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PbzrO, (P2 films of different thicknesses have been grown by metalorganic chemical vapor
deposition on SrTiQ (STO substrates. The structure of the films was determined by x-ray
diffraction and transmission electron microscopy. At the deposition temperature, the growth is cube
on cube and is therefore heteroepitaxial. During cool down, PZ goes through a phase transformation
from paraelectric to antiferroelectric at the Curie temperature and its cubic structure is stretched to
orthorhombic. This results in domain formation in the PZ films corresponding to the different
stretching directions. At room temperature, the thin PZ film consists of at least two diff@&t
domain variants and the thin-film—substrate relation can be descrik@@@g02]PZ//(100) [ 001]

STO for one of these variants. By etching down a thick film, it was observed~tB&0 nm is the
threshold thickness, above which two additional differ@®2) domain variants appear in addition

to the (120 domain variants. For one of tH802 domain variants, the thin-film—substrate relation

can be described a902[100]PZ//(100[011] STO. The surface morphology of the thick films,
studied by scanning electron and atomic force microscopy, is partly covered with pyramids. These
pyramids can originate from botf120) or (002 domains and are due to a higher growth rate of
these two planes compared to the rest of the layer. A suggestion is made for pyramid-facet indexing
for both domains. ©2002 American Institute of Physic§DOI: 10.1063/1.1505993

I. INTRODUCTION cool down after deposition. This phenomenon has been in-
vestigated for tetragonal PT and PZt as well as for rhom-

PbZzrTi, O3 (PZT), ferroelectric (FE) at room tem-  bohedral PZT2*but not for orthorhombic PZ. The growth
perature, is a solid solution from PbZf@PZ) and PbTiQ  of polycrystalline PZ films on platinized substrates by differ-
(PT), wherex is the ratio defined by the amount of Zr in the ent techniqguesmagnetron sputtering, sol—gel, laser ablation
compoundx=[Zr]/[ Zr+Ti].* PZT thin films are candidates and their electrical properties have been repotfetf:>Al-
for several applications such as memofiegiezoelectric  though some applications, such as electro-optical applica-
devices® and electro-optic devicdsOf particular interest are  tions, might require epitaxial filmgsingle crystals as they
the materials with compositions around the morphotropidiave a higher potential than poled polycrystalline
phase boundaryx=0.53), as they show high piezoelectric structures® no investigations on epitaxially deposited PZ
effects and dielectric constants. PZ<1) is antiferroelectric ~ films were encountered. In this article, we present data on the
(AFE) and has received significantly less attention. Its AFEStructure and morphology of thin and thick PZ films het-
phase can be switched to the FE phase by applying an eleeroepitaxially deposited on SrTiO(STO) substrates. The
tric field>® and the relatively large strain increase accompastructure of these films, measured by x-ray diffraction
nying this phase change could be used in devices requiring¢RD), are compared and related to the transmission elec-
on/off strain state$® For these applications, PZ thin films tron microscopy(TEM) cross section results and film surface
seem more interesting than bulk materials as they haveorphology. These observations are further discussed in re-
higher breakdown strength. In addition to phase switchinglation to the processes that occur during growth and cool
other applications related to PZ electro-optical properties ardown.
reported in literaturé.

FE/AFE films are usually grown above the Curie tem-1l. EXPERIMENT
perature, at which the AFE or FE phase transforms {0 g p7 fiims were grown by metalorganic chemical va-
parae_lectrlc. Therefore, the heteroep_ﬂamal growth of fer_ro-por depositiofMOCVD) in a cold wall horizontal flow re-
electric material leads to the formation of domains during, i, equipped with a rotating disk susceptor and an infrared-
lamp heating system. Commercially available tetraethyllead
dElectronic mail: mona@sci.kun.nl (Mochem Gmbh, Marburg, Germangnd zirconium tetrd-
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TABLE I. MOCVD growth conditions for the PZ films. Paraelectric
~ 0 H
S—— T>T,(~230°C)  Cubic 4100}

Substrate temperature 700°C
Reactor pressure 5-10 mbar
Lead precursof Pb(GHs) 4] 80 wmol/min [010]D:
Zirconium precursor ZI0C(CHs)3]4 80 wmol/min o /
Oxygen flow 60 mmol/min
Total flow through reactor 3000 sccm . R
Growth time thin films 60 min Antiferroelectric [001]
Growth time thick films 300 min T<T, o

Monoclinic = Orthorhombic

butoxide(Inorgtech Ltd, Mildenhall, UK were used as orga-

nometal precursors. Oxygen was used as oxidizing agent anc
nitrogen as carrier gas. Growth conditions are summarized in

Table I. The thin PZ film was obtained in a deposition run of ~ [010]
60 min while seven and two thick films were obtained suc-
cessively in two separate deposition runs of 300 min. STO
crystals(Escete B.V., Enschede, The Netherlgnds5 mm

thick, (100) oriented within+0.5°, were used as substrates. Unit cell parameters

The substrate surface dimensions were 20 mm in diametel (room temperature)

for the thin film and 1 by 1 cm for the thick films. The 8,,0,=Crro,= 4.1604 A Ayme= 28,,,,SiNP/2 = 5.8883 A

substrates were cleaned successively in acetone, isopropancy =4 1111 A b= 48,,,C0Sp/2 = 11.7673 A
. . . mon " ortho mon ‘

and demineralized water prior to growth. B = 90°05'28" C.p= 2b_=8.2222 A

The structure of the PZ films was investigated by XRD
using a powder Philips PW1820 diffractometer with a CUFIG. 1. Schematic representatiémot on scalgof the unit cell transforma-
target (. =1.54060 A) for the6—26 spectra. A Bruker D8 tion of PZ from a cubic to an orthorhombic structure with the relationships
Discovery x-ray diffractometer with a Cu targeth ( between the cell parameters of the different symmésee Ref. L
=1.54060 A) and a four-bounce monochromator G22)
was used to obtain x-ray reflectivity data, rocking curves, .
and pole figures. The XRD scans were adjusted on the sT@" Alcatel GIR300 _at 50 W. at a pressure of 5 mTorr with a
(200) peak. The surface morphology of the PZ films wasSFﬁ flqw of 15 ml/min resulting in an average etch rate of 20
investigated with a JEOL JSM 6330F field-emission scan—nm/m'n'
ning electron microscopéSEM) and a Digital Instruments
Dimension 3100 Atomic Force Microscop&FM) in contact  |]]. RESULTS AND DISCUSSION
mode. The cross section of a thick PZ film was examinedA PbZO terial "
using a CM30T and a CM30UT Philips TEM. The composi- " ' 2<"- 3 Materal propertes
tion analyzed by energy dispersive spectrosc@pipS) in Above the Curie temperature, around 230°C, PZ is
the TEM was compared to the surface composition measuregharaelectric with a cubic structure and below it is AFE with
by x-ray fluorescenc€XRF) on a similar sample. XRF was an orthorhombic structure. A schematic representation of the
performed using an Rh-2400 spectrometehveit5 mmspot  corresponding unit cells is shown in Fig. 1. Upon cooling,
size. The thicknesses of the films were estimated byubic PZ is deformed by stretching the cubic structure along
ellipsometry’ and confirmed by TEM cross sections for the (110). The stretch along thél10) induces a small angle dif-
thick films and by x-ray reflectivity for the thin film. One ference of 328" with respect to the original unit-cell struc-
thick PZ film was dry etched four times to perform a depthture (Fig. 1). The distortion of the cube leads to a monoclinic
analysis by XRD of the layer. The etching was performed incell, which can be described more conveniently as an

TABLE II. Growth rates, layer thickness, roughnesses, and composfiRi¥[Zr]) of the MOCVD PZ films

investigated.
EDS (TEM)
average Ellipsometry
Roughness XRF composition average
Growth rate  Thickness rms surface (across surface
PZ film (nm/min) (nm) (nm) composition  thicknes$ compositioft
Thin film 1.75+0.08 105:5 0.59 - ~1.0
Thick films 4.3+0.2 1292+ 66 30-50 0.98:0.05 0.80:0.10 ~1.0
aSee Ref. 17.
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orthorhombic unit cell. AFE materials have a zero-net polar- 21 24 42 - 48
ization as they contain ion chains displaced in one direction Q _ ThinPbZiOglayer || § (a)
with adjacent ion chains displaced in the other direction, ) g (100+-5nm)

leading to a large unit cell containing eight chemical units. A g

For clarity, the films studied in this work will be described y
. . . 1 24 42 48
starting from the unit-cell axes, as shown in the orthorhom- - 4

bic unit cell in Fig. 1. 8

240

002

Thick PbZrO3 layer
Non etched

B. Samples (1420 +/- 30 nm )

STO 100

In Table II, data with respect to the composition, thick-
ness, and surface roughness of the PZ films are summarized.
The difference in growth rates for the thin and the thick films
will be discussed later. The XRF, the EDS, and previous
ellipsometry analyses of these PZ fifthsndicate that the
ratio [Ph)/[Zr] in the film was relatively close to 1 as ex- ,

. Thick PbZrO3 layer
pected for a perovskite. The EDS measurements are less ac- 860 nm etohed
curate than the XRF ones as the TEM sample thickness is not (560 +/- 45 nm)
exactly known. The ratidPb]/[Zr] did not vary from the
interface to the surface as measured by EDS in the TEM
cross section. This indicates that the growth environment Thick PbZrO3 layer
was successfully kept constant during the 300 min growth 1020 nm etched
run. By measuring the weight of the films prior to and after (400 +- 50 nm)
growth and using the thickness determined by ellipsometry
and cross section TEM, an average density of the PZ films
was estimated gs= 9.1+ 0.5 g/cn?, which is relatively high Thick PbZrOg3 layer
compared to 6.98 g/cinfor PZT (x=0.98) sintered 1160 nm etched
ceramics'® This difference might be due to the fact that our (260 4750 nm)
estimated density is for fully continuous crystalline MOCVD
films, which are denser than ceramics.

= Thick PbZrO3 layer
100 nm etched
(1320 +/- 30 nm)

(c)

(d)

Intensity (a.u

(e)

U]

21 24 42 48

C. Structure 2 Theta (°)

The XRD patterns of the films are shown in Fig. 2. TheFIG. 2. XRD spectra -2 scan of (a) a thin PZ film on STO andb) a
PZ spectra were indexed according to orthorhombic PZ o\ Tl e Ct e T e e ecomes thimer. the
19 . . X : ,
room temperaturé®*°For the thin PZ film on STO, Fig.(2) {002 peaks disappeared and only one peak{1®0 planes survives.
only the orientation(120) is seen. In contrast, for films
roughly ten times thicker deposited on similar STO sub-
strates, two orientationgp02 and (120), can be identified down to 260 nm are similar, it indicates that 260 nm is
[Fig. 2(b)]. The peak positions are listed in Table Ill. The roughly the threshold thickness for the formation (602
peaks observed in the thin film are not split as the peaksdomains.
observed in the thick films, but they are quite broad. The full  All thick PZ films displayed the same features in the
width at half maximum(FWHM) of the two high intensity in-plane XRD spectra. There are two observable orientations,
(240 peaks from the thick films are respectively 0.05° and(120 and(002), each with multiple splitting. Botl(120 and
0.06°, and the FWHM of th€240) peak of the thin film is of (002 consist of two peaks where&340) and(004) consist
0.2° and hides an eventual peak splitting, as will be dis-each of two high-intensity peaks separated by [amd even-
cussed later. tually three, although not visible on the displayed spectrum
One of the thick PZ films was successively dry etchedin Fig. 2(b)] lower-intensity peaks with varying intensity
four times and the XRD @2spectrum of the etched film was from film to film. The high-intensity120) or (002) peaks do
measured after each etch step. The film thickness was estiot correspond directly to the respectiv@40 and (004)
mated by weighting the film prior to and after etching andhigh-intensity peaks as seen from the peak position in Table
using the estimated PZ density. The XRD spectra are showtil but to lower-intensity peaks between ea@40) and(004)
in Figs. 4¢c)—2(f). The intensity of th002-related peaks as high-intensity-peak pairs. The STO peaks in the XRD spectra
well as the{120 splitting progressively decreased and nearlyshown in Fig. 2 also displayed similar type of peak splitting.
disappeared at the last etch step for a film thickness of aboutdditionally, STO crystals identical to the substrates used for
260 nm. The{120-related peaks are not clearly visible in this study, also show splitting i#—26 spectra and rocking
Fig. 2(f), but low intensity peaks can still be distinguished ascurves from these peaks indicate a kind of mosaic structure
shoulder peaks from th¢002-related peaks. Such weak in the STO substrate. Pole figures measurements, performed
shoulder peaks are not visible for the 200 nm thin film but, asvith a monochromator to avoid eventual peaks originating
its XRD spectra and that of the 1420 nm thick PZ film etchedfrom Cu Ka5,, around the symmetri€240 peak confirmed
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TABLE IIl. Position of the 2 peaks in the PZ films o

Moret et al.

n STO and the Inorganic Crystal Structure Database.

MOCVD PbZzrG; films

Reference 1450 nm thick
Powder data etched down to 260
ICSD 75-1607 100 nm thick 1450 nm thick nm
26 (hkl) 26 26 min 260 max 20

21.339 (120 21.30 21.35 21.44 21.40

21.605 (002 21.58 21.65

43.466 (240 43.41 43.40 43.68 43.50

44.029 (400 e 43.90 44.19

that there are clearly two to three tilts as shown in Figsfigure. Depending on the orientations of the in-plane compo-

3(a)—3(c). The peak splitting observed in the-26 spectra
correspond to these tilts in the pole figures. Thoughéhzg
spectra in Fig. @) from the thin film indicate a singl€240
peak in the film, the pole figure shows that there are actuall
two (240 tilts in the thin film causing the relatively large
FWHM of the peak. A similar multitilt structure was found
for the (004) peak in the thick PZ filn{Fig. 3(d)]. The tilts

nents, different variants for each of these two domains can
occur as shown in the cross section views in Figp) 4There

are four main variants for the(120 domains, Figs.

¥ (b);—4(b),, and two main variants for th@®02 domains,
Figs. 4(by—4(b)s.

observed in the pole figure do not seem to be correlated to

the in- plane STO axis for the thick film but eventually along
[010] and[010] for the thin film.

Assuming an epitaxial relationship between the film and

the substrate, the observét20) and (002 domains in the
PZ films are oriented in plane to minimize the lattice misfit
with the substrate as shown for both domains in Fi@).4
Note, that the lattice misfit is not visible in this schematic

(a) Thin PbZrQO3 Film
around (240)

{b) Thick PbZrO 5Film
Etched down to 230 nm
around (240)

(c) Thick PbZrO; Film  (d) Thick PbZrO5Film
around (240) around (004)

FIG. 3. (a—9 Pole figures around the symmet(®40) peak in the PZ films
and (d) around the symmetri¢004) peak in the thick PbZr@film. For a
pole figure, a phi scan is performed in the26 diffraction condition of the
peak for different chi valueg0® to 3° for all pole figures shown heére
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a) Top view
(12D) domain | | (002) domain| | STO
| a gy |y g
ool | | ol ogry |- w1 "]
| oy I\
[100] [0of)

b) Cross-section view (s10 |"™!)

b,) Domain (120) b,) Domain (120)
Variant 1 [100] Variant 2
eI o10]] [Z=] 7 [o10]
1b |(120) 2 |(
[o01]
R ST,
b,) Domain (120) b,) Domain (120)
Variant 3 [01 0]! Varlan;t 4 K“ 0]
[]
[3a [(1 [3a (1
B foo) | (1G9 foo1)]  fihoo]
F001]
STO STO
Domain (002
be) (002) ' oot
[001]
Hoo] [o10] [010]]
[100]
~ STO STO
w3 Inclined 45° up out of
= =% Inclined 45°dgwn pa;;rper
Plane parallel to sample surface

FIG. 4. Schematic representations of the epitaxial relations between the
orthorhombic PZ unit cellvectorg and cubic STO. For both top and cross
section views, the STO orientation is given. Dotted and dashed lines repre-
sent vectors pointing 45° respectively out and in the pajagiRepresenta-

tion of (120 and (002 domains in top view andb) representation of the
different possible variants for each domain in cross section view. The first
variant of each domain corresponds directly to the top view.
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0 50 100 150 200 250 300 350

Thin PbZrOg film
(100 +/- 6 nm)

Thick PbZrO3 film
1160 nm etched
(260 +/- 50 nm)

Intensity (a.u.)

Thick PbZrO3 film
(1350 +/- 50 nm)

N—
0 50 100 150 200 250 300 350
Phi (°)

FIG. 5. Phi scan around the asymmetfi362 peak of the(120) domain for
the thin PZ film, the thick PZ film etched down to 260 nm, and for a thick
PZ film.

FIG. 6. (a) BF transmission electron micrograph of the PZ layer imaged

All th . d of bvari leadi with a 040 reflection in the dark regions. Light and dark areas correspond to
the variants are composed of two subvariants leading to Qifferent variants in the layer, as demonstrated by the inserted SADP. They

total of 12 possibilities. In Fig. 5, x-ray phi scans performedwere taken from the corresponding areas after tilting the specimen about 20°
around the asymmetri@@62) peak of the(120) domains are to the[001] beam direction. Note that in the right-hand side SADP, a variant

; ; s o ith the b axis in the plane of paper inclined to the left-hand side is also
shown. The scans for the thin and thick PZ films are SImllarxpl)vartly present(b) HREM image of the PZ layer showing three different

and show peaks at phi0 and 180° corresponding to V_ariam variants. The surface normal is directed in the vertical direction of the figure.
1 and/or 2 and peaks at phB0 and 270° corresponding t0 The two variants with thé axis in the plane of the paper are recognized
variant 3 and/or 4. This indicates that two variants of thefrom the 11.8 A spacing, present in two directions in two different areas,

. - : : . _respectively. A variant with thé axis inclined to the image plane can be
(120 domain are present in the thick as well as in the thmseen in the right-hand side part of the image. A SADP from such an area is

films. . . _ inserted. Note that the SADP is consistent with different variants, for ex-
The occurrence of different domain variants was con-ample as indexed, but an indexing witl{120) plane parallel to the surface

firmed by cross section analyses of a thick PZ film by TEM.is also possible.
A general overview of the cross section is given in Fig. 6.

Selected area diffraction patternéSADP) and _high- the thick PZ films obtained directly from the3pectra were

lreso(lju?og_ft;:lectrt(_)nt mlcroscop(yHtFiEM) Imi%es Vé/erehanz- confirmed by the Bond technique at two opposite incidence
yzed lo differentiate one variant from another. By chec Ingangles to eliminate instrumental errors. Table IV shows that,

i the b axis (for PZ) was in th_e plane of the SADP, -and th? within the experimental error, the measurkdpacing values
lattice plane spacing values in the SADP plane, differentia-

tion between the variants was possible. Within the limited
sample volume addressed by TEM20 domain variants 1  TABLE IV. d-spacing values of120 and (002 planes determined by
and 2 occurred most frequently and very few of the otherSADP (TEM) and XRD, and compared to powder PZ.

variant_s were observed. High electron-dose exposure _caused d(120) d(002) d(240) d(004)

a frontlike boundary to move from the edge of the specimens &) &) &) A)
toward the thicker foil areas indicating that the variants are
beam sensitive. In one area, diffraction on both sides of the

TEM-thick Film 4.19 4.14

. ) . (+0.4
growth front showed that variants with teaxis out of the XRD-thick film 4.15/4.16  4.11/4.12 2.07/2.09  2.05/2.06
image plang(120) for variants 3 or 4, and/ai002) for vari- (+0.005
ants 1 or 2 were growing at the expense @20 variants 1 XRD-thin film 4.17 2.09

or 2 (b axis in the image planeThed-spacing values of the (Pio'gj)P it6 ™ 508 50
(120 and(002) planes are in agreement with XRD measure- owae ' ' : :
ments, as can be seen in Table IV. Tdhepacing values of 3See Ref. 19.
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correspond well to powder PZ dataThe peak splitting ob- might be influenced in a similar fashion as reported by Foster
served in the XRD spectra could not be observed in thet al?
SADP’s since, with an instrumental error 6f1%, the se- The STO-PZ interface was studied using cross section
lected area diffraction technique is less sensitive than XRDTEM analyses. The PZ composition did not vary at the in-
In the XRD-crystallographic referenégthe intensity ra-  terface but a highly defective zone of roughly 10 nm thick-
tio of 1(120)/1(002) andl(240)/1(004) for a random PZ ness was identified. Voids and misfit dislocations were de-
powder are stated to be 1.50 and 1.75, respectively. On tHected in this zone by, respectively, taking bright-fieif)
other hand, the XRD spectrum in Fig(b? shows similar electron micrographs in underfocus and by tilting the sample
intensities for both thg120 and (002 related peaks. It position. Additionally, threading dislocations extending from
therefore indicates that a majority ¢D02 domains is the interface to the sample surface are observed in most of
present, which is in contrast with the TEM analysis, indicat-the micrographs. A threading dislocation density on the order
ing a majority of (120) domains. As the etch experiments of 10 cm~? was estimated using a TEM foil-specimen
show that the majority of thé002) domains is present in the thickness of 0.1um. This dislocation density is comparable
upper 600 nm of the layer, the larg€02 domain percent- to the threading dislocation density of 1010 cm™2 ob-
age detected by XRD can be explained by its depth sensitivserved by top view TEM for a PT film grown on MgBPT
ity. For PZ, with an x-ray absorption factor ef3600 cm? films on MgO have similarities with PZ films on STO as they
the XRD peak intensity is three times stronger at the surfacgrow with a relatively high lattice mismatcli6.8% at
of the material than at a depth of 550—600 ffin. 700 °O and go through a phase transformation upon cooling.
In agreement with the present findings, a single crystal-
lographic domain film has been reported by Baial?* for
100—200 nm thick MOCVD PZ films on STO, analyzed by D Morphology
XRD and TEM measurements. However, in contrast to the The as-grown thick PZ film surfaces are pecu“ar_ They
present work, they define their layer, which shows two peakgonsist of a flat surface partly covered with pyramidal struc-
at 20=21.5° and 43.8° in thé—26 XRD spectrum, as being tures, all oriented in the same fashion with respect to the
(002 oriented. Based on the additional information just pre-substrate, as shown in the SEM photo in Figa)7It is pos-
sented, we tend to believe that this is an incorrect assigrsible to distinguish fully grown well-shaped pyramids with
ment. Fosteret al'® report on MOCVD grown 500-1200 similar lateral dimensions and an average height of about
thick PZ films on STO. Their films have two main orienta- 250 nm. In some areas, appearing opaque to the naked eye,
tions in the XRD at roughly 2=43.5° and 44.1° attributed, the film surface was fully covered with pyramifisig. 7(b)].
respectively, tq240) and(004). The additional splitting from  The pyramids in these areas are significantly smaller and
the (240 and (004) was further attributed to Cia, and  usually irregularly shaped as they hamper each other’s devel-
Ka,. The peak positions match the ones of our films asopment or grow together as shown in Figgb)7and 7c).
listed in Table Ill. Our peak splitting, however, can not be Occasionally, flat square crystals, rotated 45° in plane with
due to CuKa; andKa, splitting as the maximum@spac- respect to the pyramids, were observed next to or below the
ing is higher by 0.1° than would be expected between Cypyramids as shown in Fig.(d). The side facets of the pyra-
Kay andKea, for 26=43.5°. Additionally, the pole figures mids have an inclination of about 50° with the substrate sur-
recorded with a monochromator confirmed that bRB0)  face, as shown in the crystal drawings in Fig. 7 displaying
and (002 related peaks were tilted. The main origin of the the angles, determined using AFM, between the facets of the
peak splitting of botl{240) and(004) (or tilting) is likely due  pyramids and the surface of the film. The morphologies of
to the mosaic structure of the substrate described hereithe thin film and the etched thick film, observed by AFM, did
However, domain tilting might be expected in tt20) do-  not display specific features. The roughness, root-mean-
mains of a PZ film grown on a perfect STO substrate. In thesquare(rms), of the successively etched film was reduced
room-temperature PZ structure, tli@20 planes are not from 30—50 nm to around 20 nm, due to the disappearance
completely parallel to the substrate. The normal of (tt20) of the pyramids. The thin PZ film has a rms below 1 nm.
planes is tilted by 528", with respect to the STO substrate As both the second-crystallographic domain and the
surface, due to the stretch leading to the orthorhombic strugyramids were exclusively found on the thick films, one
ture (Fig. 1). The stretching in different directions corre- might speculate that these two features are correlated. The
sponding to the formation of the differe(®t20) domain vari-  pyramids might eventually be outgrowths from 082 do-
ants is therefore expected to result in peak splitting. But thenains. To check this assumption, local XRB26 measure-
tilt results in a maximal 2 difference of 4x5'28"  ments were performed in zones with a high pyramid density
=0.3644°, larger than the maximal measuretddfference  and in zones with a low pyramid density. However, no dif-
0.28° for (240 (Table IIl). Additionally, it was reported in ference in the XRD intensity ratios §120 and (002 peaks
literature, that the tilts 0f200 and (002 domains in PT  was observed. Figure® shows that the pyramids are easily
films increased when relatively slow cooling rates were useabserved in cross section TEM photographs. The detailed
after growth?? In our work, the noncontrolled cooling rate of photograph in Fig. &) shows a typical V-shaped area under
~25°C/min from 700 °C to 300 °C and of3°C min from the pyramids. However, for the area shown in Fig)8no
300 °C to room temperature might be compared to the stardifferences in crystallographic domains were observed be-
dard (30 °C/min and slow(5 °C/min) cooling rates as used tween the V-shaped zone and directly adjacent areas. Only
by Fosteret al?? Therefore, the tilt of the(120) domains variant 1, corresponding t6120) domain, was observed.
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FIG. 7. SEM photos and schematic representations of the surface morpholo-
gies of the PZ films on STO substratés. SEM photo of a PZ surface partly
covered with pyramidgb) SEM photo of a PZ surface densely covered with
pyramids,(c) details of a SEM photo showing coalescent pyramids, (@hd
SEM photo of the PZ surface displaying superposition of a pyramid on a 200 nm
square crystal. The schematic representation of the pyramid and the flat =
crystal are based on AFM data.

FIG. 8. Cross section transmission electron micrographs of a PZ film on
STO. (a) The pyramids seen at the top of the surface correspond to those

2 opserved at the surface in top view by SE(H) Detailed cross section of a
Compared to the rest of the Iayer’ the V Shaped area has pgramid with the typical V-shaped area observed under the pyramid. The

higher density of dislocation loops, as shown in Fig. 9. Fur-nserted CBED of area 2 shows that at least two variants are present therein.
thermore, large voids, confirmed in under and over focus

experiments, were found around the V-shapes. Enlargements

of the pyramid areas reveal that about half of them do nofully developed pyramids are obtained if the growth rate of
have a uniform structure. For example, the pyramid imagedhe (120 and(002) top facets is at least 1.8 times larger than
in Fig. 8b) is built up in layers. Local electron diffraction that of the pyramid side facets. An eventual facet indexing
analyses on different locations in the pyramid itself, usingfor the pyramids, based on the in-plane orientation of PZ on
convergent beam electron diffractig@BED) with a probe

of 20 nm, indicate that slightly different orientations are
present in the pyramids as is shown in Fi¢)8 The CBED
analyses reveal a weak and a strong pattern in area 2 of Fig.
8(b). The patterns are mutually tilted by 5° and have slightly
differentd spacing normal to the surfa¢4.15 A and 4.10 A
indicating the formation of local002 domains at the top of
the pyramid.

The results described herein indicate that the pyramids
are certainly not originating exclusively fro002) domains.
Using a crystal morphology editor/view&tjt is possible to
simulate (002) or (120 textured pyramids with~50° in-

clined low ind_ices plan_es, CorrESponding_ FO the SEM and: g, 9. BF transmission electron micrograph of the typical dislocation loops
AFM observations. In Figs. 1B) and 1@d), it is shown that  observed in the V-shaped area located under the pyramid.
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(002)

to (120)002]PZ//(100J001]STO using the orthorhombic
notation. However, the thin PZ film obtained in the present
study shows the presence of sevg0) domain variants.
This means that the elongation has occurred along several
out-of-plane(110 directions of the pseudocubic structure,
W (101) | (027 namely[110], [110], [101], and,[101], corresponding, re-
spectively, to variants, 1, 2, 3, and 4 ¢£20 domains.
Stretching along the four other out-of-plah£10], [110],
[101], [101] directions is physically identical to stretching
along[110], [110], [101], and,[101], leading to an (20)
oriented domain instead of (@20 domain. Therefore, these
(1) variants are not actually different variants and are called sub-
variants as shown in Fig.(). At room temperature, the thin
Pz film is not hetero-epitaxial as there is an orthorhombic
structure on a cubic structure and the film contains one crys-
tallographic domain composed of a maximum of four vari-
ants. The film is therefore not epitaxial in the way it is usu-
ally mentioned in the context of Ill-V materiat$, but
possesses much more than a local epitaxy, therefore, we de-
F_IG. 10. Simulated cry_stal ;hapes using a crystal mqrp_hology editor an(iline the film as semi-epitaxial.
viewer (see Ref. 28to visualize the pyramidga) Pyramid issued from a . . .
(120 domain with a{120} and{002 growth rate of 1.5(b) Pyramid issued The structure of PZ films thicker than260 nm deviates
from a(120 domain with {120} and{002 growth rate of 1.8(c) Pyramid ~ even more from an epitaxial structure sin@2 domains
issued from ‘a(002) domain with a{lz_(} apd{ooz} growth rate of 1.5, and  gre formed in addition td120) domains. It is clear that
(c;)lPé/rawd issued from €02 domain with a{120; and{002 growth rate above the threshold thicknegs 260 nm), the impact of the
. STO substrate on film orientation is less and the cubic struc-
ture can be stretched along the in-pl&@#&1) directions lead-
STO and the angles in between the facets measured by AFNhg to (002) domains. Referring to Fig.(d), a stretch along
is given in Fig. 10. The angles of roughly 54° between the[ 9117 and[011] leads, respectively, t®02) domain variants
indexed facets{TabIg V) correspond well to the 5.00 an_glle 1 and 2. For a stretch anr{@Tl] the thin-film—substrate
observed by AFMFig. 7). The facets of the pyramids origi- relation is, using pseudocubic notation for the PZ structure,

nating from(120) or (002 domains are the same but occurin ,  — i
a different order. It comes from the fact that there is only a(001) [010/PZ/(100[010ISTO corresponding 002(100]

rotation of 90° around th@?lO] axis between af002 ori- PZ/(100[011]STO using E orthorhombic notation. Elon-

ented pyramid an€L20) oriented one, and vice versa, as can92tions anng[OlI] and[011] are directly equivalent lead-
be seen in Figs. 1 and 10. The occasionally observed squalfd t© the subvariants dD02 domains, just as for thel20)

flat crystals might result from different growth rates from domains. In fact, art002) d?main corresponds simply to a
other facets leading to different squarelike flat pyramids. (120 domain rotated by 90° from in and out of plane, as can
be seen in Figs. 1 and@. The relation between thg 20

and (002 domains is clearly seen with the pyramids at the
X ) o ) sample surface, which can originate from both types of do-
At 700°C, cubic PZ grows epitaxially on cubic STO mains. Figure 10 shows that, if 4b20) oriented pyramid is

crystal. As shown in Fig. 1 upon cooling, cubic PZ_is de'rotated by 90° around th§10] axis, such that th¢002]
formed to an orthorhombic PZ structure by stretching the rientation becomes normal to the surface, it becomes an

cubic structure along one of its 12 edges, i.e., along one 9002 oriented pvramid. Pvramids from both20 domain
the (110 directions. These 12 deformation possibilities result 2 Py ik 020

in a maximum of six different geometries of the PZ structurevirlant 1 and(002 domain variant 1 have the (D3 or

with respect to the STO substrafsee Fig. 4b)]. For a  (120) side planes in common as can be seen in Fig. 10. The
T development of pyramids at the PZ surface is due to a locally

igher growth rate of th€120) and(002) planes with respect

o the pyramid facets and to tli&20) and(002) planes of the
surrounding flat surface domains. Initially, the higher growth
rate might be triggered by some kind of defect, and then it
TABLE V. Angles between the facets as calculated with a crystal morphol-grows out as a V shape. The V-shaped area under the pyra-

X
002)

(021) (021)

E. Discussion

stretch along[110], as shown in Fig. 1, the thin-film—
substrate relation is, by using pseudocubic notation for th
PZ structure,(100[010]PZ/(100[010]STO corresponding

ogy editor/viewef. mid contains a higher density of dislocation loops than the
(120 (002 adjacent areas. Since growth of the V-shaped crystal volumes
did not proceed alon{l20; and{002 planes, as for the rest
23(2)11)) gi-g gj-j of the layer, but took place through th&01} and{021} side
i ' facets of the pyramids, this might result in a different defect
See Ref. 23. level with respect to the rest
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TABLE VI. Mismatch and thermal strain in PZ films on STO substrates as a function of temperatures. Mistratehio—apy)/ap; aboveT, and as
described in Eqs(1) and (2) for temperature lower thal, . Thermal strainer= (agro— ap)AT.

STO
PZ thermal STO thermal
PZ lattice expansion lattice expansion Mismatch

Temp constants coefficient constants coefficient f

(0 R (10°°K™ A (1078 K™H° (%)

700 4.161 7.9 3.934 11.7 —-55

500 4.155 7.9 3.925 11.2 —-55

230 4,146 7.7 3.913 104 —-5.6

(=To)

150 a~5.87 —0.5 (d,b")® 3.910 10.6 —5.1 for (120 up
b~11.73 28 ¢')2¢ and —5.7 and—5.8
c~8.24 for (002 up

RTY a=5.884 —0.5 (d,b")2® 3.905 10.3 —5.0 for (120 up

b=11.768 28 (¢)2° and—6.1 and 6.2
c=8.220 for (002 up
Temperature range Thermal strain
700-230 ~1.6x10"2 (compressive upon cooling
230-RT along 4, 2.2 10°2 (compressive upon cooling

along ¢, —3.6 1072 (tensile upon cooling

#The expansion coefficients are given forkd, and ¢ being the pseudotetragonal unit cell parameters.
Temp indicates temperature.

‘See Ref. 25.

9RT indicates room temperature.

°See Ref. 18.

of the layer. Alternatively, the higher defect level is expectedtensile stress. As can be seen in Table VI, the lattice mis-
to result in the increased growth rate of #i20) and (002 match is roughly constant at all temperatures. It is expected
top faces of the V-shaped area. The growth rate can be esthat most of the lattice mismatch is absorbed in the defective
mated to be 1.2 times higher than in the flat domains, byntermediate layer of roughly 10 nm observed at the
considering that the largest pyramids have a height oSTO—PZ interface which contains numerous misfit disloca-
roughly 250 nm and that the largest pyramids start roughly ations and voids. Additionally, the threading dislocations, ob-
the threshold thickness of 260 nm for-al400 nm thick PZ  servable in most BF micrographs, originate from this layer.
layer. This higher growth rate of thd20) and (002 in the  Their presence might be correlated to misfit dislocations and
pyramids might be a contributing factor to the 2.5 largerstress releas®. Nevertheless, additional minor factors also
growth rate of the thick films with respect to the thin films contribute to stress release as no stress is observed in the
(Table 11) as the thick films contain many pyramids. Never- thick layers. The formation of all possible domain variants
theless, the major factor for the higher growth rate of theabove the threshold thickness might be one of these minor
thick film is that the PZ layer seems to grow faster once thdactors. The thermal expansion coefficféndifference be-
substrate is covered by PZ as we observed a similar behavitbween STO and PZ is not large with respect to the lattice

for the other PZT compositions grown. misfit, therefore, as can be seen in Table VI, its role is minor.
The room-temperature lattice mismaich for (120 ori- But below the Curie temperature, the expansion coefficient
ented domains is determined by along the pseudocubic axis is 28<10 6 K~ and —0.5
x 107 % K~ along the two other axée$,therefore, when the
_ 2ast0=Cpz L ; . )
f(1200= ————==—5.0%, (1) c axis is in plane, as fo120) domains, tensile stress will
Cpz develop that might compensate for compressive mismatch

and the lattice mismatch for th@02 oriented domains is Stress.
determined by

2vV2asto— bpz IV. SUMMARY
f(002 along [010]= ———F——=—-6.1%, (28
bpz The structure and the morphology of PZ films grown on
V3 _ STO by MOCVD have been investigated. A schematic over-
V8sto—8rz_

f(002 along [100]= 6.2%. (2b) view of the important observed features is shown in Fig. 11.
Pz At 700 °C, the PZ films are epitaxially grown in their cubic
For both domains, the calculated lattice mismatch at roonparaelectric phase on cubic STO substrates. During cool
temperature indicates a PZ film in compression. Neverthedown, the cubic PZ structure is transformed to orthorhombic
less, the 2 peaks observed in the XRD spectra of Figh)2 as it goes through the paraelectric—AFE phase transition. For
and listed in Table Il indicate that only the thin film is under a film thinner than the threshold thickness-6260 nm, the

compressive stress with thi{120) lattice planes 0.2% in stretching of the cubic structure responsible of the ortho-
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Highly defective crystal volume

grown via {101} and {021} faces
ng_hest pyramids
Small pyramid circa 250 nm high Threading dislocations
{101)/{021} ~ 1010 dislocations/cm?
(120) domain Variant grain boundary

] Threshold
/ l thickness

Defective intermediate layer (~10 nm)

Relax lattice misfit stress:

-Misfit dislocations Defect
-Voids

-Start of threading dislocations

FIG. 11. Schematic cross section of a thick PZ film detailing the different features of these films as observed and discussed in the present work.
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