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Abstract

The combination of a variety of oxidic thin films in two materials systems is described. The first one focuses on the
growth of BaZrO, on SrTiO; (both perovskites) and the use of these stacks as a substrate for the growth of magnetic ferrite
spinel films. The second system shows the combination of oxidic conductors, ferroelectrics and semiconductors in all-oxide
field effect devices. The control of stoichiometry for the ferroelectric used in this device (consisting of highly volatile
components) as well as the improvement of thickness uniformity using off-axis PLD are discussed.

1. Introduction

The search for thin film applications of oxidic
materials in future devices has made a big step
forward by the improvement of thin film deposition
techniques. Pulsed laser deposition (PLD) proves to
be a useful tool in this context for the growth of
stacks of oxidic layers, especially for multicompo-
nent materials. Within the large variety of oxidic
materials interesting combinations of compounds
sharing the FCC oxygen sublattice structure are pos-
sible. The growth of oxides like high-T, supercon-
ductor materials and ferroelectrics on MgQO is well-
known. Epitaxial growth of dissimilar oxides appears

* Corresponding author. Fax: +31-40 2743352; e-mail: cil-
lessn@natlab.research. philips.com.

to be feasible even for materials showing a relatively
large lattice mismatch. Another possible combination
is that of perovskite and spinel crystal structures.
They show an overlap of their oxygen sublattice unit
cell in the 0.39-0.46 nm range. Such a combination
offers possibilities for challenging applications since
these oxides show a variety of functionalities like
magnetism, electro-optics, conductivity, dielectricity
and ferro-electricity.

In the first part of the paper some growth aspects
concerning the epitaxy of oxides will be discussed.
Materials described are the dielectric perovskite
BaZrO; as well as the magnetic spinel
Mn ¢ Zn, ;Fe(Il), ,Fe(Il1),0,. After this, the growth
of stoichiometric Pb(Zr,Ti)O, films is described, as
used in the field effect device presented in the third
section. The second part of this paper deals about the
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improvement of thickness uniformity of PLD films Q
using the off-axis technique. i

2. Epitaxial oxidic films seray source

2.1, Dielectric BaZrO; films

In order to study the relaxation behaviour of thin

films, epitaxial BaZrO, films were grown on Fig. 1. Set-up for X-ray grazing incidence diffraction (GID).
SrTiO;(100) substrates with thicknesses in the range
from 1-53 nm. This set of both perfect cubic per- 100K BZ0 STO

ovskites was chosen because of the large mismatch \ Y

between these materials (¢ =0.419 and 0.390 nm

respectively). The pulsed laser deposition (PLD) 10K
technique was used and deposition parameters are
listed in Table 1. ® |

Conventional ®-20 X-ray diffraction (XRD) of
the BaZrO, layers showed only (007) reflections
indicating textured or epitaxial growth. In-plane lat- 100 4
tice parameters (a“) were determined and the epitax-
ial relation with the substrate unit cell was demon-
strated using grazing incidence diffraction (GID) [1]
with a set-up shown in Fig. 1. This technique is
highly surface sensitive. Analyses show that the _ o o
in-planc BaZO; lattice cell parameters shift towards 115, > O™eae-29 seen (gemng medence orey dffacion
that of the substrate for ultra thin films (Fig. 2). Both SrTio;(:lOO) substrate for ultra thin ﬁlmSS (thicknesses shown are
in-plane lattice parameters showed the same value 1, 4, 13 and 53 nm).
within the experimental error. Films with thicknesses
> 4 nm appeared to be cubic: the lattice cell parame-

—» intensity {counts/s)

——» omega - 20 (°)

1.4 Energy (MeV) 1.9

ter was comparable with that of bulk BaZrO,. Unfor- 50 ' ' ‘ ' ' ‘
tunately the perpendicular latticeparameter of the
thinnest sample could not be determined because of ]
Table 1 = Random 7
Experimental parameters for the deposition of various oxides -;9_

Tdeposition (OC) Poxygen (mbar) r 7
BaZ:O, 650°C (on oxides) 0.2

605°C (on Si) - 4
Mn, ¢Zng s Feg Fe,0y  600°C 1073
Pb(Zt,T)O, 587°C 0.2 Shamed E A
SnO,: 300 ppm Sb 505°C 0.2 % T ' ' ' ' 500
SrRuO; 590-650°C 0.2 , - Channel -
Excimer laser: AfF © 193 nm Fig. 3. Random and (100) channeled spectrum of BaZrO, film on
Pulswidth: 15 ns StTi0,(100).
Repetition rate: 1-3Hz
Pulse-energy: 350 mJ . . o .
Fluence: 51 Jem=2 the low signal intensity in the ©®-2@ XRD set-up.

Spotsize: 4.5% 1.5 mm? Given the in-plane lattice compression, an enlarged
c-axis is expected.
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Rutherford Backscattering Spectroscopy (RBS)
analyses (Fig. 3) of these films show a perfect 1:1
cation stoichiometry within 3%. Minimum channel-
ing yields of 2-2.5% demonstrate the epitaxial qual-
ity of the films. Deformation of the first unit cells as
observed by GID were confirmed by RBS data:
dechanneling only takes place in the interfacial area
(for both the Ba as well as the Zr signal). The Hf
signal observed in these spectra was always found as
a < 1% impurity from our target. Hf is a common
impurity in Zr compounds because of its chemical
similarity. This also holds for our Pb(Zr,Ti)O, films.
For both films, Hf is not expected to disturb struc-

tural properties: it fits on the B-site of the perovskite
crystal structure and shows a perfect channeling
characteristic as shown for the BaZrO, films.

In addition TEM was used to analyse thin BaZrO,
films on SrTiO,(100). Selected area electron diffrac-
tion (SAED) in Fig. 4(a) again shows the epitaxial
relation between substrate and film. The high resolu-
tion image shows that accommodation of the mis-
match only takes place in the interfacial area. The
amount of dislocations situated at the interface is
given in Fig. 4(b). A 1:14 relation could be derived
by averaging the results of a series of similar micro-
graphs. This corresponds to the average mismatch

/ "
s
e

s
/ interface

Fig. 4. (a) Cross-section TEM micrograph showing an epitaxial relation between SrTiO, and BaZrOj;: the amount of interfacial dislocations
(1 in every 14 unit cells) corresponds to the average mismatch. (b) overlay for (a) showing the lattice planes and interfacial dislocations
(marked by ¥). (A 1:1 tansparency copy can be used as an overlay for the TEM micrograph of (a).)
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between BaZrO, and SrTiO; which is defined as:
(Aa/a),, = 2Ulagzo = asro) /(anzo + asro)] X
100% = 7.17%.

2.2. Magnetic ferrite films

Manganese zinc ferrite (MZF) exhibits the spinel
structure and is, amongst others, a well known soft
magnetic material used in magnetic recording heads.
For the study of intrinsic materials parameters epi-
taxial films were prepared. They have a more
favourable microstructure since the number of grain
boundaries is reduced. This for instance leads to a
decrease of the coercive field strength H, [2]. The
growth of ferrite films has been subject to many
studies during the last years by several research
groups [3,4].

Deposition of MZF on bare SrTiO4(100) sub-
strates resulted in mainly (111) oriented ferrite films
(the most stable face for a spinel-type material). This
indicates there is no driving force for epitaxy, most
probably because of the large lattice mismatch
((Aa/a),, =8.35%). Since the room temperature
oxygen sublattice cell parameter of MZF is 0.848
nm, it shows a good fit to BaZrO, ((Aa/a),, =
1.2%). Deposition of MZF on relaxed BaZrO, layers
(thickness 50 nm) on SrTiO,(100) substrates resulted
in epitaxial spinel growth.

Epitaxial growth was also observed on (100) ori-
ented spinel substrates of MgAl,O, (a = 0.808 nm),
but a serious interdiffusion of Mg into the ferrite
lattice was found as analysed by SIMS. This diffu-
sion was shown to take place at substrate tempera-
tures above 400°C. MgFe,O, however is not appli-
cable for the purpose described, since it shows a
much lower magnetisation (a factor of about 3 at
room temperature [5]).

The best films in terms of rocking curve width
and structural fit were deposited using similar condi-
tions on Zn,TiO, single crystals. These substrates
have an almost perfect structural and lattice match
(spinel, a = 0.848 nm). '

Magnetic analyses of all the layers (0.7 pm thick-
ness) indicated a lowering of the magnetic coercive

! Zn,TiO, single crystals were grown at the Philips Research
Laboratory using the Bridgman-Stockbarger technique [6].

field strength (H,) from 1.25 to 0.35 kA /m for the
bare S1TiO, and BaZrO, coated SrTiO, substrates
respectively. Films on Zn,TiO, substrates showed
the lowest value for H,: 0.14 kA /m.

The effect of strain in magnetic materials is given
by the magnetostriction constant A (the fractional
change of length upon an applied magnetic field). A
is dependent on the crystallographic orientation and
Aygg for the chosen MZF composition [7] is ~ —1
X 1073, Since in ferrites with A values of >[5 X
107%| the magnetic performance is highly influenced
by strain, this might explain why the bulkvalue for
H, is not obtained in our films. H, for coarse
grained MZF ceramics and single crystals is of the
order of a factor 50 lower than our lowest reported
value.

These results clearly demonstrate the influence of
the difference in thermal expansion between the
perovskite and the spinel structure on the magnetic
properties of these layers. Thermal expansion coeffi-
cients of perovskites and spinels are about 7 and 70
ppm/K respectively. This means that the cubic fer-
rite unit cell builds up a tensile stress after growth
during cooling down. In the case of a combination of
two perovskites (BaZrO, deposited on SrTiO,),
where only the lattice mismatch plays a role, strain is
restricted to the interfacial area. Relaxation of strain
in the spinel-perovskite combination takes place over
much larger distances. In fact, on the top side of a
0.25 pm ferrite film (on BaZrO, buffered SrTiO,)
analyses showed ferrite unit cells that were far from
the cubic structure (0.831 X 0.831 X 0.846 nm anal-
ysed with GID).

These examples show that the (in this case) mag-
netic performance of the combination of different
crystal structures is highly influenced by thermally
induced strain.

2.3. Ferroelectric PbZr,_ Ti,0; films

During the growth of multicomponent thin films
consisting of highly volatile constituents like LiNbO,
(Li,O ) or PbZr,_ Ti O; (PbO ) stoichiometry
may be lost during the deposition process. To obtain
high quality ferroelectrics, the stoichiometry of
PbZr,_Ti,0, (PZT) films turns out to be very
important. Deficiency of lead or oxygen will give
rise to leakage currents.
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Fig. 5. (a) [Pb]/[Ti] stoichiometry of PbTiO, films versus temper-
ature. (b) [Pb]/[Ti] stoichiometry of PbTiO, films versus oxygen
pressure.

Proper growth of stoichiometric PZT films can
only be carried out in a small window of deposition
parameters because of the high volatility of Pb and
PbO. This is the reason why PZT targets used for
PLD are generally enriched with PbO. Ablation from
such targets onto room temperature substrates show
that the intrinsic ablation process is stoichiometric:
films show the target stoichiometry (the sticking
coefficient at room temperature is 1). However, de-
position on substrates of 400°C or more show PbO
desorption from the substrate surface. The depen-
dence of the cation stoichiometry in the films as a
function of deposition conditions is shown in Fig.
5(a) and (b). A high oxygen pressure is necessary to
keep Pb in the oxidised state and to increase the
sticking coefficient of PbO to the substrate surface.
The ultimate composition of the films is determined
by the balance between the rates of deposition, des-
orption and reaction (PbO + TiO, + ZrO, — PZT).

For epitaxial films, a substrate temperature of at
least 550°C is necessary, because a minimum surface
mobility is required [8]. This temperature holds for
deposition in O, gas. For more strongly oxidizing
gases like N,0, NO, or O; (also used for the
deposition of high-T, superconductors) or the use of
laser excitation of the substrate surface [9], slightly
lower deposition temperatures (—50°C) have been
reported.

The influence of electrodes regarding the quality
of contacts connecting ferroelectric oxides has been
discussed in many papers [10,11]. The use of oxidic
electrodes like (La,Sr)Co0, or SrRuO, provide the
possibility of epitaxial growth because of their com-
patibility in terms of crystallographic structure
[12,13]. This allows for chemically and mechanically
stable stacks. The use of oxidic electrodes is not only
favourable for epitaxial PZT layers: polycrystalline
stacks were also shown to profit by the use of oxidic
electrodes caused by the grain-epitaxial nature [12].

3. The off-axis PLD technique

Devices consisting of a variety of materials gener-
ally require the use of structuring techniques like wet
or reactive ion etching (RIE) for pattern definition.
One of the major requirements is the thickness uni-
formity of the layers. Especially devices consisting
of a variety of oxidic materials are difficult to etch.
Beside low RIE rates (of the order of a few nanome-
ter per minute) these materials can often not be
etched selectively. This means that the thickness
uniformity of the different layers becomes an impor-
tant factor, since the etching process is controlled by
a predetermined etch-rate.

The use of PLD for the growth of complex oxidic
materials has been demonstrated to be very success-
ful. PLD however conventionally produces films with
a significant thickness variation. This is mainly de-
termined by the (Gaussian-tophat) energy distribu-
tion in the beam in commercially available excimer
lasers. To circumvent this, off-axis PLD for the
deposition of uniform films was investigated. In this
technique, the substrate is off-centered from the abla-
tion plume as proposed by Ianno et al. [14]. It offers
the possibility to enlarge the area of uniform thick-
ness in a relatively simple way. The intrinsic thick-
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ellipticity d=D/R thickness-profile

g

e=I /1, cos"®

Fig. 6. The intrinsic thickness profile of PLD deposits is deter-
mined by a cos”d distribution along the vertical axis of the deposit
together with an ellipticity e.

ness profile of the deposit (on a static substrate) has
an elliptical form. It is described by two parameters:
the thickness profile along the vertical axis of the
deposit (a cos”®@ distribution [15]) in combination
with the ellipticity €, which is defined as the ratio of
the horizontal and the vertical radius [, /I, of the
deposit (see Fig. 6).

After off-setting the substrate centre from the
ablation plume the thickness at position P on the
substrate at radial distance r and spatial angle «
(Fig. 7) can be calculated by the relation derived by
Tanno:

To(a, 1)
A(e-d)"

- . n/2
(e?d*+e*r - sin® a+ (r-cos a— R)z)

where A is a normalisation factor corresponding to

the maximum thickness in the centre of the plume, €

749

1

distance 'D

FAU\
NN\

;

offset 'R’

Fig. 7. Schematic set-up for the off-axis PLD technique showing
the parameters necessary for thickness calculation for rotating
substrates.

the ellipticity of the deposit, R the substrate offset
from the centre of the laserplume and d =D /R the
distance ratio (in our case D was kept constant at 60
mm).

Integration (0« -+« - ) of this equation gen-
erates the thickness profile for a rotating substrate.
An example of such a simulated thickness profile is
given in Fig. 8. For this simulation a range of
d-values was used in combination with a cos''°@
distribution and an € = 0.636. These parameters were
determined for (polycrystalline) BaZrO, films on Si
using conditions given in Table 1. The distance ratio

1.5 —— g =
g t\\(f“ —-”” —11\\\
//’— _\J ~ I /"—_?_\\ N
/A | \g‘___—" e == . NN
1.45 /'// \\\ - N N
;;/ L~ \I S~ e - LT N \\\\?
» B l/.— -\\\ // _ - -—\x\‘\\\
. i ~ — — =
. RN R A DR\
& 147/7 7 ~ N - - ~ N\ \\\\
€ ras LY L SN~ e 27 ARIAV
X 1717777 - _,/ N \\\d=4.2
s /// S—d - \\\\\
14
1.3 ,ff N
AR\
7 \‘
1.25 \
f d=3.9
1.2
N T ® @ ¥ 9§ © N8 % & o = o
< = % ) 3 5 o s o -

T

position on wafer (x offset R)

Fig. 8. Simulated thickness profile for a range of d-values (d=D/R). A cos''”® distribution and € of 0.636 were used as analysed for

BaZrO; films deposited on Si (606°C, 0.2 mbar O,).




750 J.FM. Cillessen et al. / Applied Surface Science 9698 (1996) 744~751

value (d) representing the best uniformity is shown
in Fig. 8 by the drawn line (d = 4.05). This corre-
sponds to a thickness uniformity of roughly +1%
within an area of 30 mm diameter. Presently, the
dependence of the cosine power ‘n’ and ellipticity
‘e’ on pressure as well as the composition on large
areas are under investigation.

4. Ferroelectric field effect device

The off-axis PLD technique and optimised deposi-
tion parameters for the growth of PZT films were
applied for the preparation of the all-oxide ferroelec-
tric field effect device shown in Fig. 9. This device
consists of a combination of three types of oxidic
materials: conductor, ferroelectric and semiconduc-
tor. StRuO, was used as gate material (room temper-
ature resistivity 4 X 10™* Q cm). The ferroelectric
was PbZr,,Ti;30;, 300 ppm Sb doped SnO, was
the source—drain semiconductor channel (room tem-
perature charge carrier concentration 5 X 10!
em™?). * The ferroelectric PbZr,,Ti; ;O; composi-
tion was chosen, because it is a good insulator and
shows a steep hysteresis loop. In comparison with
PbTiO;, this composition does not show a large
structural anisotropy, which would introduce a sig-
nificant strain in the device upon cooling after
growth.

Films were prepared using the conditions indi-
cated in Table 1. After growth of an epitaxial layer
of SrRuO, on SrTiO,(100), the sample was taken
out of the vacuum and structured by means of Ar
assisted reactive ion etching (RIE) with Ar/CHEF,.
Patterning was carried out using standard photolitho-
graphic techniques and during the etching procedure
a sputtered Mo layer was used as a mask. After
structuring, Mo leftovers were etched selectively with
potassium hexacyanoferrate. This (non-acidic)
etchant leaves a surface which proved to be suited
for growth. Prior to the next growth procedure the
crystal quality of the structured SrRuQ, (primarily
the toplayer) was examined. RIE normally leaves an
amorphous toplayer which would disturb further epi-

2 . . . .
The charge carrier concentration was determined using Hall
meastrements.

thiekness

(microns) __ doplstion aren
poly-Mo 0.5 [ ¥
tex-Sn0,:Sb 0.1 |

S-D contacts
semi-conductor

epi-Pb(Zr, Ti)03 0.2 E ferroelsctric
opi- SrRuO3 0.2 conductor
SrTi0z(100) substrate

Fig. 9. All-oxide ferroelectric field effect device.

taxy. Backscattering Kikuchi Diffraction (BKD, a
highly surface sensitive technique) in an SEM [16]
demonstrated that the StRuO, layer was crystalline.
After returning the sample into the PLD chamber, an
epitaxial PZT layer was grown and subsequently a

R source-drain (kQ)

?

200

150

100

50
13
O 1 L ! 1
-2 -1 0 1 2
remnant > Vgate (V)
polarisation

Fig. 10. Electrical characteristic of ferroelectric field effect device:
the resistance of the source~drain channel is influenced by the
direction of polarisation in the ferroelectric,
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layer of SnO,:Sb. Since SnO, exhibits the rutile
crystal structure, epitaxy turned out to be impossible
on the (100) perovskite orientation of the ferroelec-
tric. For an epitaxial-like growth of SnO, the per-
ovskite (111) orientation is necessary [17]. The total
stack was structured using the same technique de-
scribed before. Part of the Mo layer (mask) was used
to contact the semiconductor layer (see Fig. 9).

The first results of the devices display an electri-
cal characteristic as shown in Fig. 10. The behaviour
of the source—drain resistance versus the gate volt-
age can be explained as follows. When the electric
field applied exceeds the coercive field strength of
PZT (in this case at = 4 1.5 V) the ferroelectric will
be polarised. The sign of the applied field determines
the polarisation direction. After the switching pulse,
the major part of the polarisation of the ferroelectric
is maintained (P, ,.,) at zero gate-voltage. For the
two polarisation states the resistance of the source—
drain channel is changed by a factor of 5. The
Ry 4—Vyue loop in Fig. 10 shows an asymmetric
behaviour. This is most probably caused by a lower-
ing of the field induced by the change in resistivity
of the semiconductor caused by the depletion in the
source—drain channel. Moreover the materials in
contact with the ferroelectric (source, drain and gate)
have different work functions: this also might intro-
duce a shift of the loop [13,18].
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