, with
the 001 and 002 rings being strong and other rings weak in the

[
00 1 ] Si

direction. Thus two different preferred orientations parallel to the substrate
plane have been detected, (001) and (111). The temperature of the substrate
during deposition varied between 700 and 750°C for specimen B. The temperature
for specimen A could not be measured. Specimen C was studied in plan-view and
a TEM micrograph taken normal to the film is shown in Fig. 4. The grains are
equiaxed in cross section with a grain size of 20 to 80 nm which is similar to
that of specimens A and B. Previously published micrographs and diffraction
patterns 3 show that this film also consists of columnar grains of BaTi0 3 normal
to the substrate, and has (001) preferred orientation like specimen B. Fig.
4 also shows that between the grains of BaTi0 3 there is a lighter layer
typically 10 nm thick. The contrast behavior of this material during specimen
tilting suggests that it is amorphous. Fig. 5 is an electron diffraction
pattern taken with the beam parallel to the film normal of specimen C and shows
that there is no preferred orientation within the plane of the film.

Fig. 4. Plan-view TEM micrograph of Fig. 5. Electron diffraction pattern
specimen C from specimen C, showing lack of

preferred orientation in film plane
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Fig. 6. X-ray powder diffraction patterns from specimens A and B showing
(A) (111) and (B) (001) crystalline texture

Powder x-ray diffraction patterns from specimens A and B are shown in Fig.

6 and corroborate the electron diffraction findings: the 111 peak for specimen
A is strong and 001 and 002 are relatively weak whereas for specimen B the
situation is reversed. Six specimens were made on the same day as specimen A
and diffraction patterns obtained from these films all show (111) preferred
orientation, and the two other specimens made during the same week as specimen
B both showed (001) preferred orientation. Electrical measurements made on
films A and C showed that film A was ferroelectric with a remanent polarization
of 4.3 /iC/cm2 at a coercive field of 180 kV/cm whereas film C was not
ferroelectric. The results for the three films are summarized in Table 1.

Table 1

Summary of data for BaTiOi films A, B and C

Specimen A B C

Fluence (J/cm2 ) =10 =60 =20

Crystal plane
parallel to film

(111) (001) (001)

Grain size (run) 40 - 100 20 - 70 20 - 80

Interface Ti-rich, Ti-rich, Not observable
region amorphous amorphous in plan view

Ferroelectric
properties

4.3 /iC/cm2

at 180 kV/cm
Not measured Not

ferroelectric
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DISCUSSION

The relationship between (001) preferred orientation and the absence of
ferroelectricity can be rationalized using a strain energy argument which will
be briefly presented here. During cooling from the deposition temperature of
727°C (1000K) to the Curie temperature 127°C (4Q0K) ,

unconstrained Si, Pt and
BaTi0 3 contract by 0.23%, 0.60% and 0.71% respectively6

. Thus the Pt and BaTi0 3

thin films are both under tensile stress in the plane of the film at the Curie
temperature. We estimate the elastic strain, 8, in the BaTi03 at the Curie
point as the sum of two terms: (1) an elastic tensile strain in the Pt due to

the thermal contraction mismatch between Si and Pt (0.37%) which is only
partially relieved by plastic deformation of the Pt; (2) the difference between
the thermal contractions of the BaTi03 and the Pt (0.11%). The first term
cannot easily be calculated but a lower bound of 0.05% is used which yields an
estimate for the unrelieved elastic strain in the BaTi0 3 of 0.16%. At the
Curie temperature, the cubic BaTi03 unit cell transforms to a tetragonal cell
by strains of e c in the c direction and e a in the two a directions. Assuming
small strains and zero volume chage associated with the transformation (both
valid assumptions for BaTi0 3 ) ,

then e a - -e c/2 and the tetragonal cell has a c/a
ratio of 1+e where e — e c -e a . Just below the Curie temperature, e is 0.0045
and it increases with decreasing temperature 7

.

In the case where the (001) plane of the cubic BaTi03 is parallel to the

substrate plane (specimens B and C)
,
the fraction, fn , of c axes normal to the

substrate will be a function of 8

.

We assume that the c axes are oriented to

create a transformation strain in the substrate plane which, if possible, is

equal to 8, such that:

S - f
p
(e. + 0/2 + fn e. (1)

where f
p

is the fraction of c axes parallel to the substrate. Substituting
f
p - l-fn and rearranging gives

fn - 1/3 - 28/e for 8 < c/6; fn - 0 for 5 >- e/6 (2)

where e - e c -e a and we ignore second order and higher terms. On cooling from
the Curie temperature to room temperature, e increases to 0.01, and for the 8

value of 0.16% calculated above, this strain minimization model predicts fn -

0, i.e. complete preferred orientation of the c axes parallel to the substrate
and hence zero remanent polarization normal to the substrate. In the (111)

case (specimen A) all the c axes lie at angles of about 35° to the substrate
leading to non-zero remanent polarization normal to the substrate. Note also

that since, on average, all the cube axes are at the same angle to the

substrate before the Curie transformation, the driving force for preferred
orientation is zero. Thus the differences in electrical behavior of the (001)

and (111) textured films can be explained as the result of thermal contraction
mismatch.

The presence of (001) and (111) preferred orientation in different films

cannot be explained at present because the substrate temperature, which is

believed to be a critical deposition parameter, is not well known for all the

films. All the films made around the same time had the same preferred
orientation (i.e. the texturing is repeatable) and were made with the same

laser fluence which varied between specimens as shown in Table 1. The (111)

films were made with about 10J/cm2 fluence, whereas the (001) films were made

with fluences two or more times larger, suggesting that the laser fluence may
also be one of the controlling factors for the crystalline texture.

The grains imaged in Fig. 4 were equiaxed in cross section and their size

(about 50 ran) did not vary significantly from that of the other films. In

earlier experiments, a thin film of BaTi03 was laser deposited onto room

temperature carbon films supported on TEM grids 3
. The film consisted of

amorphous, approximately spherical particles about 20 run in diameter, loosely
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agglomerated; this particle size is smaller than the crystalline grains in the
films studied. We suggest that as each amorphous particle hits the heated Pt
surface, its temperature rises above the glass transition temperature and it
flattens out due to surface tension; on further heating, it crystallizes and
becomes the nucleus for a single grain. Much work remains to be done on
relating processing conditions, microstructure and properties. However, this
work has shown that if the crystallographic texture of a thin film can be
controlled, it may be possible to tailor the electrical properties in useful
ways, in some cases producing ferroelectric thin films for non-volatile memory
and photonic applications and in others producing high dielectric constant,
non- ferroelectric material for thin film capacitors and dynamic, random- access
memory.

CONCLUSION

Observations of (111) and (001) crystalline texture in thin films of
BaTi03 deposited by pulsed laser ablation have been linked with the presence
and absence, respectively, of ferroelectricity . A model to explain these
results is proposed in which strains induced by thermal contraction mismatch
are relieved in the (001) case by preferred orientation of the tetragonal c

axis parallel to the plane of the film leading to zero remanent polarization;
in the (111) case there is no driving force for preferred orientation and, in
addition, the c axis of the majority of the grains lies out of the film plane
leading to useful ferroelectric properties.
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Abstract

A modification of the standard Sawyer-Tower circuit method of displaying ferroelectric

hysteresis allowed the technique to be extended to sinusoidal switching frequencies of 2 MHz.
Using this method, probe station measurements of switched remanent polarization were marie for

two films: excimer-laser-deposited lead zirconate titanate (PZT) and sol-gel PZT. Switched

remanent polarization and dielectric constant were measured as a function of frequency between

100 Hz and 2 MHz and as a function of elapsed switching cycles at the 1-MHz rate. Both films

showed decreasing switched remanent polarization and dielectric constant with increasing

frequencies. This effect is attributed to limitations in domain wall velocity.

1. Introduction

Knowledge of the intrinsic frequency dependence of switched remanent polarization in

ferroelectric films is important for the development of nonvolatile silicon integrated random-

access memories, since these ideally would operate under conditions of continuous cycling at

relatively high frequency rates (in the megahertz range). It is also important to be able to meas-

ure switched remanent polarization at high switching rates, both to cover the frequency range at

which switching will occur in memory devices and to accumulate, in tests, a number of switched

cycles that would be representative of the number that would accumulate in the actual operation

of a device.

An easily implemented method of obtaining the switched remanent polarization is from a

Sawyer-Tower circuit hysteresis loop display of polarization versus applied sinusoidal field [1].

Such measurements are typically made at low frequencies (of 1 kHz and less) because of the

distorting effects on the loop display of inductive-capacitive resonances at higher frequencies. This

is particularly true when measurements are made directly on a substrate with probes, because of

uncompensated circuit inductance from the long leads required when probe stations are used.

To study the frequency dependence of the films at higher frequencies, we modified the

basic hysteresis measurement arrangement to decrease the size of the charge-measuring capaci-

tor, while still retaining the ability to determine the field across the ferroelectric film. The effect

of reducing the capacitor size is to increase the resonance frequency and thus increase the maxi-

mum frequency at which measurements could be made. Using the modified circuit, we could

measure relatively large film capacitor structures on a substrate over a frequency range extending

to 2 MHz. We could also measure remanent polarization as a function of elapsed switching

cycles at up to a 2-MHz rate while continually monitoring the switched remanent polarization.

In this paper we describe the modified circuit and results obtained with this circuit. Two
lead zirconate titanate (PZT) films of similar composition were examined. One was produced by

exetmer laser evaporation (laser ablation), the other by the sol-gel process. In addition to

switched remanent polarization from hysteresis loops, we measured film capacitor dielectric

constant and loss as a function of frequency to 2 MHz, using a Hewlett-Packard 4194A imped-

ance/gain phase analyzer which used a four-probe technique.

The results for switched remanent polarization showed an intrinsic dependence on the

frequency of the applied field, that is, one which did not depend on the ability of the testing

circuitry to supply adequate charge during a switching cycle. A simple test in which measure-
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ments were made at two different source impedances confirmed this conclusion. This intrinsic

frequency dependence is probably a result of limitations in domain wall velocity and pinning at

grain boundaries. Some brief discussion ofhow such mechanisms would operate to produce

observed dependencies is included in this paper (see sect 6).

2. Modified Sawyer-Tower Circuit

In the standard Sawyer-Tower circuit, most of the voltage from the source is dropped across

the ferroelectric capacitor because the ferroelectric capacitance is always much smaller than that

of the series-measuring capacitor, Cm; that is, a large measuring capacitor is always used. This

results in a low resonant frequency in the Sawyer-Tower loop circuit and undesirable ringing at

low frequencies. If the large measuring capacitor is replaced with a smaller capacitor, the reso-

nant frequency of the circuit increases by a factor equal to the square root ofL
l
C

l
/L2C2, where

Lj equals the circuit inductance with the larger capacitor, C
t
equals the capacitance of the larger

capacitor, L2 equals the circuit inductance with the smaller capacitor, and C2 equals the capaci-

tance of the smaller capacitor. Since one can now no longer assume the voltage drop across the

measuring capacitor to be small compared to the voltage drop across the ferroelectric capacitor,

we must measure the drop across the ferroelectric capacitor directly.

At low frequencies (i.e., 100 Hz), leakage across the measuring capacitor through the input

resistance of the oscilloscope input can no longer be ignored if die measuring capacitor is small.

We approached this problem by increasing the value of the measuring capacitor for lower fre-

quency measurements. An experimental check ascertained that changing the value of this capaci-

tor did not change the measured remanent polarization at the change point That is, measure-

ments made with either capacitor produced the same result.

The arrangement for the hysteresis loop measurements is shown in figure 1. The films were

deposited onto platinum-coated oxide-buffered silicon substrates. Platinum electrodes, 150 x 150

Jim square, were sputter deposited onto the surface of the film with a micromachined silicon

shadow mask. The capacitor that formed between the top electrode and the substrate electrode

constituted a parallel-plate capacitor. A probe station was used, with four shielded probes con-

tacting electrodes: Probe 1 contacted the top electrode and applied the switching voltage, Va.

Probe 2 also contacted the top electrode and was used to determine the voltage Vmjhigh)
on the

electrode. Probe 3 contacted the base electrode through an etched window and provided a contact

which was used to determine the voltage Vmi iow> on the base electrode. Probe 4 also contacted

the bottom electrode and was used to place a capacitor Cm between that electrode and ground. A
digital oscilloscope recorded

voltages at probe points 2 and

3 and digitally subtracted the

two to obtain the voltage

applied to the ferroelectric

capacitor. The voltage at probe

point 3 is proportional to the

polarization charge. The loop

formed by displaying this

quantity versus the applied

field (as computed from the

digital data by the oscillo-

scope) is the hysteresis loop,

from which the switched

remanent polarization versus

frequency results were

obtained.

SIO2 layer ments. Switched remanent



104

3. Measurements op Dielectric Constant and Loss

A Hewlett-Packard 4194A impedance/gain phase analyzer incorporating a four-probe

measurement setup is used to measure capacitance and dissipation factor as a function of fre-

quency from 100 Hz to 2 MHz. The four-probe measurement technique eliminates any residual

inductance or stray capacitance in the test probes and cables by the elimination of external

magnetic fields being generated around the conductors. The capacitance and inrfurraiyy of the

cables and probes are balanced out by internal circuitry within the impedance/gain phase ana-

lyzer. In our results, we assumed that each capacitor element was an ideal parallel-plate capacitor

with a homogeneous dielectric medium to determine dielectric constant and loss.

4. Ferroelectric Films Studied

Two PZT films were used for our study. The first film is a National Institute of Standards

and Technology (NIST) excimer-laser-deposited PZT film [2] with a thickness of 0.45 pm. The

film was annealed at 600°C for 1 hour. The target composition is 53/47 Zr/Ti + 1 wt% Nb. The

other film is an Arizona State University (ASU) sol-gel PZT film [3] with a thickness of 0.60

pm. The film was annealed at 750°C. The composition ratio of the film is 52/48 Zr/Ti; no nio-

bium was added. Both films were configured as arrays of parallel-plate capacitors. Sputter-

deposited platinum formed arrays of top electrodes, each 150 x 150 pm. The films were formed

on silicon substrates upon which platinum was sputter deposited. The platinum-coated substrate

provided the bottom electrode.

5. Premeasurement fatiguing of film: Effect of Elapsed Cycles

Before making useful measurements of switched remanent polarization as a function of

frequency, one must determine the effect of elapsed cycles. At a high switching rate, the effects

of elapsed cycles or fatigue will generally dominate over the effect of the switching rate itself.

For this reason we cycled (i.e., fatigued) the samples first, until the number of elapsed cycles

became large compared to the total cycles required for the measurements. The samples were

fatigued at a rate of 1 MHz, with a constant applied voltage of 6.63 V zero to peak out to 10 10

cycles. Results are shown in figure 2. The corresponding 0 to peak applied fields across the

ferroelectric capacitors are 147.2 kV/cm for the excimer-iaser-deposited film and 110.4 kV/cm
for the sol-gel film.

We note that although the

switched remanent polarization

(2Pr) for the sol-gel film was 16.8

pC/cm2 at 108 cycles, it decreased

to 6.8 pC/cm2
after 10 10 elapsed

cycles. The excimer-laser-depos-

ited film showed a switched

remanent polarization of 6.28 pC/

cm2 at 108 cycles and 4.34 pC/cm2

at 10 l° cycles. Interestingly, if the

two fatigue curves that arc linear

with the log of elapsed cycles are

extrapolated, the sol-gel film

would cross the zero switched

remanent polarization axis after

about 10 11 fatigue cycles, whereas

the excimer-laser-deposited film

would cross the same line at

approximately 10
14

fatigue cycles.
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Figure 2. Effect of elapsed cycles (fatiguing) on both

PZT films. Voltage (0 to peak) is 6j63 V.



105

5.1 Switched Remanent Polarization as a Function ofFrequency

The switched remanent polarizations were measured after the films were fatigued as de-

scribed. Results for the excimer-laser-deposited film, for applied voltages (voltage difference

across the capacitors) of 4.50, 6.63, and 7.88 V zero to peak for the frequency range from 100 Hz
to 2 MHz are shown in figure 3. Results for the sol-gel process film, for thenm applied volt-

ages and range of frequencies, are shown in figure 4.

The switched remanent polarization generally decreased sublinearly with increased fre-

quency in both films. There appears to be a low-frequency range for which the switched rema-

nent polarization does not decrease with increasing frequency. This is particularly clear for the

sol-gel film, where a rolloff of switched remanent polarization with frequency does not start until

a switching frequency of about 10 kHz. This is less clear for the laser-deposited film, where the

rolloff appears to start at perhaps a frequency of 100 Hz.

To insure that the measurements were largely unaffected by fatigue effects, the measure-

ments were marie both from low to high and from high to low frequency. The results overlapped

almost completely, indicating that the effects of elapsed cycles on the measurements were mini-

mal and that the measurements show the effects of switching frequency only.

We made an additional check using the excimer-laser-deposited film to see if the 50-Q

source impedance of the generator was limiting the amount of switched charge and thus intro-

ducing an apparent frequency dependence. The check made at 100 kHz and also at 2 MHz

Figure 3. Switched remanent

polarization as a function of

frequency from 100 Hz to 2

MHz at 3 different voltages

across ferroelectric capacitor

for excimer-laser-deposited

PZT film. Film thickness is

0.45 urn. Elapsed cycles are

L5x 10 1#
.

Figure 4. Switched remanent

polarization as a function of

frequency from 100 Hz to 2

MHz at 3 different voltages

across ferroelectric capacitor

for sol-gel process PZT film.

Film thickness is 0.60 pm.

Elapsed cycles are 1.5 x 1010 .
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jnrtirafi»ri no difference in switched remanent polarization produced by decreasing the source

impedance from 50 to 25 Cl (see fig. 1).

Because the two films had different thicknesses, the applied fields at which measurements

were made differed (although they do overlap). An examination of the results (fig. 3 and 4)

shows a similar switched remanent polarization at low frequencies. At high frequencies (2 MHz),
the switched remanent polarization for the sol-gel film is minimally decreased with respect to

that of the excimer-laser-deposited film, in which the switched remanent polarization at 2 MHz
is less than half that at 100 Hz.

5.2 Dielectric Constant and Dissipation Factor as a Function ofFrequency

Using the parallel equivalent circuit option of the HP4194A, capacitance and dissipation

factor were measured at signal oscillation levels of 10 mV and 1 V as a function of frequency for

the range from 100 Hz to 2 MHz. We calculated the dielectric constant from the capacitance

values using the parallel-plate capacitor formula and the film thickness (which is an approximate

value), assuming that the dielectric properties of the film are homogeneous throughout the film

thickness. The results are shown in figure 5 for the excimer-laser-deposited PZT film and figure

6 for the sol-gel film. The dielectric constant and dissipation factor of both films decreased with

increasing frequency at both oscillation levels, but more so at the 1-V level than at the 10-mV
level. We believe that the increased dielectric constant at low frequencies and higher fields

results from an increase of contributions to the dielectric constant from domain wall motion,

which from our preceding results is expected to be higher at lower frequencies and higher fields.

Figure 5. Dielectric constant

and dissipation factor as a

function of frequency from 100

Hz to 2 MHz at two different

oscillation levels for excimer-

laser-deposited PZT film. Film

thickness is 0.45 pm. Elapsed

cycles are 2 x 1010 .
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Figure 6. Dielectric constant

and dissipation factor as a

function of frequency from 100

Hz to 2 MHz at two different

oscillation levels for sol-gel

process PZT film. Film thick-

ness is 0.60 pm. Elapsed cycles

are2x 10 l °.
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6. Discussion

Both films show a sublinear dependence and frequency rolloff of the switched remanent

polarization, 2Pr We suggest a reason for this behavior in tenns of grain size and film quality.

Assume that polarization is increased by the lateral motion of a 45° domain wall that is already

nucleated [4], moving at a constant velocity for a given applied field, and that the domain wall

moves at this velocity the full characteristic lateral dimension (grain width) of a grain and no

more (we as*«me that the film is only one grain thick). At low frequencies, the domain wall

moves its minimum possible amount, that is, the grain width. At higher frequencies, the wall

moves only a fraction of this amount, and the switched remanent polarization change is reduced.

This simple picture suggests a linear decrease with frequency of the switched remanent polariza-

tion. We speculate that the sublinear behavior results from a velocity that is modulated by defects

within each grain, so that the average velocity for large wall displacements at lower frequencies

is much less than that at high frequencies, where fewer defects (or no defects) are encountered

within a switching cycle. This discussion is admittedly qualitative and speculative, but it does

suggest approaches to a quantitative model and verifying experiments.

The frequency rolloff starts at 100 Hz or less for the laser-deposited material and about 10

kHz for the sol-gel material. This suggests that the grain size of the laser-deposited material is

more than an order of magnitude larger than the grain size of the sol-gel material. Again this is a

speculation which, however, suggests experiments and observations of microstructure that may

improve understanding of the frequency-switching characteristics of the films.

7. Summary and Conclusions

Modifications of the hysteresis loop measurement arrangement, measuring the voltage

across the ferroelectric thin film and accounting for the resonant frequency of the Sawyer-Tower

circuit, extended the frequency range of electrical characterization (2Pn dielectric constant, and

dissipation factor) for continuous sinusoidal switching frequencies up to 2 MHz. Measurements

showed that switched remanent polarization and dielectric constant decreased sublineariy with

frequency. (The switched remanent polarization decreases sublineariy with increasing frequency,

with the rolloff starting at around 10 kHz for the sol-gel film and 100 Hz or less for the excimer-

laser-deposited film.) The dependence on frequency is explained as the result of limitations of

the finite-domain wall velocities and a defect density modulation of the wall velocities.
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Abstract

Polarization-dependent photovoltaic currents are observed in continuously illuminated

ferroelectric thin films under conditions of polarization reversal. Following reversal, an initial

current rapidly decays to an essentially steady current, which then decays slowly with the current

decreasing in proportion to the logarithm of elapsed time. These polarization-dependent currents

are attributed to the action of internal fields on photocarriers where the fields result from the

incomplete screening of the polarization field.

Introduction

In this paper we describe studies of photovoltaic currents produced in Pb-based perovskite

films under conditions of polarization reversal. The studies are a continuation of work described

in an earlier paper [1].

Anomalous steady-state photovoltaic currents are well known in bulk ceramic ferroelectries

and are also found in ferroelectric single crystals [2-6]. The photovoltages are considered

anomalous because they cannot immediately be ascribed to ordinary photovoltaic mechanisms,

such as baid bending at metal contacts or the Dember effect The open-circuit photovoltage

(photo-emf) produced by these well-known mechanisms is limited (in volts) to the band-gap

energy in electron volts (about 3 eV in the Pb-based perovskites). The photo-emfs found in the

ceramics and single crystals can, however, be much lager, exceeding even 1000 V. The phe-

nomenon producing the emfs in single crystals is thought to be a true bulk effect [4J5], In the

ceramics, however, the high-voltage emfs ae more likely to result from the series summation of

junction emfs originating a grain boundaries [5,7].

Photovoltaic currents ae also seen in ferroelectric thin films [1,8,9]. The usual arrangement

for producing these currents consists of a film capacitor with a top semitransparent electrode

through which the film is illuminated. The current flowing through a circuit connecting the top

and bottom electrode in the absence of an applied voltage is the photovoltaic current. The studies

described in this paper ae primarily observations of the time history of these photovoltaic

currents following polarization reversal. We also consider the mechanisms generating the photo-

voltaic currents.

Experiment

The films studied were fabricated by the sol-gel process. Substrates were platinum-coaed

silicon wafers. Film capacitors with top electrodes formed of sputter-deposited semitransparent

platinum were fabricated using a micromachined silicon shadow mask. The arrangement for

studying the photovoltaic current following polarization reversal consisted of a probe station in

which the top electrode and the base electrode were contacted with probes. The capacitor was

continuously illuminated by light from a mercury arc lamp. The transparent electrode transmitted

between 10 and 30 percent of incident illumination, depending on the sputter deposition time.

The illumination could be filtered by a glass absorption filter placed in the optical train, which

transmitted wavelengths in a band between 320 and 390 am. Photocarriers were generated

largely by illumination from this wavelength band. When this filter was used the illumination

l
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intensity at the film after the light had passed through the electrode was about 2.4 mW/cm2
.

When one took into account the filter attenuation factor, it could be seen that photovoltaic cur-

rents were produced almost exclusively from this near ultraviolet band of wavelengths. Remov-
ing the filter increased the illumination intensity within this wavelength band to about 7 mW/
cm2

.

The arrangement for measurement is shown in Fig. 1. The top electrode was connected to

ground through a 50-Q resistor. Voltage pulses at Va switched the polarity of polarization do-

mains within the film, reversing or partially reversing the remanent polarization. The lower

electrode was connected to ground through a resistance of 107 ohms and to the input of an

electrometer amplifier at Vm, the output of which went to a chart recorder. The photovoltaic

cunent flowing through the resistance is given by the voltage at the electrode divided by the

resistance to ground under conditions of illumination. This current was effectively the short-

circuit current, since the resistance to ground was always much less than the internal measured

photoresistance of the film element.

Typical results for photovoltaic current versus time during and immediately after switching

polarization are shown in Fig. 2 (lead zirconate-utanate film) and in Fig. 3 (lead titanate film).

The switching pulses were 100 ms long and either plus or minus 8 V. There is characteristically

an initial state photovoltaic current When a positive switching pulse is applied, the photovoltaic

current increases markedly. This peak current then decays rapidly to a new steady value. Switch-

ing the polarization again, with a pulse of the opposite polarity, produces a second, oppositely

directed peak current This negative peak current again decays quickly to a second steady-state

value.

Figure 1. Experimental

arrangement for applying

1 o
7
Cl voltage pulses and measuring

photovoltaic currents. Top

semitransparent electrode is a

200-A-tbick platinum layer.

Figure 3. Photovoltaic current as in

figure 2. Sol-gel process lead titanate

film about 0J5 pm thick.

applied, (b) negative pulse applied. Photovoltaic

current is that with respect to top electrode.

Figure 2. Photovoltaic current as a function of

time (linear time scale). Sol-gel process 53/47 Zr/Ti

PZT film about 02 pm thick: (a) positive pulse

2



110

The steady value after switching is shifted with respect to the steady value before switching.

We have shown previously [1] that this shift is linearly proportional to the change in remanent

polarization. Note that the photovoltaic current is not switched symmetrically with respect to

ground; this a result of an additional photovoltaic current component produced, we believe, by

the action of Schottky barriers formed at the electrode/ferroelectrie-film contacts [1,9]. The

photocarrier-generating illumination is strongly absorbed and creates many more carriers at the

top interface than at the substrate electrode interface. There is, thus, a net current flow, which

would not occur if the illumination produced a uniform carrier concentration and equal and

oppositely directed barrier-generated currents. We also found rectifying effects from these

barriers, which affected the response of the films to switching pulses.

The steady-state polarization proportional current which persisted after the initial rapid

decay also decayed, but slowly on a logarithmic time scale. The decay was linear with the loga-

rithm of time elapsed after reversing polarization. Figure 4 shows this slow logarithmic decay for

a lead titanate film in which the remanent polarization had been switched to saturation positive

(curve 1) and negative (curve 2) levels with multiple 100-ms 8-V pulses. The dashed line in Fig.

4 represents the current before any pulse is applied and is the polarization-independent current

we ascribe to the illuminated contact. We note that the positive and negative polarization-depen-

dent currents are symmetric with respect to this level.

Mechanism for Polarization-Dependent Current

We now consider the source of the rapidly decaying photovoltaic current transient and the

final polarization-dependent (almost) steady current that follows switching. It is our contention

that both the rapidly decaying transient and the polarization-dependent steady current are the

results of a time-varying potential distribution created as the remanent polarization is screened

by mobile charges after polarization reversal.

Internal fields can be expected after polarization reversal. These fields are residuals of the

depolarization field -P/ao£ that would exist in the absence of screening. Only for shorted elec-

trodes with the compensating charges sitting right on top of the polarization discontinuity can

such fields be expected to vanish. If there is a displacement between the terminadon of the

remanent polarization and the compensating charges, there will be a potential distribution within

the film [7,10]. The fields from such a potential distribution can be expected to generate photo-

voltaic currents in the way the fields originating in the barrier junction do. The polarity of these

photovoltaic currents will, however, depend on the direction of the remanent polarization; their

magnitude will depend on the separation of compensating charge and the termination of the

polarization.

The experimentally observed polarization-dependent current, we believe, originates in the

following way. The initial peak photovoltaic current results from a potential across a surface

layer, consisting of an initially charge-free gap between an electrode and the termination of the

Figure 4. Photovoltaic current versus logarithm of

time elapsed after saturation polarization reversals

for positive and negative remanent polarization.

Sol-gel process lead-titanate film. Fast decay of

peak current is not shown.
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remanent polarization vectors, when the polarization is screened by charges entirely confined to

an electrode. The potential difference is reduced as mobile charges (illumination-generated

carriers) are attracted to and populate trap sites within the gap (surface layer). The result is a

decay of the field in the surface layer driving the photovoltaic current and a consequent decay in

the photovoltaic current The potential across the surface region then comes to a quasi-equilib-

rium value, the result of a final almost steady equilibrium potential distribution (the potential

distribution screening the polarization in the steady state). Elsewhere [7], Brody and Crowne

calculate the potential difference across a surface layer of thickness s for the case of shorted

electrodes and compensating charge uniformly distributed within the layer (see Fig. 5). In this

case the potential across the surface layer is at one end approximately -Pqs/IeqE, and at the other

+PtfP£oEs where it is assumed that £^/£j« 1, where / + 2s is the film thickness, Pq is the

remanent polarization, and £j, and £s are the relative dielectric constant of the bulk and surface

regions, respectively. These potential differences and thus the fields driving the photovoltaic

current are greater initially when the compensating charges (as can be expected) are confined

entirely to the conducting electrodes. If this surface layer is charge free and the charges are

confined to the electrode, one calculates the potential difference across the surface layer to be

twice that obtained for the case in which the compensating charge is uniformly distributed in the

gap. The initial photovoltaic current is thus expected to be greater because the potential differ-

ence across the surface layer is greater, this is what is observed. We note, however, that the

potential across the surface layer cannot exceed the band gap in volts [7,1 1].

Our calculations are, however, limited in value because they do not take into account the

strong dependence of dielectric constant on electric field, which can be expected to be large in

the high-field surface regions because of dielectric saturation. A more sophisticated approach is

needed that takes this important nonlinearity into account. Even in a more sophisticated calcula-

tion, we expect the potential difference across the surface layer to remain proportional to rema-

nent polarization. We conclude that the slow decay in the photovoltaic current that follows the

(a)

Figure 5. Final equilibrium compensating

charge and potential distributions across film,

in dark [7]. There is an initial charge

distribution where compensating charge is

limited to region near or at surfaces (dashed

lines).

(b)
Potential due to

bound charge

\
\
\

\ Potential due to

\compensating charge
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initial rapid decay is probably therefore the result of a slow decay of the remanent polarization.

This decay of remanent polarization may be expected to result from the action of the relatively

small but persistent residual depolarization field across the bulk of the film (thickness l).

Summary and Conclusion

We have studied polarization-dependent photovoltaic currents in thin ferroelectric film

capacitors under conditions of polarization reversal. We have shown that these currents consist

of a polarization-dependent current that decays rapidly after reversal, reaching an almost steady

state. This steady-state current then decays slowly, in a manner that is linear with the logarithm

of elapsed time. We have explained these currents as the result of a potential distribution within

the films created by the screening of the remanent polarization. The initial decay results as the

potential distribution relaxes from an initial configuration to a final one. The slow logarithmic

decay is the result of a slow logarithmic decay of the switched remanent polarization.
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