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This contract played a major role in enhancing the understanding and capabilities of reactive
molecular beam epitaxy (MBE) to assemble oxide heterostructures with unit cell layering precision.

The specific compounds grown under its support included (Ba,K)BiO,, YBa,Cu,0,;, S1TiO,,
PbTiO,, Bi,Ti,0,,, and superlattices of these compounds. Several of these materials had never
before been grown by MBE and in addition to achieving an enhanced understanding of the
underlying growth mechanisms of these compounds, the structural and electrical properties of the
thin films and superlattices surpass those achieved by other thin film techniques. For example, our

MBE-grown Bi,Ti;0,, films have the lowest RBS minimum channeling yield (),;,) and exhibit
remanent polarization values of ~3 uC/em? along the c-axis which is approx1mately the value
observed in this same measurement direction for bulk single crystals (~4 pC/cm?) and 51gn1f1cant1y
exceeds the highest value previously reported for epitaxial films of this material (i.e., ~1 pC/cm®
reported by R. Ramesh et al., Science 252 (1991) 944). We have identified adsorptlon -controlled
growth conditions, analogous to those used for the preparation of ITI-V and II-VI semiconductors
by MBE, for the synthesis of PbTiO, and Bi,Ti,0,, and assessed the thermodynamics of why this
occurs. In addition this contract supported work related to the integration of oxides with silicon.

This contract supported two (U.S. citizen) graduate students, both of whom completed their M..S.
degrees under its support.

e  Christopher D. Theis, “Investigation of Growth and Domain Structure of Epitaxial
Lead Titanate Thin Films,” M.S. Thesis (1996).

e  Charles J. Kraisinger, “Design and Evaluation of a Nozzle for Efficient Delivery
of Oxidizing Gases During High Vacuum Deposition,” M.S. Thesis (1996).
One of them (Chris D. Theis) is nearing the completion of his Ph.D. degree and has won numerous
awards for his research supported by this program including:

e  Xerox Award (1996) for the best M.S. Thesis at Penn State in materials.

e International Society for Hybrid Microelectronics (ISHM) Educational Foundation
Grant (1996-1997).
An undergraduate who completed his B.S. thesis associated with this project (Kevin J. Hubbard) is
now employed by EPI, the only remaining domestic vendor of MBE equipment.

This work led to the publications and presentations listed below. Copies of all the publications
supported by this contract (and its AASERT supplement) are attached.
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a/c YBa,Cuz0, boundaries: Preferential sites for the nucleation

of epitaxial Y,O; precipitates

A. Catana, D. G. Schlom, J. Mannhart, and J. G. Bednorz
IBM Research Division, Zurich Research Laboratory, 8803 Riischlikon, Switzerland

(Received 12 March 1992; accepted for publication 26 May 1992)

Y,0; precipitates with typical sizes between 70 and 300 nm® have been identified by
high-resolution electron microscopy and image calculations in mixed a- and c-axis oriented
YBa,Cu;0, sputtered films. The precipitates are densely distributed (10'* cm™3), have tabular
shape and grow epitaxially at boundaries between a- and c-axis oriented grains, with the (001)
Y,0; plane parallel to the a,b plane of the a-axis oriented grain and the (110) Y,0; plane
parallel to the a,b plane of the c-axis oriented grain. Their largest interfacial facet lies parallel to
the a,b plane of the g-axis oriented regions. Lattice-matching arguments show that energetically
this situation is the most favorable one, which explains the nucleation of precipitates at a/c

boundaries.

The understanding of the microstructure of high T,
films is not only essential for applications, but should also
provide valuable insights into the growth mechanisms. De-
fects play an essential role in controlling the growth pro-
cess, the superconducting and non-superconducting prop-
erties of such films. This motivates the study of the
structure and morphology of impurity phases, their forma-
tion and their impact on the resulting structure of slightly
nonstoichiometric films. Concerning the surfaces of such
films, it has been shown that they are strongly dependent
on composition."? However, off-stoichiometry also results
in features embedded inside the films, such as line and
point defects, stacking faults and precipitates. To investi-
gate how stoichiometry and processing parameters influ-
ence the distribution of second phases and other features
embedded inside the films, a detailed structural character-
ization is required.

A number of studies have focused on the characteriza-
tion of second phases that are incorporated in YBCO films
which were grown by various techniques. In particular, it
has been reported that in sputtered and laser-ablated films,
YBa;Cu,0y precipitates are present at boundaries between
a- and c-axis YBCO domains where it was suggested that
they act as nucleation sites for a,b domains.’ Other groups
have reported on other impurity phases: Y,0; CuO,
Y,Cu,0s, and Y,BaCuOs in laser-ablated films,* Y,0; in
sputtered films,’ and CuYO,; in films prepared by electron
beam coevaporation.5”

Y,0; is cubic (¢=1.06 nm) and belongs to the space
Ia3. The dominant orientation of Y,0; particles with re-
spect to pure c-axis oriented films was determined to be
[100]Y,0; || [110]YBCO, (001) Y,04|| (001) YBCO.® It
has been show that this orientation relationship also de-
scribes Y,0; buffer layers grown on c-axis oriented
YBCO.**

This letter focuses on Y,0, inclusions in mixed a- and
c-axis oriented YBa,Cu;0, (YBCO) films, thereby pre-
senting complementary results to those for c-axis films.?
We report on the structure of the precipitates and on their
epitaxial orientations with respect to YBCO, as obtained
from electron diffraction, high-resolution electron micros-
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copy (HREM) and image calculations. In addition, the
present relevance of second phases for the growth of do-
mains having their a or b axis normal to the substrate
surface (g-axis domains)® is investigated.

The YBCO films were grown by dc hollow cathode
magnetron sputtering'® on SrTiO; (001) and Sr;RuO,
(001)!! substrates at substrate heater block temperatures
(T,,) ranging from 650 to 750 °C. The sputtering pressure
was 650 mTorr (Ar/O,=2:1), the plasma discharge was
operated at 450 mA and 150-170 V, and after growth, the
films were cooled at room temperature within 1 h in 0.15
bar O,.

Transmission electron microscopy samples were pre-
pared for both planar and cross-sectional views by stan-
dard mechanical polishing and ion milling with liquid ni-
trogen cooling. The observations were performed on a
JEOL JEM-2010 operating at 200 kV. Image calculations
were performed using the EMS software package devel-
oped by Stadelmann.'2 '

Figure 1(a) shows low-magnification HREM image of
a mixed a- and c-axis oriented YBCO film; about 50% of
the film is a g-axis oriented. Precipitates with sizes between
70 and 300 nm? and density of the order of 10" em~? are
observed at both a/c and a/a (90° in-plane rotation twins)
boundaries. The precipitates predominantly exhibit tabular
habit; they are elongated along the a,b plane of the a-axis
regions [Fig. 1(b)]. At a/a boundaries the thickness/width
ratio and the precipitate size (up to 600 nm?) increase. The
corresponding electron diffraction pattern [Fig. 1(c)] is
consistent with the precipitates being Y,03. Their domi-
nant epitaxial relationship with respect to the c-axis ori-
ented regions is [110] Y,0; | [001] YBCO, (001)
Y,0;|| (100) YBCO, which is different from the orienta-
tion of those particles that are fully embedded in regions of
this type.®

The nucleation of the precipitates can be explained on
the basis of lattice-matching arguments. The a,b plane of
YBCO has the smallest lattice mismatch to (001) Y,Ox:
3% along [110] Y,0;|| [100] YBCO, with a nearly coinci-
dent unit cell area of 1.1 nm? [Fig. 2(a)] The lattice match
of the (110) Y,0; plane to the a,b plane of YBCO is not as

® 1992 American Institute of Physics 720



FIG. 1. (a) Planar-view micrograph of mixed a and ¢ YBCO domains
and second-phase inclusions (arrows). (b) HREM image of a Y,0, pre-
cipitate with tabular shape at an a/c boundary. (¢) Electron diffraction
pattern along the substrate normal; Y,0; 100- and 110-type reflections
overlap with YBCO 100-type spots.

favorable: 9% along [001] Y,0;|| [010] YBCO and 3%
along [110] Y,05]} [100] YBCO, with a nearly coincident
unit cell area of 1.7 nm?® [Fig. 2(b)]. Hence, joining (110)
Y,0; to the a,b plane of YBCO requires larger nearly co-
incident cells and. deformations and is thus energetically
less favorable than joining (001) Y,0; to the ab plane.
The high density of atomic coincidences in this latter plane
as well as minimal strain promote growth, which in turn
leads to the formation of larger interfacial areas and to the
observed precipitate elongation.

It is interesting to note that precipitates have not been
observed to grow inside g-axis domains. This is partly due
to the poor matching between [001] Y,0; and [001] YBCO
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FIG. 2. Superimposed lattice points indicating nearly coincident unit cells
in the interfacial planes: (a) (001) Y,0; || (001) YBCO and (b) (110)
Y,0; || (001) YBCO. At a/c boundaries the precipitates have interface of
type (a) along the ag-axis grain and of type (b) along the c-axis grain.
Solid lines and m (matrix) subscripts indicate YBCO, dashed lines and p
(precipitate) subscripts Y,0;.

(10%). However, lattice matching arguments alone can-
not explain this feature since such precipitates have been
observed to nucleate inside c-axis-films deposited at higher -
temperatures.’ Other features such as the growth kinetics
of the a-axis oriented grains ought to be considered to
explain the growth of these second phases. Particularly, the
large number of domain boundaries present in mixed a-
and c-oriented films, providing favorable sites for the seg-
regation of second phases, seems to be relevant.

For an unambiguous identification of these precipi-
tates, we compared HREM micrographs to calculated im-
ages. The [110] projection of the Y,O; unit cell is displayed
in Fig. 3(a). Figure 3(b) shows a HREM micrograph of
Y,0; and, superimposed, the matching calculated image
obtained with the Bloch wave algorithm of the EMS soft-
ware package.'? The sample thickness was estimated to be
6 nm, while the focusing conditions (66 am™!) were de-
termined on the basis of diffractograms. For the calcula-
tion parameters used, the image favorably matches the ex-
perimental micrograph: it clearly shows the projection of
the face-centered substructure of the Y atoms (bright
dots) for which the (111) planes cross at an angle of 70.5°.

In addition to the observation of epitaxial Y,0; pre-

FIG. 3. (a) [110] projection of the Y,0; structure (small circles repre-
sent metal atoms). (b) HREM micrograph of (110) Y,0; and matching
calculated image (inset). The microscope parameters are: spherical
aberration coefficient=0.5 mm, spread of focus=8 nm, beam
semiconvergence=0.8 mrad, defocus=66 nm; sample thickness=6 nm.
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cipitates in films produced by laser ablation* and sputter-
ing, there is also evidence of such precipitates in films
grown by e-beam evaporation.%” Although these i impurities
were not explicitly identified as Y,0; in this case, regions
in the HREM micrographs closely match the calculated
image [Fig. 3(b)]. Unassigned x-ray peaks’ also corrobo-
rate the presence of Y,0;. On the basis of these results, we

suggest that in addition to CuYOQ, also the occurrence of -

Y,0; should be considered in films by electron-beam co-
evaporation. That Y,0; forms and persists in contact with
YBCO is unexpected from the equilibrium phase diagram,
which indicates that even at low oxygen pressures the two
phases should react to produce Y,BaCuOjs and either CuO,
Cu,0, or BaCu,0,, depending on the oxygen pressure."
The existence of Y,05/YBCO interfaces in films may be
due to the kinetic hindrance of the nucleation and growth

of the expected phasés (mainly Y,CuOs) orto lower in: "

terfacial energies between YBCO and Y,0, than between
YBCO and Y;BaCuO;. Considering the lattice-matching
considerations presented and the highly oriented growth
observed, this latter explanation appears more likely.

In summary, Y,0; precipitates in sputtered mixed a-
and c-axis oriented YBCO films on SrTiO; substrates have
been identified by HREM and image calculations. They
exhibit tabular shape and grow epitaxially at a/c as well as

at a/a boundaries. The orientation relationship with re-

spect to the c-axis regions is [110] Y,0,| [001] YBCO,
(001) Y04 (100) YBCO. Their largest interfacial facet
lies parallel to the a,b plane of the g-axis regions, in agree-
ment with predictions based on lattice-matching argu-
ments. Although these results present additional evidence
for the presence of second phases at a/c boundaries, it is
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not concluded at this point that such inclusions directly
influence the nucleation of g-axis oriented domains. Specif-
ically, the predominance of (001) Y,05}| (001) YBCO of
a-axis oriented grains over c-axis oriented grains suggests
that these precipitations nucleate on preexisting g-axis
grains rather than causing their formation. In addition, the
observation of Y,0; precipitates indicates that a straight
line joins Y,0; to YBCO in the phase diagram that applies
to our deposition conditions.

. The authors gratefully acknowledge F. Lichtenberg for
providing the Sr,RuO, substrates and R. F. Broom for his .
valuable support, as well as the financial support of the
Swiss National Science Foundation.
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Abstract

A brief summary of electric field effects on the normal and the superconducting state of high-T,, superconductors is
given. Novel experiments are presented in which electric fields are used to modulate the transport properties of
weak links. Analogies between the effects of electric and magnetic fields on superconductivity are emphasized.

1. Introduction

Since the beginning of the 1960's there has been
an ongoing effort to use electric fields to control the
transport properties of superconducting films [1-5].
These activities were extended both experimentally and
theoretically to the high-T, cuprates shortly after the
discovery of these materials [6-14] because they are
exceptionally well suited for field effect studies. Their
relatively low carrier densrtg n in conjuncuon with a
sizable dielectric constant €. results in relatively large
electric penetration depths 2,1 Furthermore, their small
coherence lengths & allow the fabrication of ultrathin
superconducting films in which the total carrier density
can be modulated to a substantial extent. These prop-
erties are not only helpful from a technological per-
spective, but are also essential for the field effect from
a fundamental point of view [15,16]. If a supercon-
ductor is penetrated by an electric field, its response to
the field will depend sensitively on the value of the
parameter 1

AT)

7). = ,
u7) ET)

where l‘z’l(T) is the temperature-dependent electrical
penetration depth and &,(T) is the coherence length in
field direction. Comparable to the Ginzburg-Landau
parameter X, which classifies the response of a super-
conductor to applied magnetic fields, the parameter 1
classifies the response of a superconductor to electric
fields by differentiating between 1< 1 and 1> 1 super-
conductors. In both cases the field is shielded approxi-
mately exponentially from the interior of the
superconductor, with the shielding length given by 7&’
Thus, the thickness of the layer in which the carrier
density can be modulated is of the order of Aj. For
superconductors with 1< 1, however, the supercon-
ducting properties are controlled by a layer of thick-

0925-8388/93/$06.00

ness &, and will thus barely respond to the field. If
1> 1, the coherence length &, is small enough for the
superconductmg order parameter to adjust to the modi-
fied carrier density. Therefore, in superconductors with
1> 1 the superconducting properties of the field pene-
trated layer can be altered sensitively by the applied
field.

Remarkably, standard low-T_ superconductors are
small superconductorg For mobrum at 42 K, for
instance, 1=3x10 as  Ag<1A and
£(4.2K)= 380A. In the high-T, cuprates, however,
both A] and &, equal a few angstroms, thus 1= 1, This
is the basrs of the large electric field effects in the
high-T, cuprates.

In thrs contribution field effect experiments per-
formed with YBay,Cu;O;_5 films at the IBM Zurich
Research Laboratory shall be discussed. For reviews
of work performed by other groups the reader is
referred to Refs. 16 and 17. After an introduction to
sample preparation, the effect of electrostatic fields on
the normal state transport, on T, and on the supercon-
ducting state will be presented. A separate chapter is
devoted to the influence of applied electric fields on
the transport properties of weak links in high-T;, super-
conductors. For weakly linked samples, shifts of T of
more than 10 K are reported. By way of summary,
analogres between the roles of magnetic and electric
fields in superconductors will be considered., *

2. Sample Preparation and Measurement Technique

The standard sample configuration used in the
experiments is shown in Fig. 1 [18]. An n-type
{100}-oriented 0.05% Nb-doped S:TiOj single crystal
grown with the zone-melting technique [19] is used as
the substrate and gate electrode. As a thin insulating
surface layer, which is detrimental to sample perform-
ance, forms on the surface of such crystals, 1-5 nm
thin Pt films were grown on the doped SiTiO; by
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Superconductor — [ R o YBa,Cus0;
Gate-Insulator —
Vg
Gate- No-doped

Electrode StTiO3

——

Fig. 1: Standard sample configuration used for the study of
field effects. From [11].

electron beam evaporation. On top of the Pt layer,
{100}-oriented and highly insulating layers of SrTiO,
were epitaxially deposited by reactive rf-magnetron
sputtering at 0.05 Torr in an Oy/Ar atmosphere at
=650 °C (temperature of the sample holder). S1TiO,
was chosen as the material for the gate barrier because
it is compatible in growth with YBa,Cu;0,_5 and it
offers high dielectric constants without becoming fer-
roelectric at low temperatures where it is in a quantum
paraclectric state [20]. Finally, YBa,Cu3O;_5 films
were sputter deposited with a hollow cathode magne-
tron. Contacts were made to the YBayCu;0;_5 layer
by sputtered Au pads and to the conducting substrate

by diffusing silver into the Nb-doped SrTiO;. To

avoid leakage through pinholes, relatively ~thick
(=500 nm) insulating S1TiO; layers were used,
whereas the YBa,Cu;O; 5 films were fabricated as
thin as possible to achieve large An/n ratios. The thin-
nest YBayCu3Oy_s films found to be superconducting
had an average thickness of =4-5 nm as determined
from the extrapolated sputter rate. STM studies of
similar films [21] revealed a thickness variation of
=2-8 nm. Contamination of the interfaces was limited
by performing all crucial steps of the sample prepara-
tion in situ in a specially designed vacuum system.

To rule out problems due to voltage pickup, all
measurements were done in dc-mode. For each data
point the drain source current Ipg was repeatedly
reversed and the results were averaged.

3. Experiments

Through use of such samples, the transport proper-
ties of YBa,Cu30,_5 can be modified by the electric
field in the normal as well as in the superconducting
state as exemplified in Figures 2-4. Before these
results are described in detail it has to be clarified
whether these effects are field effects at all. As
described in detail elsewhere [12], this is done by
eliminating alternative explanations. By studying the
effects as a function of gate and drain source current,
for instance, it has been shown that they are not

3 T  S— T T T T T T
Depletion > ]
(+10V)N oy
-2
c
E ]
2 Enhancement
LI (-10v)
0 A i " PEN 1 "
0] 20 40 60 80 100 120

T (K)
Fig. 2: Temperature dependence of the drain source resist-
ance Rpg of an =7 nm thick YBayCu3O7_g film for three
gate voltages applied: +10 V (solid squares), 0 V (open
circles), and ~10 V (solid circles). From [13].

60 T
g wor
E
=t
[a]
€ 90 b
1 < o 1
0 (o]
188 192 198 ° 200 204
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Fig. 3: Temperature dependence (close to Tip) of the drain
source resistance Rpg of an =10 nm thick YBa;,CuyO7 5
film for four gate voltages: +10 V (depletion, open squares),
+3 V (depletion, stars), O V (open circles), and -2.2 V

(enhancement, solid  circles). For this sample
Rpg(300 K) =3600 Q. From [13].
7 - T —TT *
T=41K Depletion
Sf (+10V)
S
E
w 3T
Q
>
1+ Enhancement (-10V)
or e ]
RAEMARRAN R
Ico Ico CE
—1 1 1 [ " L PR \ e
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Fig. 4: Current dependence of the drain source voltage Vpg
of the YBa;Cu30_g film shown in Fig. 2 for three applied
gate voltages: +10 V (solid squares), 0 V (open circles),
and ~10 V (solid circles). From [18).




J. Mannhart et al. [ Electric field effect in high-T, superconductors 521

-~
N
o

N

ARps /Rps (%)
o
a

025% .
- O+—=—+ } } ¢ t
-0 = 10 20 30 40 50
:0'25" ——i VG(V)
i +at substrate

Fig. 5: Change of the drain source resistance Rpg caused by
an applied gate voltage Vi of an =10 nm thick
YBa;CugOq_g film. The change of resistance has been nor-
malized to Rpg(Vg=0 V). The data have been taken at 300
K. From [11]. .

caused by heating or by quasiparticle injection and
that voltages induced in the drain source channel or in
the contacts are irrelevant. Similarly, by fabricating
samples of different structures [12] and by studying
the response as a function of channel thickness it is
concluded that electrostriction or piezoelectricity of the
gate barrier play a minor role at most.

In general the data obtained agree with the most
simple field effect prediction [6,12] as shall be demon-
strated with the dependence of Rpg on the gate voltage
Vg of an early sample- which had an effect of
Anfn=10"". As shown in Fig. 5 the Rpg(Vg) depend-
ence is approximately linear, ARpg changes sign when
the gate voltage is reversed and the polarity agrees
with the one expected for depletion and enhancement
of holes. It is pointed out that for n-type NdCeCuO
films the opposite polarity has been reported [22], in
agreement with depletion and enhancement of elec-
trons. The measured value of Rpg(V) corresponds to
expectations: _ due to a gate capacitance of
2x 107 Ffem?, V=30V changgs the electron density
in the electrodes by 4 x 10" /cm?. Beffmse the carrier
density of YBa,Cu3Og_g is 3-5x10 Jem®, an areal
density of mobile1 sholef in the 10 nm thick channel
layer of 3-5x10""/cm” is derived. This means that
within experimental error, a change of the free carrier
density of =1% results in an equal change of Rpg, as
expected for a standard field effect.

Thus it is summarized that the effects seen are
generally consistent with a field-induced change of the
superconductor carrier density close to the gate inter-
face. It is important to realize that the electric field
predominantly affects this interface layer which, at
least for standard samples, is expected to have a
higher defect density than the rest of the film. There-
fore, by analyzing field effect experiments one has to
take into account that they reflect properties of a

superconductor rich in defects. These defects may
exhibit an additional electrostatic life of their own and
be susceptible to charging.

4. Field Effect Behavior

DT>T, ,

By applying the electric field the normal state
resistance changes as described above. As demon-
strated in Fig. 5, a linear Rpg(Vj) characteristic is
observed that sometimes shows ‘a slight saturation
behavior at higher fields [12], in agreement with
observations by X.X. Xi et al. [23]. Hysteresis effects
are present [12] which are attributed to the trapping of
charges at the interface states. As a function of tem-
perature, for T> T, the relative change of the drain
source resistance ARpg/Rps is constant, which, in
accordance with A.F. Fiory et al. [6], is interpreted as
evidence for a temperature-independent carrier density.

2)T=T,

Approaching T, from above, the relative change of
the drain source resistance ARpg/Rps diverges, indi-
cating a field-induced shift of T,. The T shift becomes
evident if the behavior at T is analyzed. As demon-
strated by Fig. 3, gate voltages of the order of 10 V,
can shift T, by more than 1 K [18]. It is pointed out
that similar results have been obtained by X.X. Xi et
al. using samples of another configuration prepared

. with different thin film techniques [13,23].

T<T,

Below T, the cument voltage characteristics -
Ips(Vpg) of the drain source channel are modified by
the electric fie]d as shown in Fig. 4. The Vpg (Ipg)
curve is well rounded and there is no marked kink
that could serve as a definition of the critical current
I.. Smooth I(V) curves are a characteristic of epitaxial
films [24]; in these ultrathin samples the smoothness is
even enhanced by the thickness variations of the
YBa;Cu30,_5 films mentioned above. This implies
that I, has to be defined with some ﬁxbitrary criterion,
which was chosen to be R(100 K)/10" =200 mS.

As shown in Fig. 4, I, depends sensitively on E,
and can be shifted by a surprising 50% at 4.1 K.
Because the sample in Fig. 4 had a T, of =14 K, the
shift of I, is not regarded as a secondary effect
resulting from a T, shift. Remarkably, the magnetic
field dependence of the critical current [(B) of the
sample shown in Fig. 4 is the same as that of conven-
tional, 100 nm thick YBa,Cu;O7_s films which are
known to be limited by depinning. This suggests that
also for this ultrathin film, I, is depinning-limited and
that the electric field changes the strength of the
pinning force, probably by altering the depths of the
pinning potentials [16,18].
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Eig. 6. Sketch of a sample where a superconducting weak
link is controlled by an electric field. From [26].
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Fig. 7. Rps(T) curves of an YBayCu3O;_g film containing
weak links for /pg=200nA and gate voltages (a) V=0V,
and (b) Vg =80V (Ig=2nA). From [26].

S. Electric Field Effects in YBa,Cu;0,_5 Films
Containing Weak Links

As described above, electrostatic screening counteracts
the propagation of electric fields into the interior of
the superconducting film and thus reduces the field
effects. This suggests that an additional reduction in
screening, attained for example by using samples into
which weak links have been incorporated (Fig. 6),
would help increase v and thus result in even larger
field effects. Besides their sensitivity to electric fields,
such weak link structures may have another interesting
feature. If the weak links are Josephson junctions,
three terminal Josephson junctions (JOFETs) are
obtained, and their gate voltage can be used for
control, switching and trimming purposes. This is of
interest for a wide range of applications.

As large-angle grain boundaries in YBa,CusO;_,
films have been shown to act as Josephson junctions
[25], one way to incorporate weak links is to add
grain boundaries to the drain-source channel of stan-
dard field effect structures. Thus we have prepared
numerous samples into which grain boundaries were

inserted by using substrates with vicinal surfaces, by
employing substrates with sharp edges or small
grooves, or by fabricating bicrystalline drain-source
channels.

In the following we focus on the behavior of
samples for which submicron grooves were used to
create the weak links.

The trenches in the substrate surface were produced
by polishing -the substrates with 1um diamond paste
on a soft plastic foil, which yields a fine network of
submicron grooves on the substrate sklrface. The
groove density was of the order of 10°/cm and the
average depth and width of the trenches on top of the
sputtered S1TiO; film were found by atomic force
microscopy to be =300 A and =500 A, respectively.
Since it is known that grooves and edges on substrate
surfaces provoke grain boundaries in YBa;Cu3O; g
films, it is supposed in our case that the modified
substrate surfaces give rise to grain boundary networks
in the drain-source channels.

To demonstrate the large field effects obtainable,
we present the behavior of one particular sample with
large field effects. Further data can be found in Ref.
26.

Figure 7 shows the DS-resistance of this sample
near T as a function of temperature, measured with a
DS-current of 200 nA for gate voltages of V=0V
and V=80V (depletion). As shown, the transition
temperature T,=60K is shifted by more than 10 K
with V=80V and a gate current of I5=2nA.

Samples of this type differ from conventional
samples only with respect to the presence of weak
links, yet they show a much greater shift of T. The
large field effects are therefore attributed to the weak
links. Evidently, the shifts are induced in the weak
links predominanly by the applied electric fields and
not by Ig, first because they scale with Vg, second
because large shifts have been obtained with small
gate cumrents (S1nA), and third because T, is
increased in the enhancement mode (by 0.65 K for
Vg =4.5V). As the polarity of the effects is consistent
with the movement of holes in the weak links, in con-
trast to the polarity observed for moving oxygen ions
[27], it is suggested that the effects are primarily
based on the change of the hole density.

I increases exponentially with V. Thus for gate
voltages V; above 100 V, the value of I could be
varied significantly while causing only slight electric
field variations. As only a small change of Vg caused
the R(T) curves to shift noticeably in this parameter
regime, it is concluded that these shifts are based in
part on the higher gate currents involved. Since these
currents were still small compared to the critical
current, the enhancement effect is tentatively attributed
to non-equilibrium effects caused by quasiparticle
injection into the grain boundaries.

It is noted that the enhanced i for samples con-
taining weak links allows the achievement of consider-
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Table I: Electromagnetic Fields and Superconductivity

Magnetic Fields

12

= ()

‘\N/Z Type 1
)
&§T)
AN
7/1/5 Type II

in bulk: hf2e

-
B affects Vy

Physics: magnetic flux structures
and their interactions with
the superconductor

Devices: I and B controlled small
’ signal devices (Squids,
FFTs), power transmission,
magnets...

Electric Fields
12

7\.1=(_ & & - )
s 2 dN
¢ a5 &

A E effects are

L
A I(T) / averaged out
W)= 2
> tive to E
e
E affects |y|
n
Influence of Eg on any supercon-

A ducting property

con

Voltage controlled FETs
phonon generators
detectors...

able field effects with high-T, thicker than standard
drain source channels and thus have a higher T,
which is of importance for potential applications.

6. Comparison of the Effects of Electric and Mag-
netic Fields on Superconductors

There is a remarkable analogy between the effects
of electric and of magnetic fields on superconductivity
which shall be elucidated in this chapter (sce also
Table 1).

First of all, by generating self-fields a supercon-
ductor shields its interior against electric or magnetic
fields, generally damping them exponentially. For mag-

netic fields oriented in the z-direction, the corre- -

sponding shielding length is given by the
Ginzburg-Landau penetration depth AZ(T), for electric
fields this is given by the much smaller electric pene-
tration depth AS(7).

The response of a superconductor to magnetic
fields is characterized by the Ginzburg-Landau param-
eter x=Ay(T)E(T). For type I superconductors,

k< 1A2 and the magnetic fields penetrate supercon-
ductors as flux tubes containing many vortices; for
type I materials, x> 1/V2 and the superconductor lets
the field penetrate as single flux quanta.

The response of a superconductor to electric fields
is classjfied in a similar way by the parameter
UT)=AJ/E(T). As described above, if 1< 1, the elec-
tric field can influence the carrier density, but only in
a region that is too small for the superconducting
order parameter to respond to. Only if «(T)>1 can the
superconducting order parameter adapt to the modified
carrier density and will depend sensitively op the
applied field in this zone.

Next it is noted that both types of field may pene-
trate deeply into a superconductor, their sources being
quantized in both cases. For magnetic fields, the
quanta are flux lines with a charge of hf2e, for electric
fields the quantum of the field source is the electronic
charge e.

The analogy can be carried further by noting that
the magnetic fields affect the gradient of the supercon-

-3
ducting order parameter V¥ which is exploited in
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phase-sensitive devices like Squids, whereas electric
fields change the order parameter's magnitude |¥|.
Therefore electric fields are interesting for devices that
exploit the value of the superconducting gap [28].

7. Summary

Owing to their low carrier densities, their high die-
lectric constants and their small coherence lengths the
high-T,, cuprates are destined to change their transport
properties with applied electric fields. In various
experiments, field effects have been reported that agree
in general with a model in which the electric field acts
on the superconductor by changing its density of
mobile carriers via band bending. Field effects have
been reported for the normal state as well as for the
superconducting phase. Concerning the latter it has
been found that in epitaxial YBa,Cuz07_5 films the
critical temperature of ultrathin films can be shified by
1 K and that their pinning energy and hence their crit-
ical current can be varied up to 50% by gate voltages
of the order of 10 V. In the case that weak links are
incorporated into the high-T, films, T shifts can be
enhanced to 10 K or more.

It is hoped that applied electric fields will be a key
to basic studies of the influence of the carrier concen-
tration on such fundamental properties of high-T,

superconductors as T.(n), A(n), and &(n), and may .

“provide new access to the macroscopic quantum state
of superconductivity.
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Surface.outgrowths on sputtered YBa,Cu;0;_, films: A combined atomic
force microscopy and transmission electron microscopy study
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We have structurally and morphologically characterized the surface of sputtered YBa,Cu;0,_,
films on (001) SrTiO; using atomic force microscopy and transmission electron microscopy.
Atomic force microscopy reveals three types of outgrowths with different shapes and heights
between 2 and 200 nm: type I exhibits cubic habit, type II tabular habit, and type III is an
agglomerate of no particular shape. Some of the type-III outgrowths are located at the center of
growth spirals where the screw dislocation intersects the film surface, suggesting that in
YBa,Cu,0,_, films these defects promote the occurrence of one another. Using high-resolution
electron microscopy and electron diffraction the surface outgrowths have been identified as
follows: type I is Y,03, type II Y,0; and CuYO,, and type III YBa,Cu;0,_,, CuO, and Y,0;.
In contrast to types-I and -II outgrowths which are both epitaxially related to the surrounding
YBa,Cu;0,_,, the large type-III agglomerates consist of epitaxial and nonepitaxial grains. As it
is found that the outgrowing nonepitaxial phases emanate from screw dislocations and from
a,b-axis domain boundaries, it is suggested that both internal stresses and high interfacial
energies promote such outgrowths on YBa,Cu,0,_, films.

Analysis of the surface morphology and of embedded
microstructural features in YBa,Cu;0,_, (YBCO) films
has provided valuable clues for the understanding of film
growth mechanisms.!™ Surface morphology and bulk mi-
crostructure are also essential aspects for the growth and
investigation of multilayers as well as for microelectronic
applications.

Previous studies have shown that outgrowths formed
on YBa,Cu;0,_, films and other surface features are sen-
sitive to composition and deposition conditions,>’ but
have not identified the structure of the out-growing second
phases. Off-stoichiometry is also present inside the films,
where it causes line and point defects, stacking faults, and
precipitates.*®!2 Recently, by using scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM), Ramesh and co-workers found that surface out-
growths (YBa;Cu,0,_,) and ag,b-axis domains are corre-
lated in sputtered and laser-ablated YBCO films.' In other
work it was found that films with a high density of growth
spirals contain a high number of Y,0; precipitates.* All
these investigations suggest a close connection between
surface features and the bulk structure of the films.

In this letter, atomic force microscopy (AFM) and
TEM studies of surface outgrowths on sputtered YBCO
films are presented. The shape and composition of three
types of outgrowths are identified and their epitaxial ori-
entations and the connection to the surface microstructure
are discussed.

The YBCO films, about 100 nm thick, were grown by
dc hollow cathode magnetron sputtering on SrTiO;(001)
substrates at substrate heater block temperatures (7,) of
approximately 750 °C. The sputtering pressure was 650
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mTorr (Ar/O,=2:1), the plasma discharge was operated
at 450 mA and 150-170 V, and after growth, the films were
cooled to room temperature within an hour in 0.5 bar of
0,.

AFM images were obtained with a commercially avail-
able instrument (Nanoscope III, Digital Instruments) us-
ing optical beam deflection to monitor the displacement of
a ‘microfabricated Si;N,-type cantilever having a spring
constant of 0.1 N/m. Images were recorded in the constant
force mode with typical forces of 107 N between tip and
sample. ‘

TEM samples of the same films analyzed by AFM
were prepared for both planar and cross-sectional views by
standard mechanical polishing and subsequent ion milling
with liquid nitrogen cooling. The observations were made
on a JEOL JEM-2010 operated at 200 kV.

Figure 1 shows AFM images of the film surface which
emphasize the presence of three typical surface out-
growths. Type-I outgrowths, as labeled in Fig. 1, are small
precipitates densely distributed (= 10'%cm?) over the film
surface. The size of these precipitates is about (20-25)
X (20-25) X (2-8) nm.> Type-II outgrowths [typically
(200-300) X (170-230) X (30-50) nm3] have a character-
istic tabular habit and are preferentially oriented with the
long edges parallel to the in-plane (100) axes of the film
(Fig. 1), suggesting that these orientations are energeti-
cally favorable. Type-III outgrowths (Fig. 1) are large ag-
glomerates with typical heights of 200 nm. Although the
majority of the constituent grains of type-III outgrowths
have irregular shapes, in most cases a platelet-like grain (A
in Fig. 1) separates them from the surrounding YBCO
matrix. The center of growth spirals has been observed to
be a second nucleation site (B in Fig. 1), suggesting a
correlation between screw dislocations and the nucleation
and agglomeration of second phases.

To identify the structure of the various types of out-
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FIG. 1. AFM image of the YBCO film surface showing densely distrib-
uted outgrowths of types I-III (arrows). A refers to the YBCO platelets
and B to a growth spiral. The growth spiral is shown once more in the
small micrograph, in which the growth steps (one unit cell high)
are clearly visible. At the bottom a height profile along the line
C’~C” is shown.

growths, high-resolution electron microscopy (HREM)
and electron diffraction were employed.

Type-1 particles are epitaxial Y,0; grains of cube
shape. Their orientation with respect to YBCO is (100)
Y,05]| (110) YBCO and {001} Y,0s|| (001) YBCO, in
agreement with previous studies.*'® A cross-sectional
HREM micrograph of a Y,0j; surface precipitate is shown
in Fig. 2. Occasionally, Y,0; outgrowths with {110}
planes parallel to (001) YBCO nucleate in the bulk of the
film. In this case they frequently separate c-axis from a,b-
axis YBCO regions as shown in Fig. 3. Owing to favorable
matching conditions between {110} Y,0; and (001)
YBCO, the presence of (001) planes of YBCO parallel to
~ the substrate normal favors the nucleation and enhances
the growth rate of Y,0, with this particular orientation, as
suggested previously.'* »

Y,0; precipitates oriented in the latter manner ({110}
Y,0;]] (001) YBCO) occur on the film surface, and to-
gether with CuYO, precipitates give rise to the type-II
surface features. CuYO, grows with its [421] axis parallel
to [001] YBCO (Fig. 4), which is different from previously
reported results.!! Just as the nucleation of Y,0; precipi-
tates has been explained on the basis of lattice-matching
arguments,*'* the orientation of CuYO, also relates to lat-
tice match. Indeed, the observed orientation relationship is
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FIG. 2. Cross-sectional HREM micrograph of an epitaxial Y,0; surface
precipitate with the orientational relationship: {001} Y,0s|| (001)
YBCO, {110} Y,0;|| {100} YBCO. -

such that (112) and (012) CuYO, planes are almost par-
allel to (110) YBCO planes, the mismatch being only
1.2%. In addition to these two phases, diffraction patterns
indicate the presence of other phases not yet identified.

The larger polycrystalline agglomerates (type-I11 out-
growths) consist of both epitaxial and nonepitaxial grains.
They are predominantly correlated with YBCO a,b-axis
plates (Fig. 5), which may serve as nucleation sites, or are
Jocated at the center of growth spirals, which were identi-
fied by AFM and scanning tunneling microscopy (Fig. 1).
Different diffraction patterns obtained on the constituent
grains of the agglomerates provide evidence for epitaxial
grains, namely YBCO (i.e., the a,b-axis platelets men-
tioned above), CuO and Y,0s, as well as for unidentified
constituents. _*

FIG. 3. Cross-sectional HREM micrograph of an epitaxial Y,0; out-
growth at a domain boundary between a,b-axis YBCO (on the left) and
c-axis YBCO (on the right) with {110} Y,0;|| (001) YBCO and {100}
Y,0;|| {100} YBCO of the a,b-axis YBCO domain.
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FIG. 4. Planar-view HREM micrograph of a CuYO, precipitate and
corresponding selected area diffraction pattern. The epitaxial orientation
is such that [001] YBCO|| [421] CuYO,, (100) YBCO|| (120) CuYO,.
Arrows indicate 421 CuYO, reflections.

The locations and the structure of type-11I precipitate
agglomerates are correlated with a,b-axis outgrowths and
with the intersections of screw dislocations with the film
surface, suggesting that these defects promote one another.
Precipitates have been shown to cause the nucleation of
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FIG. 5. (a) Planar-view TEM micrograph demonstrating the coexistence
of small Y,0; particles (type I) and larger agglomerates (type III).
Three Y,0; precipitates are marked by the parallel arrows. A YBCO
platelet separating the agglomerate from the film matrix is indicated by
the curved arrow. (b) HREM image of a typical Y,0, precipitate and (c)
corresponding selected area diffraction pattern (the four arrows indicate
100 Y,0; reflections).
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screw dislocations in the growth of other layered materi-
als.!>!¢ High interfacial energies and internal stresses be-
tween nonepitaxial precipitates and the YBCO matrix pro-
vide a driving force for the transport of impurity species to
energetically more favorable nucleation or attachment
sites, for example, to locations where defects such as dis-

- locations, grain boundaries, or out-of-phase boundaries in-

tersect the film surface. Surface outgrowths, induced by
compressive stresses, are known to occur in thin films;
these stresses are relieved by the transport of material
along easy diffusion paths given by the defects mentioned
above to unstressed regions.!” In addition, outgrowths may
form adjacent to already existing outgrowths of a different
type, for example, at ag,b-axis YBCO domains which pro-
vide favorable nucleation sites.!*

In summary, three types of outgrowths, which are pre-
dominantly epitaxial with respect to the YBCO matrix,
have been observed by AFM on sputtered YBCO films
grown on (001) SrTiO;. Type I are cube-shaped Y,0;
grains, type II have tabular habit and consist of either
Y,0; or CuYO, precipitates, whereas type III are agglom-
erate in which YBCO, CuQ, and Y,0; grains have been
identified. Type-11I outgrowths are correlated with a,b-axis
platelets or with the center of growth spirals. These results
show that a/c-domain boundaries and screw dislocations
are favorable sites for the nucleation and agglomeration of
second phases and suggest that such outgrowths on
YBa,Cu;0,_, films are promoted by high interfacial ener-
gies and by internal stress.

The authors gratefully acknowledge R. F. Broom for
his valuable aid, P. Chaudhari for fruitful discussions, and
the Swiss National Science Foundation for financial sup-.
port.
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Abstract

The growth mechanism of c-axis oriented thin epitaxial films of the most widely studied cuprate superconductor,
YBa,Cu,0,_;, formed by a variety of gas phase codeposition methods on common substrate materials is described.
The evolution of the surface microstructure, as revealed by scanning tunneling microscopy (STM), indicates that
growth is dominated by the accommodation of depositing species at ledges. These ledges, which provide energeti-
cally favorable positions for this process, lie either along growth spirals emanating from screw dislocations, or, when
a vicinal substrate is used, separate the low energy (001) planes at the film surface. If the substrate is misoriented
sufficiently, growth occurs by step propagation. Otherwise, a high density of screw dislocations (~ 10° cm~2) is
nucleated during the initial stages of growth, providing a continual supply of ledge incorporation sites for the
depositing species. Two likely mechanisms for the generation of these screw dislocations are described. The surface
evolution reported appears to be an intrinsic feature of c-axis oriented YBa,Cu;0,_, films for a wide range of
growth conditions, irrespective of the substrate material or vapor phase deposition method.

1. Introduction pendent on the film growth mechanism, which is

the subject of this paper.

Vapor phase deposition techniques have
achieved immense success in preparing epitaxial
thin films of cuprate superconductors with trans-
port properties superior to those made by bulk
synthesis methods. A consequence of the ex-
tremely short coherence lengths in these super-
conductors, typically a few &ngstroms, is that the
electrical characteristics of these materials are
particularly sensitive to their underlying mi-
crostructure. This microstructure is in turn de-

* Corresponding author.

Efforts to understand the growth mechanism
of oxide superconductor films have profited sub-
stantially from atomic-scale imaging techniques
[1-3], in particular scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) [4,5].
Since experimental data elucidating the growth
mechanism of high temperature superconductors
by gas phase codeposition methods are predomi-
nantly for YBa,Cu;0,_; films oriented with their
c-axes normal to the substrate, this material will
be the focus of this paper. The applicability of
the inferred growth mechanism to other high
temperature superconductors is briefly ad-
dressed, based on the limited data available.

0022-0248 /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0022-0248(93)E0523-A




260 D.G. Schlom et al. /Journal of Crystal Growth 137 (1994) 259-267

2. Microstructure of YBa,Cu,0,_; films

Despite the obvious differences in the vapor
phase growth techniques used to produce high
quality superconductor thin films, the specific
conditions used by different research groups, and
the range of lattice match, crystal structure, sub-
strate perfection, and surface preparation of the
substrate materials used, the microstructures of
the films grown by different methods exhibit re-
markable similarity, indicating that the same
growth mechanism is operative. The c-axis ori-
ented YBa,Cu;0,_; films discussed here are
grown by sputtering [6,7], off-axis magnetron
sputtering [4,5,8-16], pulsed laser deposition
(PLD) [3,6,15-27], thermal coevaporation [6,28],
chemical vapor deposition (CVD) [6,16,27,29], and

molecular beam epitaxy (MBE) [30,31] (DyBa,
Cu;0,_; films) on SrTiO,; {100} [3-7,9,12,14-
16,19,23-27,29-31], MgO {100} [3,5,6,8,9,13,15-
19,27,28,31], LaAlO; {100} [6,9,20,22], yttria-
stabilized cubic zirconia Y,0;-ZrO, {100} [21],
oxidized Zr sheets [27], NdGaO, (001) [10,31],
and Mg,TiO, {100} [23]. STM and AFM images
of these films reveal a surface morphology con-
taining closely spaced steps [3-29]. These steps,
which have a height equal to the c-axis length of
YBa,Cu;0,_; (11.7 A) or an integral multiple of
it, separate (001) YBa,Cu;0,_; terraces. These
terraces are typically -only a few hundred
dngstroms wide [3,13,15,20,22,26,29], indicating
the length scale over which (001) oriented YBa,
Cu;0,_; films are atomically flat. The high den-
sity of steps, which appears to be a common

Fig. 1. STM image of a c-axis oriented, 1300 A thick YBa,Cu;0,_; film grown on SrTiO; (100) by sputter deposition. (sirowfg
spirals emanating from both left- and right-handed screw dislocations indicate a screw dislocation density of (125 £ 1) X 10° cm

at the film surface.
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feature of c-axis oriented YBa,Cu;0,_; films
grown by vapor phase methods, exposes a@-axis
faces. These typically amount to 5%-10% of the
surface area of the YBa,Cu;0,_; films [12].
The microstructure of c-axis oriented YBa,
Cu;0,_; films is distinctly different for films
grown on well-oriented (100) substrates (Fig. 1),
compared to vicinal surfaces (Fig. 2). Irrespective
of the substrate material and deposition method
used, on well-oriented (100) substrates, a high
density of screw dislocations (108-101° cm™2) is
seen in films more than a few hundred &ngstrdms
thick, whereas for growth on substrates with vici-
nal surfaces the stepped nature of the substrate
surface is preserved and a much lower density of
screw dislocations (< 10® cm~2) is found. These
screw dislocations not only may be strong vortex
pinning sites which enhance the critical current
densities of the thin films [32], but also reveal the
film growth mechanism [12,14,15]. Films with
much lower screw dislocation densities have been
grown on vicinal SrTiO, (100) [15] and LaAlO,

(100) [26] surfaces by sputtering [15] and PLD

[26]. As the orientation of the substrate deviates

100nm

Fig. 2. STM image of a c-axis oriented, 1300 A thick
YBa,Cu;0,_; film grown on a vicinal SrTiO; (100) substrate
by sputter deposition. The surface morphology is dominated
by steps between (001) YBa,Cu;0,_; terraces which accom-
modate the substrate tilt (from Ref. [15]).
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Fig. 3. Screw dislocation density (pyc..) as a function of
substrate misorientation angle (8) for sputtered 1000-1500 A
thick YBa,Cu30,_; films grown at T, = 750°C and a growth
rate of 0.5-1.8 A/s on nominally (100) oriented SrTiO,
substrates (from Ref. [15]).

from (100) and becomes increasingly misoriented,
a continual cross-over in dislocation density as a
function of misorientation is observed (Fig. 3).
Increased growth temperature and decreased
growth rate cause a similar effect, as discussed
below [4,15].

The STM images shown are not only represen-
tative of the hundreds-of such images that we
have taken of our own films formed by direct
current (DC) magnetron sputtering [4,12,14,15],
but are characteristic of the topological features
reported by many other researchers using the
variety of gas phase preparation techniques and
substrates listed above [3-31]. A lower magnifica-
tion STM image of a sputtered film grown on a
well-oriented SrTiO, (100) substrate is shown in
Fig. 4. The terrace widths on films grown on
well-oriented substrates are comparable to the
maximum terrace width observed on films grown
on vicinal substrates under the same growth con-
ditions at film thicknesses where the growth spi-
rals emanating from screw dislocations have be-
come well established. As described below, the
growth spirals typically appear after the growth of
a YBa,Cu,;0,_; film about 8-10 unit cells thick
on SrTiO; (100) [4,6,15] or MgO (100) [3,19].
These are the only two substrate materials for
which studies of the development of growth spi-
rals with film thickness have been published.
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3. Growth mechanism

The presence of a high density of growth spi-
rals emanating from screw dislocations in c-axis
oriented YBa,Cu,0,_; films [3-29] indicates
that film growth takes place by accommodating
species along the spiral-shaped growth steps. The
growth process of c-axis oriented YBa,Cu;0,_;
films may thus be described as ledge growth,
emphasizing the energetic preference of the de-
positing species to attach to existing ledges (step
edges), which propagate laterally across the sub-
strate surface as they accommodate species. This
process and the various types of ledge sites avail-
able for attachment are schematically shown in
Fig. 5. As the spacing between existing ledges on

L.

the growth surface is increased, the supersatura-
tion at positions far from the ledges becomes high
enough for two-dimensional nucleation to occur
on terraces. ’

At the initiation of growth, the only available
ledge sites on .a vicinal, but otherwise perfect,
surface are surface steps. Indeed transmission
electron microscopy (TEM) studies show that the
initial nucleation occurs predominantly there [2].
If the substrate is sufficiently well oriented and
the substrate temperature low enough that the
supersaturation on the terrace can reach the level
required for two-dimensional nucleation, growth
will take place by the nucleation of new layers
(two-dimensional nucleation) in regions far from
ledges. However, if a sufficient density of screw

spirals emanating from both left- and right-handed screw dislocations indicate a screw dislocation density of (13.5 + 2) X 10® cm

at the film surface.

l}l 1

Fig. 4. STM image of a c-axis oriented, 1200 A thick YBa,Cu;0,_; film grown on SrTiOy (100) by sputter deposition. Growth
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dislocations were to be generated, possible mech-
anisms for which are described below, an endless
supply of attachment sites would be available to
accommodate the depositing species. Direct mor-
phological evidence from STM and AFM studies
{3,4,6,15,19] as well as indirect evidence from
reflection high energy electron diffraction
(RHEED) intensity oscillations [33,34] indicate
that two-dimensional nugleation is only dominant
for the first 100 to 200 A of film growth. By this
thickness high densities of screw dislocations are
present in YBa,Cu,;0,_; films grown on well
oriented substrates, dominating the growth pro-
cess from then on. Only in a few cases has growth
dominated by two-dimensional nucleation been
documented for thicker films [8,35,36]. The sur-
face morphology of these films, which has been
described as “Tower of Hanoi” [35] or “layer-
cake-like” [36] exhibits narrow terraces with
widths comparable to other c-axis oriented
YBa,Cu;0,_; films, with the exception that
these films appear to be devoid of screw disloca-
tions at the tops of the stacks of concentric
YBa,Cu;0,_; layers. The growth parameters

which appear to impede the nucleation of screw
dislocations and lead to continued two-dimen-
sional nucleation for the growth of thick films are
as yet unclear.

RHEED intensity oscillations are not expected
for growth occurring by the addition of species to
established growth spirals or to a propagating
sequence of surface steps, since the surface step
density is then essentially time independent. In-
deed, the observation of RHEED intensity oscil-
lations has only been reported [33,34] to occur
during ’ghe initial stages of growth (for thickness
<200 A for YBa,Cu;0,_; films) on bare sub-
strates, indicative of the time necessary for a
steady-state surface step density to become estab-
lished. On thicker films, no RHEED intensity
oscillations are seen, even if the growth is briefly
interrupted [33,34], nor are RHEED oscillations
observed for growth on sufficiently vicinal sur-
faces [37).

When slightly misoriented from (100), a se-
quence of steps separating (100) terraces is pre-
sent on the surface of the substrate. Although the
substrate step height does not match the layer
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Fig. 5. Schematic representation of the ledge growth process inferred from the growth of c-axis oriented YBa,Cu;0,_; films. The
high nucleation barrier to forming a new layer by two-dimensional nucleation requires a high supersaturation to be reached for
such nucleation to take place. The presence of more energetically favorable ledge attachment sites in the vicinity of the depositing
species (e.g., emanating from screw dislocations or those present on vicinal substrates) accommodates the depositing species and
reduces the supersaturation such that after the initial stages of growth, two-dimensional nucleation is rare.
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height of YBa,Cu,0,_;, steps develop, separat-
ing (001) YBa,Cu;0,_; terraces and accommo-
dating the tilt of the substrate. The amount of
substrate tilt necessary to achieve growth mainly
by this step propagation growth mechanism is
presumably that which causes the steps to be
spaced sufficiently close together that the de-
positing species diffuse to and are accommodated
by the ledges without reaching a supersaturation
on the terrace sufficient for two-dimensional nu-
cleation [38]. Experimentally, a cross-over from
screw dislocation mediated growth to step propa-
gation, shown in Fig. 3, has been observed on
vicinal SrTiO; (100) surfaces [15]. Under these
growth conditions, the transition occurs at about
0. = 2°, corresponding to an average terrace spac-
ing of about 30 nm. Growth on less misoriented
substrates under the same growth conditions re-
sults in a comparable terrace spacing (~ 20 nm
[15]) between turns of the growth spirals, as is to
be expected for this analogous ledge-mediated
growth process. The influence of substrate orien-
tation on the film growth mechanism explains the
apparently disparate results of several studies (in
which substrate misorientations were not re-
ported) where nominally identical growth condi-
tions yielded drastically different growth mor-
phologies [7,8].

4. Nucleation of screw dislocations

An important, but so far unresolved issue is
the mechanism of nucleation of the screw disloca-
tions. One possibility is that they are simply in-
herited from the substrate. Although the bulk
dislocation densities of the substrates used vary
significantly and are in general orders of magni-
tude lower than the screw dislocation densities
observed in c-axis oriented YBa,Cu;0,_; films
[4,15,20], AFM studies have revealed that polish-
ing damage can result in screw dislocation densi-
ties at the substrate surface comparable (~ 10°
cm~?) to what is observed in YBa,Cu;0,_; films
[39]. Although screw dislocation inheritance from
the substrate is likely to occur to some extent, it
appears incapable of explaining the rather consis-
tently observed screw dislocation densities (105

10'° ¢cm~2) reported also for growth on annealed
or cleaved substrates. For example, YBa,Cu,
O,_; films grown on MgO (100) substrates that
were annealed at 1100°C for 12 h in oxygen prior
to growth [8)], conditions under which reordering
of the substrate surface occurs {2,40,41], exhibited
screw dislocation densities in the 108-10!° cm~2
range, despite this significant difference in sub-
strate surface preparation. The same is true for
YBa,Cu,;0,_; films grown on cleaved surfaces
of MgO, which underwent heating to 1250°C,
followed by a topotactic solid state reaction with
TiO, at 1100°C to form Mg,TiO, substrates, a
process known to bury any defects which might
have been present on the initial MgO surface
[23,42]. Another proposed mechanism for the in-
troduction of screw dislocations involves the nu-
cleation of dislocation half-loops at the film sur-
face, which then glide to the substrate interface
to relieve the lattice mismatch between the
YBa,Cu;0,_; film and the substrate [3,19,22].
Although the Burgers vector of the proposed
dislocation half-loops was not explicitly stated,
note that if b = ¢[001] (i.e., the ends of the dislo-

cation loop intersecting the film surface are pure

screw), the pure edge interfacial segment of this
loop does not relieve any of the mismatch be-
tween the film and the substrate. Choosing a
Burgers vector which would relieve interfacial
misfit (i.e., one that contains an @[100] or b[010]
compqfient), results in an even longer Burgers
vector; energetically such a dislocation would be

-favored to dissociate (i.e., into dislocations with

b = c[001] and b = a{100] or b[010)).

Two likely mechanisms for the generation of
screw dislocations, first proposed by Fisher et al.
[43] and observed in the growth of layered mica-
ceous materials [44-47], are (1) the coalescence
of two separate growth fronts having inclined
surfaces with respect to each other, and (2) the
recombination of two branches of a single growth
front offset in layer height. This second mecha-
nism is shown schematically in Fig. 6. The ability
of YBa,Cu;0,_; to flow over irregularities {1]
(creating offsets in layer height) is facilitated by
the ledge growth mechanism. The first mecha-
nism of screw dislocation nucleation is likely to
occur during the coalescence of nuclei that form
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Fig. 6. Schematic illustration of screw dislocation nucleation
by the incoherent meeting of growth fronts (from Ref, [14]).

on the substrate surface. Obstacles leading to the
second mechanism of screw dislocation nucle-
ation may include impurity particles or even steps
on the substrate surface. For example, nanome-
ter-size Y,0, precipitates with concentrations
over two orders of magnitude higher than the
surface screw dislocation density have been iden-
tified in YBa,Cu,0,_; films [14,48,49]. In-plane

alignment of the coalescing nuclei is necessary for
the first nucleation mechanism to occur, and this
is made possible by the epitaxial alignment of the
individual nuclei to the underlying substrate.
TEM, STM, and AFM images of ultra-thin
YBa,Cu;0,_; films contain features suggestive
of these two nucleation mechanisms [6,50,51].

5. Other cuprate superconductors

Although the nucleation and growth of other
cuprate materials have not been as intensively
studied as YBa,Cu;0,_;, the presence of screw
dislocations and their associated growth spirals
have been reported for (001) oriented films of
other ReBa,Cu;0,_, materials grown by vapor
phase deposition methods, where Re = Sm [6,52],
Dy [30,31], and Ho [35]; screw dislocations with
c-axis Burgers vectors have also been reported for
bulk Bi,Sr,CaCu,O;4 [53,54] and Pb,Sr(Y, Ca)
Cu;04, 5 crystals [55]. Due to the analogous lay-
ered nature of all the known cuprate supercon-
ductors, it is anticipated that a ledge growth
mechanism is applicable to c-axis oriented films
of all layered cuprate superconductors. The mini-
mum substrate tilt necessary for growth to take
place by step propagation (the cross-over shown
in Fig. 3) depends on surface diffusion, which is a
function of the growth conditions and the particu-
lar Iayered cuprate superconductor material.
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Evidence for surface melting during the growth of high 7, thin films
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We present reflection high energy electron diffraction (RHEED) spot profile analyses, which show anomalous
broadening over very short time scales. Our data can only' be interpreted in terms of surface melting. The conclusions
are consistent with the thermodynamic phase diagrams and with the vapor-liquid- solid (VLS) mechanism of crystal

growth.

1. Introduction

Lower oxygen pressures allow the formation of
YBCO films at lower temperatures, thereby min-
imizing interdiffusion and reaction with the sub-
strate and improving film morphology. The qua-
ternary phase relations in YBCO in reduced oxy-
gen pressures has been determined (1].

2. EXPERIMENTAL

All RHEED data during the growth of YBCO
thin films by molecular beam epitaxy (MBE) were
. obtained at 10 kV and a grazing angle of 28 mrad
(1.5°). The RHEED patterns were photographed
with high sensitivity film (1000 ASA) and the
RHEED intensity oscillations of selected spots
monitored.

We study the (11) spot. The intensity oscil-
lations of the specular spot have been published
[2, 3]. A computer.controlled densitometer was
used to analyse the spot profiles[4].

3. RESULTS

Figure 1 shows the oscillations in the intensit’y
of the (11) diffracted spot as a function of time.
We draw attention to the precipitous drop in the
intensity immediately following the first maxi-
mum, caused by a surface process with a very
small time constant. Fig. 2 is a plot of the inten-
sity profile across the (11) diffracted spot which
probes extent of ordering in the plane of the sur-

face. ‘There.are two sets of data in this figure,
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Figure 1. Intensity oscillations of (11) spot.

with the closed circles indicating the profile at

“the point A (the point of the first maximum in

the RHEED intensity oscillations of Fig. 1) and
the triangles indicating the intensity profile at the
point B (the first minimum immediately following
point A). The spot profile is substantlally broader
at B than at A, and accompanied by a concomi-
tant drop in the intensity. There is substantial
Lorentzian broadening. One would ideally expect
disorder to induce Ga.ussxa.n broadening. The in-
crease of the FWHM by a factor of 5 is hard to
explain in terms of the birth-death model [5].
Activation energies may be deduced from
RHEED intensity oscillation recovery profiles.
We obtain a value of 0.8 eV, which is consis-
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Figure 2. (11) spot profile (see text).

tent with that reported in the literature by vari-

ous groups. All the cation fluxes are turned off,
with only the oxygen being on. Hence, if some
species is being incorporated in the film it can
be nothing but oxygen. We also note here that
this activation energy is independent of the pro-
cess used, i.e. MBE, sputtering and laser ablation
all yield the same number, a remarkable indepen-
dence of the process energy and fluence. Further,
surface diffusion coefficients are in the range of
107!2 cm?s~!. These values are comparable to
those for oxygen.

4. DISCUSSION

Wagner et al. [7] have proposed a vapor-liquid-
solid (VLS) mechanism of crystal growth. In this
mechanism, a liquid solution coexists with the
crystalline material to be grown from the vapor.
Crystal growth occurs by precipitation from the
supersaturated liquid at the liquid-solid interface.
A crystalline defect such as a screw dislocation is

not essential for the VLS mechanism to operate.’

Deposition may be directly on a solid substrate in
a vapor-solid system. An example is the epitaxial
deposition of thin films [8].

Since the oxygen flux is always on during any
measurement of RHEED relaxation profiles, it is
not surprising that the activation energy mea-
sured is of the same order as that of oxygen dif-
fusion and is independent of the process. This
also explains the coincidence of the diffusion co-

efficient. Since the slowest process in this case
is the diffusion of ox¥gen, it is reasonable to con-
clude that there is a lower activation energy for all
the cationic species present on the surface along

_with some oxygen, which is a must for charge neu-
~ trality of the ionic compounds considered in this

work. : :

" Despite the problems associated with the mea-
surements of p and T in vacuum, it is reasonable
to assert that the p is between 0.1 to 0.3 atmo-
spheres and that T is known to accuracies of at
least 10 to 20°. Comparing with the published
thermodynamic data, the substrate temperatures
that are encountered in thin film growth are con-

‘sistently higher than those for bulk material. This

suggests that there may be a liquid phase present
during the growth of thin films of these materials.

5. CONCLUSIONS

In summary, we have presented data that con-
firm the existence of a liquid phase on the surface
during the growth of YBCO thin films. These
observations seem to indicate that the operative
mechanism for the growth of high T, thin films is
the VLS mechanism of growth [7]. These obser-
vations mandate extreme caution in interpreting
layer-by-layer growth in these materials.
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Using tabulated thermodynamic data, a comprehensive investigation of the thermo-
dynamic stability of binary oxides in contact with silicon at 1000 K was conducted.
Reactions between silicon and each binary oxide at 1000 K, including those involving
ternary phases, were considered. Sufficient data exist to conclude that all binary oxides
except the following are thermodynamically unstable in contact with silicon at 1000 K:

Li;0, most of the alkaline earth oxides (BeO, MgO, Ca0O, and SrO), the column IIIB
oxides (Sc,03, Y03, and Re;0s, where Re is a rare earth), ThO,, UO,, ZrO,, HfO,, -
and Al,Os. Of these remaining oxides, sufficient data exist to conclude that BeO, MgO,
and ZrO, are thermodynamically stable in contact with silicon at 1000 K. Our results
are consistent with reported investigations of silicon/binary oxide interfaces and identify

candidate materials for future investigations.

I. INTRODUCTION

The fabrication of oxide thin-film microstructures on
silicon substrates offers tremendous opportunities for the
future of microelectronic devices. Such microstructures
would allow oxide layers to be fully integrated with silicon
circuitry and the broad variety of optical, electronic,
and magnetic properties of oxides to be utilized on-
chip. If high dielectric constant (e,) oxides, ferroelectric
oxides, high transition temperature (T,.) superconduct-
ing oxides, or magnetic oxides could be combined with
existing semiconductor technology, the materials prop-
erties available for use in microelectronics would be
drastically enhanced, allowing improved functionality and
performance to be realized. Unfortunately, direct growth
of these oxides on silicon is frequently accompanied
by extensive interdiffusion or chemical reactions that
degrade the properties of the oxide, the underlying silicon,
or both.I"® Consequently, the focus of a great deal of
materials research has been devoted to overcoming these
obstacles through the identification of compatible buffer
layers for use between silicon and the desired oxide
layers.™

Several factors must be considered in selecting
materials for use as buffer layers between silicon and
a particular oxide: chémical reactions, interdiffusion,
thermal expansion match, crystal structure, and lattice
match are some of the most important.®'° Extensive
chemical reaction between the buffer layer material
and silicon or between the buffer layer material and the
overlying oxide can result in the formation of interfacial
phases that often result in a loss of epitaxy. Interdiffusion

BPresent address: EPI, Chorus Corporation, St. Paul, Minnesota
55110.
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among silicon, the buffer layer, and the overlying oxide
can severely degrade the desired properties of these
materials. For example, impurities diffusing into an oxide
superconductor film can lower the T, reduce the tem-
perature coefficient of resistivity, and increase the

‘normal-state resistivity.!! Impurities diffusing into the

silicon substrate, especially those that produce deep levels
such as the yttrium, barium, and copper constituents of
the YBa,Cu307-s high T. superconductor, dramatically
alter carrier concentration profiles and lower carrier
lifetimes in the silicon,”!? Thermal expansion mismatch
must be minimized to-prevent cracking due to thermally
induced strains upon cooling after growth, especially if
these strains lead to a state of tension in the overgrown
oxide films, which is typically the case due to the low
thermal expansion coefficient of silicon. In addition,
the crystal structure and lattice match between each
of the layers must be considered when epitaxy is desired.
Ideally, a buffer layer for the growth of an oxide on
silicon should provide a nonreactive diffusion barrier and
a stable nucleation template for the subsequent epitaxial
growth of the overlying desired oxide.

This paper addresses the issue of chemical reaction
between silicon and binary oxide buffer layers. Specif-
jcally the thermodynamic stability of binary oxides in
contact with silicon for potential use as epitaxial buffer
layers between silicon and oxide thin films was examined
at 1000 K, since this is a typical deposition temperature
for the epitaxial growth of oxides. Thermodynamic
instability is a necessary, but insufficient criterion to
conclude that ‘an interface will react. It indicates the
presence of a driving force for reaction, but it is possible
for a kinetic barrier to limit the extent of reaction or
even prevent a thermodynamically unstable interface

~ from reacting at all. Of course, at the relatively high

© 1996 Materials Research Society 2757
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temperature considered, 1000 K, such kinetic barriers
must be significant to prevent interaction. Reactions
involving gaseous species were not considered as it was
desired to test the stability of the interface between two
solids (silicon and the binary oxide) and there is thus no
free volume in which a gas can €xist. Most of the binary
oxides considered in this comprehensive study were
determined to be thermodynamically unstable in contact
with silicon and consequently were eliminated. For many
of the remaining materials the calculations were unable to
be completed due to the lack of thermodynamic data for
silicides, ternary phases, or both. These materials could
neither be eliminated nor determined to be stable. Existing
experimental results indicate that many of these remaining
materials are stable in contact with silicon; those that have
not been reported warrant experimental investigation.
Finally, sufficient data exist to conclude that BeO, MgO,
and ZrO, are thermodynamically compatible with silicon.

il. METHOD

In order to narrow down the list of binary oxides
that could be stable in contact with silicon at 1000 K,
possible reactions between each binary oxide and silicon,
for which thermodynamic data existed, were considered.
Any reaction leading to a lowering of the Gibbs free
energy of the system (AG < 0) allowed the binary oxide
to be eliminated from further consideration. This is not
to say that the reaction found was the most favorable
of all possible reactions, but the identification of any
reaction products more stable than silicon in contact
with the binary oxide implies that the latter interface is
thermodynamically unstable. Identification of the most
stable reaction products was not our goal, and in many
cases cannot be accomplished due to insufficient ther-
modynamic data. The method employed is the same as
that used by Beyers'3-!® to determine the M~Si—O phase
diagrams for M = Ti, Zr, Ta, Mo, and W. Here it is applied
to all elements of the periodic table in order to identify
prudent choices of silicon-compatible binary oxides for
subsequent experimental studies.!’

Although there are many possible reactions, several
key reactions can be identified by considering the phase
diagram of a M—-Si—0O system. This phase diagram con-
tains silicon, the binary oxide under consideration, MO,
and all the possible products of a reaction between silicon
and the binary oxide. In general this phase diagram will
contain ternary M-Si-O phases, but due to the lack of
thermodynamic data for ternary phases, we first consider
the phase diagram of a M-Si-O system free of temnary
phases and containing only one binary oxide (M O,) of the
element M, as shown in Fig. 1.13!6 Ti-Si-O is an example
of a system free of ternary phases. For the binary oxide
to be stable in contact with silicon, a tie-line must exist
between MO, and silicon. The existence of such a stable
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tie-line constrains the rest of the phase diagram, since the
crossing of tie-lines is forbidden (a consequence of the
Gibbs phase rule as described in the Appendix). There
are only three possible types of M-Si-O phase diagrams.
These are shown in Fig. 1 and referred to as “metal oxide
dominant,” “SiO, dominant,” and “no phase dominant,”'®
following the work of Beyers.!>!¢ In this study we are
interested only in the metal oxide dominant-type, since
it is the only type having a tie-line between MO, and
silicon. Thermodynamic data may be used to determine
which of these three types of phase diagrams a particular
M-Si-O system belongs to. A reaction flowchart allowing
this determination is given in Fig. 2. For the purposes
of the present study, any system that fails (AG <0) a
reaction along the path to the metal oxide dominant-type
system can be eliminated from further consideration. The
(unbalanced) reactions along this path are

Si + MO, — M + Si0O; ¢))
and
Si + MO, — MSi, + SiO,. )

if an element has multiple silicides, the most silicon-
rich silicide (MSi;) should be used in Eq. 2).® Any
system that fails Eq. (1) can be eliminated from further
consideration. Any system that passes (AG > 0) Eq. (1)
but fails Eq. (2) can also be eliminated. This conclusion
is true even if the M-Si-O system contains ternary phases
or multiple binary oxides MO,, because failing Eq. (1) or
(2) implies that siljcon is thermodynamically unstable in
contact with the binary oxide.

If the M-Si—O system contains more than one MO,
binary oxide, then after passing (AG > 0) Egs. (1) and
(2), reactions involving MO, binary oxides on both sides
of the equation must also be tested. The M-Si-O systems
that passed Egs. (1) and (2) had at most two MO, binary
oxides. For systems containing two binary oxides the
additional (unbalanced) reactions to be tested are

Si + MO, — MO,, + SiO; 3)
and _
Si + MO,, — MO, + MSi,, @)

where MO, and MO,, are the two binary oxides (MO,
being the more oxygen-rich), at least one of which has
passed Egs. (1) and (2). Equation (3) needs to be tested
only when MO, has passed Egs. (1) and (2). Similarly,
Eq. (4) needs to be tested only when MO, has passed
Egs. (1) and (2). If an element has multiple silicides,
the most silicon-rich silicide (MSi,) should be used in
Eq. (4).2° If the M-Si~O system fails (AG < 0) Eq. (3),
then a stable tie-line does not exist between silicon and
MO, and it may be eliminated from further consideration. -
Similarly, if it fails Eq. (4), then a stable tie-line does not

J. Mater. Res., Vol. 11, No. 11, Nov 1996
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Sio,

M MSi,

MSi, Si

(©)

FIG. 1. The three types of M-Si—O phase diagrams at fixed temperature and pressure: (a) SiO; dominant, (b) no phase dominant, and

(c) metal oxide dominant (after Ref. 13).

exist between silicon and MO,, and it may be eliminated.
A flowchart showing these reactions and the resulting
phase diagrams is given in Fig. 3.2!

If the M-Si-O system contains ternary phases, then
after passing (AG > 0) Egs. (1) and (2) [and Egs. (3)
or (4) if the system contains more than one MO, binary
oxide], further reactions involving ternary products must
be tested. In general, the relevant reaction to test is that
at the crossing of two potential tie-lines. For the case at
hand, the relevant crossing is between the Si-MO, tie-line
with one dictated by the location of the ternary phase(s). If
a ternary phase (MSi,O,) which exists at 1000 K lies on
the tie-line between silicon and the binary oxide (MO,),
silicon will not be thermodynamically stable in contact
with MO, and the system can be eliminated from further
consideration. No such examples were found. If all of the
ternary phases existing at 1000 K are on only one side
or the other of the Si—-MO, tie-line, the relevant reactions
depend on which side they occur, as shown in Fig. 4. If all
of the ternary phases lie above the Si—-MO, tie-line [as
shown in Fig. 4(a)], the relevant (unbalanced) reactions
are

Si + MO, — MSi, + MSi;0, )

J. Mater. Res.,, Vol. 11, No. 11, Nov 1996

and
Si + MO, — M + MSi,0,, 6)

whereas if all of the ternary phases lie below the Si—-MO,
tie-line [as shown in Fig. 4(b)], the relevant (unbalanced)
reaction is

Si + MO, — SiO; + MSi.O),. ™

Equations (5) and (6) need to be evaluated only for
those ternary oxides (MSi;O,) that are positioned such
that the triangle MSi.O,-MO,—-Si does not contain any
other ternary oxides.”? Those ternary oxides satisfying
this condition are shown as solid dots in Fig. 4(a).
Equation (5) needs to be evaluated only for the most
silicon-rich silicide (MSi,).?® Only if Egs. (5) and (6)
are passed (AG > 0) by all such ternary oxides, can the
Si-MO, tie-line be concluded to be thermodynamically
stable. Similarly, Eq. (7) needs to be evaluated only for
those ternary oxides (MSi 0;) that are positioned such
that the triangle M Si; O} —MO,~Si does not contain any
other ternary oxides.?? The ternary oxides satisfying this
condition are shown as solid dots in Fig. 4(b). Only if
Eq. (7) is passed by all such ternary oxides, can the
Si—MO, tie-line be concluded to be thermodynamically
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St+ MO, - M+ SIi0,

AG>0

St + MO, — MS|, + SO, M+ S10, ~> MO, + MSi,
7 < AG<0 AG>0
Lo} o] o
ﬂ% /M0 \ N
M Mst, Msi Si M Msi, MSi, St M MsL,  MSt, St
metal oxide dominant no phase dominant Si0, dominant

F'IG. 2. A react‘ion ﬂowchzfrt showing what two reactions (unbalanced as-shown) can be used to determine which of .the three types of phase
diagrams a particular M-Si—O system belongs to if the system contains no ternary phases (MSi,O,) and only one M, phase.

stable. For all but one of the M-Si~O systems that passed
Eqgs. (1) and (2), all of the ternary phases lay above the
Si-MO, tie-line.

If the M-Si-O system contains ternary phases on
both sides of the Si-MO, tie-line, then in addition to
Egs. (5), (6), and (7), reactions with ternary products
lying above (M Si,0,) and below (M §i0;) the Si-MO,
tie-line must also be tested:

Si + MO, — MSi;0, + MSi"rO;. ®)

The only system of this type that passed (AG > 0)
Egs. (1) and (2) was the Si-Sc-O system.

The Gibbs free energy change at 1000 K (AGig)
was calculated for each of the above reactions using the
available free energies of formation at 1000 K (Gy,1000)
of each element (M), binary oxide (MO,, silicide (MSi,),
ternary phases (MSi,0,), and of silicon and SiO, (quartz).
The values of Gy 000 Were taken from Refs. 24, 25, and
26. All the data for a single calculation were taken from
either Refs. 24 and 25 or from Ref. 26 to maintain con-
sistency. Note that there are slight discrepancies in the
tabulated values in these different sources for the same
material. No single calculation was made with data from
both sources. For the calculations involving Sc;03, La,03,
Nd,0s, and Gd,03, Refs. 24 and 25 were used for the val-
ues of Gy 000 for silicon, MO,, MSi;O,, and SiO,, while

Ref. 27 was used in determining the values of Gy jg00 for
the corresponding silicides.

For each reaction ¢appropriately balanced for the par-
ticular binary oxide, MO,, with coefficients ») AG}’,woo
for the complete reaction was determined by subtracting
the sum of the free energies of formation of the reactants
from the sum of the free energies of formation of the
products?®: '

AGjwo = z VG;,xooo; Z vGyion- (9

Products Reactants

The magnitude of AGy 000 indicates the direction

" of the reaction. A negative value for AGy 000 indicates

that it is thermodynamically favorable for the reaction to
proceed to its products. Thus, when it was determined
that AGy 1000 for one of the above reactions was negative,
indicating that silicon and MO, are not thermodynami-
cally stable in contact with each other, the respective
binary oxide was eliminated from further consideration.
In cases where AGy 000 is close to zero, it is im-
portant to consider the accuracy of the thermodynamic
data. When the magnitude of AGy 1000 is less than this
accuracy, no conclusion of thermodynamic stability or in-
stability can be made. Unfortunately, the accuracy of ther-
modynamic data is frequently not given. References 24
and 25 do give an indication of the accuracy of their
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Si + MO, - MO, + SIO,
AG>0 AG<O
Si + MO,, - MO, + MSL, o
AG>0 AG<0 MO, Sio,
MO,
M Msy, MsSi, St
MO,, dominant

M Msi, Msi, Si M
MO, and MO,, dominant

MSt, MSi, St
MO, dominant

FIG. 3. A reaction flowchart showing what two reactions (unbalanced as-shown) can be used to determine which of the three types of phase
diagrams a particular M-Si—O system belongs to if the system is free of ternary phases (MSi,O,) and contains two metal oxide phases,

MO,, and MO,, both of which have passed Eqgs. (1) and (2).

tabulated thermodynamic data, and for this reason these
references were used whenever possible. With the excep-
tion of TiSi, and ZrSi,, all of the thermodynamic data
from Refs. 24 and 25 used in the calculations given have a

stated accuracy of “C” or better, for those cases where the

accuracy was given. This means that the accuracy of the
Gy 1000 values themselves are better than *2.3 kcal/mol
at T = 1000 K,*%5 and implies that the accuracy of the
Gy.1000 values for the reactions evaluated using these data
is better than about =35 kcal/mol. The magnitudes of
nearly all the reactions calculated are well above this ap-
proximate accuracy. For those reactions evaluated using
Refs. 24 and 25 where the magnitude of AGy, o0 is less
than 5 kcal/mol, the approximate accuracy of the calcu-
lated AGy,1000 value is given adjacent to it, based on the
stated accuracy of the reference data.

The reactions listed above were used (in the order
given) to determine AGy 900 for each of the binary
oxides under consideration in this study (see Table II).
Equation (1) was used to determine AGy 000 for the bi-

nary oxides listed in Table II. Those with a negative value
for AGy 1000 Were eliminated from further consideration.
The remaining materials (see Table III) were tested using
Eq. (2). Note that for many of these remaining binary
oxides Eq. (2) could not be completed due to the lack
of data for the relevant MSi, phase. Those materials
with no known silicides are identified. Equations (3) and
(4) were applied to those remaining systems containing
multiple binary oxides (see Table IV). Those that failed (a
negative value for AGy j000) Were eliminated from further
consideration.

Using Ref. 29, all known ternary phases (MSi,Oy)
for the M-Si-O systems of the remaining binary oxides
were identified and are listed in Table V. Using Egs. (5)
and (6) AGy 000 for the remaining binary oxides (for
which thermodynamic data for MSi,O, phases were
available) was calculated and is given in Table VI. A
summary of the remaining binary oxides that were not
able to be eliminated on thermodynamic grounds is given
in Table VII. For three of these sufficient thermodynamic

J. Mater. Res., Vol. 11, No. 11, Nov 1996 2761
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FIG. 4. M-Si~O phase diagrams containing one or more ternary
phases (MSi, 0y, at position of dots) located (a) above the Si—-MO,
tie-line and (b) beneath the Si-MO; tie-line. For case (a) Egs. (5)
and (6) should be used to test the stability of the Si—-MO, tie-line
with the ternary phases (MSi,O,) indicated by a solid dot. For case
(b) Eq. (7) should be used with those ternary phases (MSi;0))
indicated by a solid dot. Ternary phases indicated by hollow dots
(those that are positioned such that the triangle MSi, 0, -MO,-Si or
MSi 0} -MO, -Si contains other ternary oxides) do not need to be
considered.

data existed to complete the thermodynamic calculations
and conclude stability. The remaining 23 materials might
be stable in contact with silicon at 1000 K. Many of these

materials have already been investigated; thé remaining
materials warrant study.

ll. RESULTS
A. Initial considerations

- The goal of this study was to identify potentially -
compatible binary oxides for use as effective buffer layers
or as epitaxial thin films on silicon, by eliminating those
that are thermodynamically reactive with silicon. A binary
oxide in contact with silicon must be stable not only at the
temperature used for its growth, but also at the temper-
atures used for the growth of additional oxide layers on
top of the binary oxide (e.g., oxide superconductors, high
€, insulators, ferroelectrics, ferromagnets, etc.). Typically,
substrate temperatures (Ts,p) between 800 K and 1200 K
are used, depending on the particular oxide. Consequently,
the free energy calculations of this study were performed
at 1000 K.

All naturally occurring elements () that form binary
oxides (MO,) listed in Ref. 30 were considered in this
comprehensive study. Of these, only nonradioactive ox-
ides that exist as solids at 1000 K were pertinent. Table I
lists those binary oxides that were eliminated from further
consideration according to these constraints. All the binary
oxides remaining after those in Table I were eliminated
are contained in Table II, with the exception of SiO,, since
it is the native oxide of silicon and is the trivial case of
an oxide that is stable in contact with silicon. SiO, might
seem like the obvious choice for integration of silicon
with oxide overlayers;. however, the amorphous nature
of overgrown SiO; or SiO, formed by the oxidation of
silicon (for layers thicker than about 0.5 nm3®) makes the
growth of epitaxial oxide overlayers on SiO, a formidable
obstacle. 340

B. Binary oxides eliminated by considering Si +
MO, ~ M + SiO, at 1000 K

The binary oxides remaining after those in Table I
were eliminated are listed in Table II. Those materials that -
have a negative AG; 1000 for the reaction Si + MO; —
M + SiO, at 1000 K [Eq. (1)] can be removed from
the list of candidates since they are thermodynamically
unstable in contact with silicon at 1000 K. From this
reaction alone, the binary oxides of 30 elements can
be eliminated. No attempt was made to determine the
phase diagrams of those binary oxide systems that were
dismissed.

C. Binary oxides eliminated by considering Si +
MO, — MSi, + SiO, at 1000 K

For those materials that passed (AG > 0)' Eq. (1),
AG7 1000 for the reaction Si + MO, — MSi, + SiO; at
1000 K [Eq. (2)] was determined in those cases where free
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TABLE 1. Binary oxides that were deemed unacceptable for integration with silicdn at a growth temperature of approximately 1000 K.

Binary oxide (MO;,) Reason unacceptable? Binary oxide (MOy) Reason unacceptable?
H;0 MP =273 K Pt304 b
Na;0, DT =733 K PtO; MP =723 K
K0, MP = 763 K PtO; ¢
K03 MP =703 K AgO DT =403 K
KO, MP = 653 K Ag, 0, DT > 373K
Rb,0 DT =673 K Au0; DT =433 K
Rb0, MP = 843 K Hg,O DT =373 K
Rb,04 MP = 762 K HgO DT =773 K
RbO, MP = 705 K Ga,0 MP > 933 K
Rb;04 DT =773 K In,0 ¢
Cs,0 MP = 763 K InO ¢
Cs;0, MP =673 K TLO0 MP = 852 K!
Cs,04 MP = 673 K Tl,0, MP =990 K
Oxides of Fr, Ra, Pm, the actinides Radioactive B,0; MP = 723K
(Ac to Lr), Tc, Po, At, and Rn
MgO; DT = 361 K® Oxides of C BP < 280K
Ca0, DT = 548 K Pb,0 ¢
Sr0; DT = 488 K Pb,04 DT =643 K
Ba0, MP = 723 K Oxides of N BP < 295K
V,0s5 MP = 963 K P,04 MP = 297 K
Nb,O; ¢ P,0, MP < 373 K
Ta;04 P,0s MP = 573 K
CrO ¢ Oxides of Po Radioactive
CrO, MP =573 K As;03 MP = 585 K
Cr0; MP = 469 K As0s DT = 588 K
Mo,03 ¢ Sby05 MP = 929 K
Mo0,0;5 ¢ Sb0s DT =653 K
W05 ¢ BiO DT =453 K
~ MnO, DT =808 K Bi;Os DT =423K
Mn; O MP =279 K Oxides of S BP < 1000 K
ReO3 DT =673 K Se0, MP = 391 K
Rex 07 MP = 570 K SeOs; MP =590 K
RuO4 MP = 299 K TeO DT = 643 K
0sO ¢ TeOs DT = 668 K
05,03 ¢ Oxides of Br MP < 373K
0s0;4 MP = 313 K 10, DT <403 K
Co,0; DT = 538 Xf LOy DT =348 K
RhO, DT = 953 K& 1,05 DT = 573-623 K
PtO DT = 823 K Oxides of At Radioactive

2See Ref. 30. MP = Melting Point, BP = Boiling Point, DT = Decomposition Temperature

bSee Ref. 31.
®Not listed in Ref. 29.

¢Not stable as a pure phase. See Refs. 32 and 33.
“Not a stable phase. See Refs. 33, 34, and 35.

fSee Ref. 36.
&See Ref. 37.

"High pressure phase (Po, = 40 atm at 1000 K). See Ref. 37.

iSee Ref. 26.

energy data for the silicides were available (see Table III).

Beryllium and aluminum do not form silicides,”*! obvi-

ating the need to evaluate Egs. (2) and (5) for BeO and
Al O3. The results allowed CeQ,, TiO, Ti,03, and TiO, to
be eliminated from consideration. The negative value of
AGj¥ 1000 for the reactions involving TiO, Ti;O3, and TiO,
indicates that the Ti-Si—O system is a no phase dominant
system [see Fig. 1(b)], in agreement with the results of
Beyers.!? Due to the lack of free energy data for pertinent

silicides, Eq. (2) could not be evaluated for many of the
remaxmng bmary oxides.

D. Binary oxides eliminated by considering
reactions involving another binary oxide

Reactions involving multiple binary oxides MO, were
considered next. The M-Si-O systems that passed (AG >
0) Egs. (1) and (2) had at most two MO, binary oxides.
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TABLE II. Gibbs free energy change at 1000 K (AGypg) for the reaction Si + MO, — M + SiO; (balanced appropriately) for each of the

binary oxides remaining after those in Table 1 were eliminated.

AGioo per MOy, for

AGigo0 per MO, for

Binary . St + MO, — M + Si0, Binary Si + MO, — M + SiO;

oxide . (balanced appropriately) oxide ~ (balanced appropriately) =
MO,) g (kcal/mol) : Reference(s) (MOy) o (kcal/mol) Reference(s)
Li,O + 24298 24 Nb,Os ~ 86.228 24
Na,O — 20.061 24 Ta0s — 52533 24,25
K,O — 33.749 24 Cr,03 — 55.275 24,25
BeO + 32405 24,25 MoO; - 76.902 24,25
MgO + 30572 24,25 MoO; ~143.782 24,25
Ca0 + 39914 24,25 WO, - 71.126 24
St0 + 30.821 24,25 WO, ~107.195 24
BaO + 21.338 24 WO, -121.814 24
Sc204 +123.105 ’ 24,25 MnO - 12.752 24,25
Y,0; +116.823 24 Mn304 ~100.598 24,25
L2045 + 98.470 24,25 Mn, 05 —~ 94.689 24,25
Ce20; +104.946 24,25 TcOz? -112914 24,25
CeO, + 36.290 24,25 ReO, ~126.662 26
Pr;04 +105.768 24,25 FeO -~ 37.774 24,25
PrO, + 13.559 24,25 Fe;0;4 —160.084 24,25
Nd; 04 +101.692 24,25 Fe;03 -127.471 24,25
Smy04 +103.941 26 RuO, -142.270 26
EuO + 33.238 26 0s0, —~147.245 ‘ 24,25
Eu,05 + 61.901 26 CoO —~ 48.041 24,25
Gd;04 +101.549 24 Co304 —227.374 24,25
Tb04 +114.762 24,25 Rh;03 —235.152 24,25
TbO;.72 + 38.273 . 24,25 IrO, ~159.465 : 24,25
Dy;04 +112.435 26 . NiO - 51377 24,25
Ho,03 +118.450 26 PdO — 86.066 24
Er,04 +122.030 26 Cu,0 —~ 64.284 24,25
Tm, 03 +116.654 26 CuO - 71375 24,25
Yb,04 +103.830 26 Zn0O ~ 28.461 24,25
LuyO3 +116.965 26 Cdo ~ 49.433 24,25
ThO,? + 75.513 26 AL O, %+ 63.399 24,25
uo,? + 43.670 24,25 Ga,05 "~ 79411 24,25
TiO + 17.849 24 In; O3 ~-117.722 26
Ti; 05 + 35.432 24 GeO, ~ 82.124 26
TiO, + 7.527 24 SnO ~ 43514 24,25
Zr0, + 42326 24 SnO, —~ 84.977 24,25
HfO, + 47.648 24,25 PbO ~ 59.249 24,25
VO - 5314 24,25 Pb304 —269.624 24,25
V203 -~ 30.197 24,25 PbO, ~155.786 24,25
VO, — 43.280 24,25 SbO, ~110.523. 24,25
NbO - 10.132 24 Bi; 05 -191.853 24,25
NbO, - 13.872 24 TeO, ~140.949 24,25

#Radioactive, but still considered since thermodynamic data exist.

Equations (3) and (4) were applied to these systems and
the results are given in Table IV. The results allowed
PrO;, Eu,;03, and TbO, 7, (Tb;04,) to be eliminated from
consideration.

E. Binary oxides eliminated by considering
reactions involving ternary phases

The presence of ternary phases at 1000 K in the
remaining candidate M-Si-O systems is now considered.
Table V lists the ternary phases known to exist?® in the
systems remaining under consideration and the values of

L

G 1000 for those phases for which data exist.2*? Note that
all of the remaining M-Si-O systems under consideration
contain ternary phases. For systems in which data on
the relevant thermodynamic phases were not available,
Egs. (5) and (6) were evaluated for all phases for which
data were available. Although thermodynamic data for the
relevant phases are required to conclude thermodynamic
stability, if any of the ternary phases leads to a negative
AGyf 1000 in Egs. (5) or (6), the binary oxide can be
eliminated.

Table VI contains the results of the relevant thermo-
dynamic calculations [Eqs. (5) and (6)] involving ternary
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TABLE II. Gibbs free energy change at 1000 K (AGjoy) for the
reaction Si + MO, MSi, + SiO, (balanced appropriately) for each
of the binary oxides in Table II that had a positive AGyp for the
reaction Si + MO, — M + SiO, (balanced appropriately).

AGio per MO; for

Binary  Si + MO, — MSi, + SiO; Relevant

oxide (balanced appropriately) silicide

(MOy) (kcal/mol) (MSi*  Reference(s)
Li,O b Liy; Sig e
BeO ¢ ¢ 29
MgO +23.385 Mg,Si 26
Ca0 A +17.582 CaSi, 24,25
SrO b SrSip cen
Ba0 b BaSi, e
Scy05 +91.297 ScSi 24,25,27
Y;03 b YSi, cer
La;0s +66.372 LaSi; g 24,25,27
Ce;03 +17.896 CeSiz 24,25
CeO, - 7.908 CeSiy 24,25
Pr;0; b PrSi, .o
PO, b : PrSiz e
Nd,0; +76.974 NdSi g 24,25,27
Sm203 b SmSiu s
FuO b EuSi,

Euy03 b EuSi> cen
Gd;03 +88.582 GdSij go 24,25,27
Tb,03 b TbSi, e
TvO1722 b TbSi,

Dy,0; b DySi; 4
H0203 b HOSiz
Er, 203 b ErSiz
Tmy0s b TmSi;-;

Yb,0; b YbSiz-,
Ll!203 Lllei3
ThO,¢ b ThSi, .
U0,¢ - +12.066 USi; 24,25
TiO -12.693 TiSiz 24,25
Ti; 03 —25.651 TiSiz 24,25
TiO, -23.014 TiSi, 24,25
Zr0, + 5914 ZrSiy 24,25
HfO, b HfSi, e
ALO; ¢ ¢ 29

3See Refs. 27 and 29.

YFree energy data for the silicide(s) were unavailable.

®No known silicides.

dRadioactive, but still considered since thermodynamic data exist.

phases. The values of A Gy for reactions involving Li, 0,
Ca0, and BaO were negative. However, for the reactions
involving Li,O and CaO, the magnitude of the negative
AGjoy is within the uncertainty of the thermodynamic
data. Hence the results allowed only BaO to be eliminated
from consideration. In most cases these calculations could
not be completed due to the lack of free energy data for
pertinent ternary phases or silicides.

For three of the systems under consideration, the
data for the relevant known ternary phases were avail-
able and the calculations were completed. The results
of these thermodynamic calculations indicated that BeO,
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MgO, and ZrO, are thermodynamically stable in contact
with silicon at 1000 K, as summarized in Table VIL
Beyers’ thermodynamic calculations'® previously showed
ZrO, to have a stable tie-line with silicon at 1000 K;
the calculations of the present study confirm Beyers’
findings.

IV. COMPARISON TO EXPERIMENTAL
OBSERVATIONS

Both the growth of binary oxides on silicon as well
as silicon on binary oxides have been reported. Most
of the recent work with the aim of integrating oxides,
other than SiO,, with silicon technology has focused
on the integration of oxide superconductors with silicon.
Due to the extensive reaction that accompanies direct
integration,">*> many researchers have been working to
fabricate superconducting thin films on silicon by deposit-
ing a nonreactive epitaxial buffer layer between the silicon
substrate and the superconducting oxide.”® In order to
preserve the crystalline template of silicon, the growth of
binary oxides on silicon is usually initiated in a vacuum or
oxygen-deficient atmosphere.*>*° Following nucleation of
the binary oxide, growth of the binary oxide is continued
in an oxygen-rich atmosphere. The excess-oxygen envi-
ronment may lead to the oxidation of the silicon (or of
the silicides or other interfacial reaction products) under-
lying the binary oxide, if the binary oxide is sufficiently
permeable to oxygen. Although the effects of this addi-
tional oxidation are not considered in our thermodynamic
reactivity analysis, the stability of the initial binary ox-
ide/silicon interface is. The stability of this interface is an
important consideration for epitaxial growth. In addition
to the recent efforts to integrate oxide superconductors
with silicon, the effort (primarily in the 1960s) to develop
an epitaxial silicon-on-insulator (SOI) technology has also
led to the experimental investigation of silicon deposited
on binary oxides.’>>! Below we compare these experi-
mental observations with the thermodynamic stability of
each binary oxide/silicon interface.

The results of this study are remarkably consistent
with experimental reports. With the possible exception of
BaO, PrO,, and IrO,, for which detailed analysis of the
interface with silicon is lacking as described below, the
only binary oxides found to be free of reaction layers
with silicon are all among the list of candidate materials
identified in this study. The integration of several of

“the candidate materials with silicon, i.e., Li;O, Sc,03,

most of the Re;0; oxides, and HfO,,? has not been
experimentally reported and warrants investigation. Below
we compare the experimental observations of all reported
binary oxide/silicon couples, both the growth of the binary
oxide on silicon, as well as the growth of silicon on
the binary oxide, with the results of our thermodynamic
analysis.
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TABLE'IV. Gibb.s freF energy change at 1000 K (AGiueo) for the reactions [Egs. (3) and (4)] involving multiple MO, binary oxides for each
of the bindary oxides in Table III that had a positive AG g for the reaction Si + MO, — MSi; + SiO; (balanced appropriately) and multiple

MO, binary oxides.

AGigeo per MO, for

AG1oo-per MO,, for

Bin'ary Si'+ MO, — MO,, + SiO; Si + MO, — MO, + MSi,
oxide (balanced appropriately) " (balanced appropriately) °
(MO, or MO,) (kcal/mol) (kcal/mol) Reference(s)

Ce; 05 +29.758 24,25
Pr203 ‘e a e
PrO, —39.325 24,25
EuO . a
Eu, 03 — 4.575 26
Tb203 oo a ver
TbOy.72 —19.108 24,25

3Free energy data for the silicide(s) were unavailable.

A. Reported biriary oxide/silicon reactions

Relatively few examples of reactions of binary oxides
with silicon have been reported. This may at first seem
surprising considering that the vast majority of binary
oxides are thermodynamically unstable in contact with
silicon at 1000 K, but a nonreactive barrier layer is clearly
more newsworthy than a reactive one. What few reports
exist are often relegated to brief remarks or footnotes in
the description of an otherwise successful experiment.

Reaction between silicon and Gd,0; (at Ty, between
923 K and 1023 K),? SnO, (at Tep above 1273 K), and
PbO (at Tes, = 783 K)* have been noted. All of these,
except Gd,03, are expected from our thermodynamic
calculations. Although we were unable to complete our
thermodynamic calculations for Gd,O; due to the lack
of thermodynamic data, Gd,O; passed (AG > 0) the two
reactions for which sufficient data were available [Egs. (1)
and (2)). Tarsa et al.’ suggested that Gd,O; reacts with
silicon to form GdO,. Unfortunately, we were unable to
assess if this reaction is thermodynamically favored due
to the absence of thermodynamic data for GdO,.

An equivalent means of showing that a MO,/Si in-
terface is thermodynamically unstable is to demonstrate
the stability of another interface in the M-Si~O phase
diagram that would necessarily cross the Si-MO, tie-
line. For example, the stability of M/SiO; interfaces has
been experimentally (and thermodynamically) studied.*?
A stable M/Si0O, interface in a given M-Si-O system
implies that the MO,/Si interface in that system must
be thermodynamically unstable, since the crossing of tie-
lines is forbidden. The experiments of Pretorius et al.>
showed the metals Cr, Mn, Fe, Co, Ni, Pd, Pt, and Cu
to be stable in contact with SiO; at 1073 K signify-
ing that the corresponding metal-oxides are all thermo-
dynamically unstable in contact with silicon. Similarly,
experiments showing the stability of molybdenum and
tungsten in contact with SiO, at 1273 K to 1573 K,
the stability of TiSi and TiSi; in contact with SiO, at

1273 K, 1355 the stability of V3Si in contact with SiO, at
1273 K,P%¢ and the stability of TaSi, in contact with SiO,
at temperatures between 1173 K and 1323 K, indicate
that the corresponding metal-oxides are all thermodynam-
jcally unstable in contact with silicon. These results are
all in agreement with our thermodynamic calculations.

B. Reported nonreactive binary oxide-silicon
interfaces

1. BeO/Si

Our thermodynamic calculations indicate that BeO is
stable in contact with silicon at 1000 K. This is consistent
with the experimental observations of Manasevit er al.>®
who reported the epitaxial growth of silicon on several
faces of BeO single crystals at substrate temperatures near
1450 K.

2. MgO/si

Based on the thermodynamic calculations of this
study, MgO and silicon are stable in contact with each
other at 1000 K. Reports of reaction-free MgQ/Si inter-
faces confirm our thermodynamic calculations.* In par-
ticular, Fork et al.¥® have examined an epitaxial MgO/Si
interface of a film grown at a substrate temperature
of 773 K by high-resolution cross-sectional transmission
electron microscopy (TEM) and show that it is abrupt
and free from reaction layers or noticeable interdiffusion.
Cross-sectional TEM studies of polycrystalline MgO films
grown on silicon have revealed either no interfacial re-
action (Te, = 923 K)® or a thin amorphous interfacial
layer (Top = 673 K to 773 K).! In light of the absence
of an interfacial layer in the epitaxial MgO films,> the
latter observation of an amorphous interlayerS! is more
likely attributed to incomplete removal of the native oxide
on the silicon substrate prior to growth or oxidation of the
silicon by O?~ ion transport through the polycrystalline
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TABLE V. Temary phases present in the metal-silicon-oxygen systems for each of the binary oxides in Table III that had a positive AGog
for the reaction Si + MO; — MSi; + SiO; (balanced appropriately). The known free energies of formation at 1000 K (Gf.iooo) for these
phases are also given. The relevant ternary phases for Egs. (5) and (6) are shown in bold.

Ternary phase? Free energy of formation Ternary phase? Free energy of formation
(MSi,0,) (G;-_;ooo) (kcal/mol) (MSi,0y) (G;,lo()o) (kcal/ mol)b

LigSiOg ¢ Eu3SiOs ¢
Li45i04 ~ 605.954 Eu,Si0, ¢
LigSinO7 ¢ Eu,SiOs ¢
LizSiOg — 428.439 EU3Si207 ¢
Li5Si;0s — 664.434 EuSiO; ¢
LizSi307 ¢ EquizO'] ¢
Be;Si04 —~ 543.542 Gd,Si0Os ¢
Mg,Si0,4 ~ 560.595 Gd,Si,07 ¢
MgSiO; —~ 398.377 Th,Si0s ¢
Ca;;SiOs -~ 753.050 szSizO7 ¢
Ca;Si0y —~ 586.443 Dy,SiOs ¢
CasSisolg ¢ - Dy25i207 ¢
Ca3Si, 0y -1023.100 Ho,Si0s ¢
CaSiOs ~ 422.822 Ho48i30,, ¢
CaSi;0s ¢ Ho,Si,09 ¢
Sr38i0s ¢ Ho,Si30y ¢
SI‘zSiO4 . ~ 605.164 HOzSisOg ¢
SrSi0; ~ 426.295 Er;SiOs €
Ba;SiOs ¢ El‘zSi207 ¢
Ba,Si0O4 "~ 608.939 Tm;,Si05 ¢
BaSiO; ~ 427.257 Tm;Si> 09 €
Ba25i303 ¢ Yb35i05 ¢
Ba58i8021 ¢ Yb3Si07 ¢
Ba3Si5013 ¢ szSi04 ¢
BaSi205 ¢ szSiOs ¢
BaSi409 ¢ YbSiQ;; ¢
ScSig.0200.98 ¢ Yb,8i,0; .
SCZSi05 ¢ LlleiOs ¢
Sc,Si,07 ¢ Lu,Si0, ¢
YzSiOs ¢ LUZSi207 ¢
Y4Si302 ¢ ThSiO4 ¢
Y,Si 07 ¢ USiO4 . ¢
La;Si05 ¢ USi7017 ¢
La;Si, 07 ¢ ZrSiOy — 520.307
Ce;Si05 ¢ HfSi04 ¢
Ce2S5i207 ¢ Aly.9080.0502.95 ¢
Pr2SiOs ¢ Al 708ip,1502.85 N
PrgSigO24 ¢ Al, 40810300270 €
Nd;SiOs ¢ AlgSi; 043 -1736.172
Nd4SisOp ¢ Al,SiOs — 660.925
Nd,8i,09 ¢ Alg508i97502.25 ¢
Sm25i04 ¢ Alei4010 ¢
Sm;,Si0s ¢

SmySiz012 ¢

SmSiO; ¢

szsizo7 ¢

aFree energy data from Refs. 24 and 25.
®Ternary phase data from Ref. 29. .
°Free energy data not given in Refs. 24 and 25.

MgO film (e.g., along grain boundaries)‘duﬁng growth,
than to a reaction between MgO and silicon.
3. Ca0/Si

Sufficient data existed to complete the thermo-
dynamic calculations for CaO. The calculations indicated

that CaO and silicon would react at 1000 K (AGyp0 < 0)
to form CaSi; and Ca3;SiOs. However, the magnitude
of this reaction (—~1.519 kcal/mol) is close to the
approximate uncertainty of the thermodynamic data
(*1 kcal/mol). Consequently, the instability of the
CaO/Si interface cannot be asserted. The growth of CaO
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TABLE V1. Gibbs free energy change at 1000 K (AGiyq) for the
reactions [Eqgs. (5) and (6)] involving relevant ternary phases (bold)
for which data were available (Table V) for each of the binary oxides
in Table III that had a positive AGygqo for the reaction Si + MO, —
MSi, + SiO, (balanced appropriately).

-AG{o00 per MO; for AG1geo per MO, for .

. Si+ MO;— Si + MO; —
Ternary MSi; + MSi;0, M + MSi,0,
phase (balanced appropriately) (balanced appropriately)
(MSi0,) (kcal/mol) (kcal/mol)
LisSiOy a — 0.493° (£0.8)
LipSiO; a + 5.049
LizSiy0s a +12.467
Be;Si0y b +14.414
Mg;Si0; +7.951 +11.544
Ca3Si0s —1.519° (x1.0)¢ +10.155
Sry8i04 2 + 3.041 (£1.4)¢
SrSi0; 3 + 4.807 (=1.4)¢
BaSiO; a ~ 4.831 (20.80¢
BaSiOs 2 + 2359 (20.9)¢
ZrSiOy +1.253¢ (£2.1)¢ +19.459
AlgSiz 013 b +19.050
AL SiO;s b +24.443

*Free energy data for the silicide(s) were unavailable.

®No known silicides.

“The magnitude of this reaction is close to the approximate uncertainty
of the thermodynamic data, making its result inconclusive.

4The approximate uncertainty given is a lowerbound on the error;
approximate errors were not given in Refs. 24 and 25 for some of
the terms involved in the calculation of this AGiyy value. -

on silicon at a substrate temperature of 673 K has been
reported by Soerensen and Gygax.%? They used Auger
depth profiling to analyze a 50 A thick CaO film grown
on silicon and reported that the CaO/Si interface was on
the order of 20 A wide. This suggests that the CaO/Si
interface is free of reaction layers.

4. SrO/Si

Although the thermodynamic calculations for SrO in
contact with silicon at 1000 K could not be completed
due to the absence of thermodynamic data for SrSi,
and Sr3Si0Os, it is believed that SrO and silicon are
thermodynamically stable in contact at 1000 K based

on experimental observations. Kado and Arita® % grew

both epitaxial SrO films on silicon and epitaxial sili-
con films on SrO by molecular beam epitaxy (MBE)
at substrate temperatures between 923 K and 1053 K.
They used Auger electron spectroscopy (AES) to depth-
profile the SrO/Si interface(s) and reported both the ab-
sence of noticeable interdiffusion at the interface(s) and
the absence of Auger peaks due to SiO,. Similarly,
Soerensen and Gygax®? also reported reaction-free SrO/Si
interfaces for films grown at Ty, = 673 K. It has also
been shown that it is not necessary to completely remove
the thin native oxide (SiO,) layer from the silicon sub-
strate in order to achieve an epitaxial SrO layer.*? The
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residual SiO, may be reduced (to Si or volatile SiO) and
the excess strontium metal oxidized (to SrO) by inijtiating
the growth with strontium metal in an oxygen-deficient
atmosphere.*? This observation is consistent with the
absence of a stable tie-line between strontium metal and
Si0, [e.g., the Si0,; dominant system shown in Fig. 1(a)],
and together with the other experimental observations is
consistent with the presence of a stable tie-line between
silicon and SrO.

5. BaOQ/Si

Our thermodynamic calculations indicate that it is en-
ergetically favorable for BaO to react with silicon [e.g.,
to form barium metal and Ba,Si0,, Eq. (6)]. However,
experimental evidence does not support this conclusion.
Kado and Arita® grew epitaxial BaO films on silicon by
MBE at a substrate temperature of 1053 K and reported
a Rutherford backscattering spectrometry (RBS) channel-
ing yield, ymi, of about 7%. McKee et al.** have also
reported the MBE growth of epitaxial BaO layers on sil-
icon substrates by a more involved route, involving the
formation of a one monolayer thick BaSi, layer on top of
the silicon prior to the deposition of BaO. This later re-
sult demonstrates the existence of a stable tie-line between
BaSi, and BaO, which, in the absence of the existence of
ternary phases, would mandate a stable tie-line between
silicon and BaO [i.e., the metal oxide dominant system
shown in Fig. 1(c)]. Analysis of the BaO/BaSi,/silicon
interfaces after growth has not been reported, leaving it
unclear if the one monolayer thick BaSi, layer survives
intact or if the final interface is simply between BaO and
silicon as the prior work of Kado and Arita® suggests
is stable. Such interfacial characterization would help to
resolve the discrepancy between our thermodynamic cal-
culations and reported observations. It is possible that
interfacial energies favor the BaO/silicon interface due
to its more favorable lattice match. Interfacial energies
not included in our thermodynamic calculations are likely
important in cases where the magnitude of the free energy
change of an interfacial reaction is small, as in this case
and also for Li,O/silicon, CaO/silicon, SrO/silicon, and
ZrO,/silicon (see Table VI).

6. Y,03/Si i

The epitaxial growth of Y,0; on silicon*#665-67 and
silicon on Y,03;% has been demonstrated at substrate
temperatures ranging from 1003 X to 1073 K. Reaction
between the silicon and Y,0; has not been reported,
despite in situ monitoring of the deposition process with
reflection high-energy electron diffraction (RHEED) dur-
ing growth.#*6>-68 High-resolution cross-sectional TEM
micrographs of the Y,03/Si interface have also been
obtained.*® Therefore, even though our thermodynamic
calculations could not be completed due to the absence
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TABLE VII. Summary of the remaining binary oxides that were not able to be eliminated on thermodynamic grounds. These are the.only binary
oxides that may be stable in contact with silicon. Due to the lack of free energy data for relevant silicides, ternary phases, or both, only for
a limited number of binary oxides (shown in bold) could thermodynamic stability with silicon be concluded.

Magnitude of
AGi per MO,
for Reaction 6*

Magnitude of

AGig0 per MO,
for Reaction 12

Magnitude of

AGo per MO,
for Reaction 22

Magnitude of
. AGo per MO,
for Reaction 5°.

Oxide ~ (keal/mol) . (kcal/mol) ' (kcal/mol) - (kcal/mol)
Li,O + 24298 b b T = 0.4938 (£0.8)
BeO + 32405 c c ©+14.414f
MgO + 30572 +23.385 +7.951f +11.544f
Ca0 + 39.914 +17.582 ~1.5198 (x1.0)" +10.155f
SO0 + 30.821 b b Positive®
Sc,03 +123.105 +91.297 d d
Y20, +116.823 b bd d
La;0;, + 98470 +66.372 d d
Ce,03 +104.946 +17.896 d d
Pr;0; +105.768 b bd d
Nd, 04 +101.692 +76.974 d d
Smy05 +103.941 b bd d
EuO + 33.238 b bd d
Gd,0; +101.549 +88.582 d d
Tb, 05 +114.762 b bd ¢
Dy,0s +112.435 b bd d
Ho,0; +118.450 b bd d
Er,0; +122.030 b bd d
Tm,0; +116.654 b bd d
Yb;05 +103.830 b bd d
Lu,0s +116.965 b bd d
ThO;' + 75513 b bd d
U0, + 43.670 +12.066 d .
Zr0, + 42326 "4+ 5914 +1.2538 (£2.1)b +19.459f
HfO, + 47.648 b bd d
Al,O4 + 63.399 c c Positive®

aReactions (balanced appropriately)
1: Si + MO, — M + SiO, at 1000 K (Table II).
2: Si + MO, — MSiz + SiO; at 1000 K (Table III).
5: 8i + MO, — MSiz + MSi,O, at 1000 K (Table VI).
6: Si + MO, — M + MSi,O, at 1000 K (Table VI).
YFree energy data for the silicide(s) were unavailable.
*No known silicides.

dFree energy data for the relevant ternary phase(s) were unavailable.

®Free energy data for the relevant ternary phase(s) were not available. The free energy change at 1000 K (AGjg) for each of the phases

for which data were available was positive.

fFree energy data for the relevant ternary phase(s) were available and reactions 5 and 6 were positive in all cases.
8The magnitude of this reaction is close to the approximate uncertainty of the thermodynamic data, making its result inconclusive.
"The approximate uncertainty given is a lowerbound on the error; approximate errors were not given in Refs. 24 and 25 for some of the

terms involved in the calculation of this AGyo value.
'Radioactive, but still considered since thermodynamic data exist.

of free energy data for YSi; and Y,SiOs, it is believed
that these calculations, if completed, would confirm the
thermodynamic stability of Y,0; in contact with silicon.
Analogous to the case of epitaxial SrO/Si growth, it
has been shown that it is not necessary to completely
remove the thin native oxide (5i0,) layer from the silicon
substrate in order to achieve an epitaxial Y,03 layer.*-46
By initiating growth with the deposition of yttrium metal
in an oxygen-deficient atmosphere, the residual SiO, may
be converted to Y203 and volatile SiO.* This observation
is consistent with the absence of a stable tie-line between
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yttrium metal and SiO, [e.g., the SiO, dominant system
shown in Fig. 1(a)].

7. C602/Si

CeO, has been epitaxially grown on silicon at tem-
peratures ranging from 293 K to 1123 K. This re-
sult is unexpected from a thermodynamic standpoint as
the calculations presented show that CeO, is thermo-
dynamically unstable in contact with silicon [AGioo
for Eq. (2) is negative for CeO;]. As the magnitude of
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AGiooo for Eq. (2) involving CeO,, —7.908 kcal/mol, is
not appreciably greater than the approximate accuracy of
this calculation (approximately +2.7 kcal/mol),” Eq. (3)
was also applied to see if the thermodynamic instabil-
ity of CeO, with silicon could be more conclusively
shown from existing thermodynamic data. The resulting
AGiuo for Eq. (3) is —16.856 kcal/mol.?*?5 This re-
~ sult is sufficiently greater than the possible error in the
thermodynamic data to rule out the possible thermo-
dynamic stability of CeO; in contact with silicon.

Although from a thermodynamic standpoint the
calculations presented show that CeO, is thermo-
dynamically unstable in contact with silicon, Ce;0; is
potentially stable in contact with silicon. This apparent
discrepancy between experimental observation and the
present thermodynamic calculations would be absent if
at the silicon interface the CeO, were locally reduced
to Ce;0s, yielding a stable Si/Cey03;/CeO, interface.
Indeed both in siru x-ray photoelectron spectroscopy
(XPS) measurements’’? and ex situ cross-sectional TEM
investigations’ of epitaxial CeO, films deposited on
silicon indicate the presence of a mixed-valence’"?
(Ce** and Ce**), oxygen-deficient’ (CeO,-,) region
in the vicinity of the CeO,/Si interface. Using cross-
sectional TEM Chikyow efal” examined several
epitaxial CeO,/Si interfaces prepared under different
-conditions, yet nowhere did they find CeO, in direct
contact with silicon. Similarly, the cross-sectional TEM
images of as-grown CeO,/Si films reported by Inoue
et al.”® do not show CeQ, in direct contact with silicon.
Instead, these TEM studies reveal an amorphous layer
between the silicon and overgrown CeQ,.”>”> Inoue
et al” attribute this layer to amorphous SiO;, while
Chikyow et al.” conclude that this amorphous interlayer
consists of SiO, and oxygen-deficient CeO,—,. The
thickness of this layer depends on the growth conditions,”
but it is typically a few nanometers in thickness. This
suggests, since epitaxy occurs, that the amorphous SiO;
layer is formed after the initial stages of growth due
to O?~ ion conduction through the growing CeO, (and
Ce0;-;),” much as the amorphous SiO; layer forms at
the yttria-stabilized zirconia (YSZ)/Si interface observed
by Fenner et al.!

8. PrO,/Si

Despite our conclusion that PrO, is thermodynami-
cally unstable in contact with silicon at 1000 K [AG1o00
for Eq. (3) is negative for PrO,], Fork etal’® have
grown epitaxial PrO, on silicon at substrate temperatures
between 823 K and 923 K. At these lower growth tem-
peratures, AG® for Eq. (3) is still negative; in fact, it
becomes even more negative than it is at 1000 K. The
reported results would be in complete agreement with
our thermodynamic analysis if during the initial stages of
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growth a stable PrO,/Pr,03/Si interface is formed; such a
situation is analogous to the thermodynamically unstable
Ce0,/Si interface at which interfacial reaction occurs.
Unfortunately, cross-sectional TEM studies of PrO,/Si
interfaces have not been reported.

9. PI’203/Si

Without thermodynamic data for PrSi, and Pr,SiOs
it is not possible to determine the thermodynamic sta-
bility of Pr,Os in contact with silicon. However, Tarsa
et al.” have grown epitaxial Pr,O; films on silicon and
epitaxial silicon films on Pr,Oj; at a substrate temperature
of 873 K. Their study, which includes in situ RHEED
analysis during growth and ex situ cross-sectional TEM
analysis, contains no evidence suggestive of reaction at
the Pr,0,/Si interfaces. It is thus believed that Pr,O3 is
thermodynamically stable in contact with silicon.

10. Nd,04/Si

Due to the lack of thermodynamic data for Nd,SiOs,
we were unable to complete our thermodynamic analysis
of the stability of Nd,O; in contact with silicon at 1000 K.
Nagata et al’! have reported the epitaxial growth of
Nd,0; films on silicon at substrate temperatures between
873 K and 973 K, which would be consistent with the
thermodynamic stability of Nd,Os in contact with silicon.

11. ThOy/Si

Although the thermodynamic calculations for
ThO, could not be completed due to the absence of
thermodynamic data for ThSi, and ThSiOs,, it is believed
that ThO, and silicon are thermodynamically stable in
contact at 1000 K based on experimental observations.
The cube-on-cube epitaxial growth of silicon on
ThO, single crystals has been reported for substrate
temperatures between 1373 K and 1423 K5 Although
it appears that the ThO,/Si interface is stable, the
practicality of using ThO, as a buffer layer is unlikely
because of its radioactive nature.

12. ZrO,/Si

There are many reports of the epitaxial growth of
ZrO, films on silicon at substrate temperatures ranging
from 923 K to 1153 K,*7-6679-81 put no reports of interfa-
cial reaction between ZrO, and silicon. These results are in
agreement with the thermodynamic calculations presented

" in this study in which we find the Zr0,/Si interface to be

stable at 1000 K.

Although the successful integration of yttria-stabil-
ized cubic zirconia (Y,03;-ZrQ,) with silicon has been
widely demonstrated (both the epitaxial growth of silicon
on Y,05-Zr0,566882 and vice versal#+-46:48.6566.68.8083-86)
calculating the thermodynamic stability of this ternary
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oxide is beyond the scope of the calculations that we
present here for binary oxides. Just as it has been shown
possible to grow epitaxial SrO and epitaxial Y,0; films
on silicon without first removing the thin native oxide
(SiO,) from the silicon substrate,*?#+-4¢ epitaxial ZrO,"
and Y,03-Zr0,*-*6449 films have been grown on silicon
by initiating growth in an oxygen-deficient atmosphere.
This results in the reduction of the residual SiO, (to
Si or volatile SiO) and oxidation of the excess metallic
zirconium and yttrium. Additionally, the Y,03~ZrO,/Si
interface is one of the few thermodynamically compatible
oxide/Si interfaces for which interdiffusion has been
studied. Zirconium diffusion into the silicon was observed
to have a decay length of 20 nm per decade of concen-
tration decrease and silicon diffusion into the Y,0;-ZrO,
was observed to have a decay length of 7 nm per
decade.?¢

13. HfO,/Si

Although there are no reports characterizing the
HfO,/Si interface,? the oxidation of HfSi, has been
studied.’” When HfSi, undergoes oxidation at tempera-
tures between 773 K and 1273 K, SiO, is not found
in contact with it,}” implying the absence of a tie-line
between HfSi; and SiO,. This implies that silicon is stable

in contact with either HfO, or HfSiO4. This is consistent '

with the results of our thermodynamic calculations,
which could not be completed due to the absence of
thermodynamic data for HfSi, and HfSiOs.

14. RuO,/Si

In contrast to our calculations indicating that silicon is
not thermodynamically stable in contact with RuO,, initial
experimental studies came to the opposite conclusion.
Green er al.® reported stable RuO,/Si interfaces for poly-
crystalline RuO; films grown on silicon wafers at substrate
temperatures ranging from 848 to 873 K. AES depth-
profiling and (low-resolution) TEM gave no indication of
reaction or interdiffusion at the interface. This reaction-
free result was also concluded by others using AES
depth-profiling® or RBS?! to characterize the RuO,/Si
interface. The reportedly stable RuO,/Si interface is,
however, contrary to other experimental results presented
in one of these same initial studies® and to more recent
high-resolution TEM investigations.’>® In addition to
studying the RuO,/Si interface, Green et al.®® analyzed
Ru/SiO, interfaces by AES depth-profiling, TEM, and
RBS and reported that they were also reaction-free. These
two experimental results are contradictory in that they
simultaneously imply stable Ru0,-Si and Ru-SiO, tie-
lines, an impossibility since it would require the cross-
ing of tie-lines and thus violate the Gibbs phase rule.
In contrast to the above experimental results, a thin
(~3 nm) SiO, layer, undetected by the comparatively

low-resolution interface characterization methods men-
tioned above, was revealed by high-resolution TEM at
the RuO,/Si interface”** It was present in the as-
deposited polycrystalline RuQ, films grown on silicon
substrates and did not change appreciably in thickness

‘after annealing these samples at temperatures between

723 K and 973 K.929 In -addition to the thin SiO, layer,
Charai et al?® also observed Ru,Si precipitates at the
RuO,/Si interface and interpreted their results to indicate
that the reaction 3Si + 2Ru0, — Ru,Si + 28i0;, [ie,
Eq. (2)] is favorable at 773 K. The presence of this
reaction layer is in agreement with our thermodynamic
calculations as well as prior thermodynamic calculations
predicting Ru-SiO, to be the stable tie-line®® in this
system.

The reason that early experimental investigations did
not reveal the presence of reaction products is due to
the small size of the reaction products compared to the
resolution of the interface analysis techniques utilized. At
the relatively low reaction temperatures used, the interface
reaction is not extensive.

15. |I’02/Si

Using secondary ion mass spectrometry (SIMS) and
x-ray diffraction, Nakamura er al.®* concluded that the
interface between polycrystalline silicon and polycrys-
talline IrO, is nonreactive at processing temperatures up
to 1073 K. Our thermodynamic calculations lead to the
opposite conclusion; IrO, fails (AG < 0) Eq. (1). Unfor-
tunately, in the SIMS analysis presented by Nakamura
et al% the IrO,/Si interface occurred at about 0.6 um
below the sample-surface, lowering the resolution at
which the interface was chemically profiled. They also
reported electrical continuity between the IrO, layer and
underlying silicon layer. However, interfacial reaction
does not preclude electrical continuity. For example, if
one of the reaction products forms a conductive per-
colation path between the underlying silicon and IrO,,
or if the thickness of the insulating reactant(s) (e.g.,
Si0,) is very thin (increasing the probability of elec-
tron tunneling), continuity will still be observed. Prior
thermodynamic calculations predict the Ir/SiO, inter-
face to be stable,”® which implies, in agreement with
our calculations, that the IrO,/Si interface is thermo-
dynamically unstable. Further experimental investigation,
e.g., high-resolution TEM, is needed to resolve this dis-
crepancy. Such studies would be enhanced by using
higher reaction temperatures to increase the extent of
the reaction layer, if one, and facilitate its detection and
analysis.

16. AlpO3/Si

Silicon-on-sapphire is an extensively studied sys-
tem.505195  Among other techniques, high-resolution
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TEM has been used to probe the Si/Al,O; interface,
revealing it to be abrupt and free of reaction layers.
Epitaxial Al;0; films on silicon substrates have also
been prepared,”™® as have epitaxial Si/Al,0s/Si hetero-
structures.” The substrate temperatures used for the syn-
thesis of these epitaxial interfaces range from 723 K to
about 1423 K397 Although the thermodynamic calcula-
tions of this study could not be completed due to the lack
~ of free energy data for Al 99Sig.050295 and Al,SisO0, the
success by the above researchers in establishing reaction-
free Al,0;/Si interfaces suggests that they are indeed
thermodynamically compatible materials. Note that the
well-known reaction between silicon and Al;03, A1,05 +
28i — 28i0 + A1;0,%!% s not relevant to this study
because it involves gaseous products.

17. In203/Si

Although our thermodynamic calculations indicate
that the In,03/Si interface is thermodynamically unsta-
ble at 1000 K, initial studies of the interface between
polycrystalline In;O; films and the underlying silicon
substrate reported it to be reaction-free after processing
at temperatures of 873 K'®' and 923 K.12 This was
likely due to the relatively low resolution of the AES
depth-profiling,'” RBS interface analysis,'* and scanning
transmission electron microscopy (STEM)'®! methods em-
ployed and the relatively low reaction temperatures. In
contrast to these initial results, a high-resolution TEM
study revealed the presence of a thin (3.5 nm to 5 nm)
SiO; layer at the In,O3/Si interface both in as-deposited
polycrystalline In,Os films on silicon and after annealing
these films at 873 K.!% This result is in agreement with
our thermodynamic calculations. '

C. Discussion

An important practical result of our calculations
is that there are not any conducting binary oxides
that are thermodynamically stable in contact with
silicon at 1000 K. In applications where it is de-
sired to provide a stable electrical contact between
an oxide electrode and the underlying silicon (e.g., in
DRAM'’s incorporating high €, materials), the most
straightforward and processing-tolerant method for
achieving such a contact would be to use a conduc-
tive oxide that is stable in contact with silicon. Since
no such binary oxides exist, integration routes other
than Si/conducting MO,/insulator will probably be
needed to provide reliable conducting contacts. Potential
examples include Si/MSi,/conducting MO,/insulator
[where M is chosen from an appropriate “no phase
dominant” system of the type shown in Fig. 1(b)] or
Si/MSi,/MSiy/M/conducting MO,/insulator.  This
latter route involves moving from Si to MO, along the
edges of the Si~M-O phase diagram triangle, a path

that traverses only conducting elements, silicides, and
oxides. A thermodynamically stable contact scheme
involves a sequence of layers, between each of which a
tie-line exists; i.e., each interface is thermodynamically
stable. Of course, even if reaction occurs, it is possible
to maintain electrical conduction between the silicon -
overlying .conducting oxide if, for example, one of the
reaction products is conductive and forms a conductive
path between the silicon and conductive oxide or if the
thickness of the insulating reactants is thin enough to
allow sufficient conduction by electron tunneling. But
obtaining such a conductive path is very dependent on re-
action kinetics, and puts limits on the tolerable processing
conditions.

In those cases where the thermodynamic stability of
a particular binary oxide in contact with silicon could
not be assessed due to insufficient thermodynamic data,
an alternative to determining the free energy of the
relevant phase(s) is to perform bulk or thin-film experi-
ments to determine key tie-lines in the M—-Si—O phase
diagram.1*-16 Conceptually the MO,/Si interface itself
is the most relevant to study. However, experimental
difficulties associated with this interface may make other
interfaces more tractable. For example, the MO,/Si
interface must be prepared using experimental conditions
yielding silicon that is free of even a thin native oxide
layer (i.e., Si0O,) being brought into initial contact
with the binary oxide. Another potential complication
is that excess oxygen during the fabrication process
can lead to oxidation of the silicon surface, even
though the MO,/Si interface is stable, as has been
observed for the CeD,-,/Si and YSZ/Si interfaces by
TEM.!3

For these reasons it is often experimentally more
convenient to select a potential reaction other than that
between MO, and silicon to determine the key tie-lines
in the M-Si-O phase diagram. Regardless if one is using
thermodynamic data or experimental methods, the relevant
reaction to test is one lying at the crossing of two potential
tie-lines. The thermodynamic stability of all of the binary
oxides, except Sc,0;, remaining in Table VII in contact
with silicon could be established if Egs. (2), (5), and
(6) were evaluated. A simple bulk or thin-film means to
experimentally evaluate the tie-line addressed by Egs. (2)
and (5) is to see if M Si, is stable in contact with SiO; or
MSi;0,. For example, MSi, could be oxidized and the
interface examined to see if M Si, exists in contact with
either SiO, or MSi,0,. Such an observation, as has been
experimentally noted between SiO, and TiSi,,!*> V;Si,%
and TaSi,,’7 indicates the existence of a stable tie-line
between MSi, and SiO;, and consequently implies the
absence of a stable Si-MO, tie-line. Similarly, Eq. (6)
can be experimentally probed by depositing the metal M
on the silicate MSi,O, and heating to see if a reaction
takes place between these materials.
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V. EXTENSION OF APPROACH TO
TERNARY OXIDES

A thermodynamic analysis of the type used here to
test the stability of binary oxides in contact with silicon
can be readily extended to ternary oxides. Below we

apply it to the case of SrTiOs; in contact with silicon. -

Not only does sufficient data exist to show that SrTiO;
is thermodynamically unstable in contact with silicon
at 1000 K, but this interface has also been extensively
studied experimentally. However, the use of this method
to comprehensively investigate ternary oxides with the
“goal of identifying candidate buffer layers for use between
silicon and overlying oxides is precluded by the lack of
thermodynamic data.

Any reaction between SrTiO; and silicon with AG <
0 is sufficient to show that the SrTiOs/Si interface is
thermodynamically unstable. One such reaction is

3Si + SrTiO; — SrSiO; + TiSis, (10)

with AGooe = —19.133 kcal/mol.?*?> Although this re-
action may not be the most favorable of all possible
reactions, its existence indicates that the SrTiO;/Si in-
terface is thermodynamically unstable at 1000 K. Several
researchers have noted a reaction at the SrTiOs/Si in-
terface at substrate temperatures ranging from 473 K
to 873 K.10+106 This reaction interferes with the direct
epitaxial growth of SrTiO; on silicon.’®-1% One route

leading to epitaxial StTiO; films on silicon substrates has -

employed an intermediate epitaxial SrO buffer layer.!%
This is an excellent example of how a stable binary oxide
buffer layer can enable the successful integration of oxides
with silicon, i.e., SrTiO3/SrO/Si.

A rule of thumb for choosing potential ternary
or higher multicomponent oxides for direct integration
with silicon is to choose those made of combina-
tions of binary oxides that are all thermodynamically
compatible with silicon.!® Examples that follow this
simple guide that have been experimentally demonstrated
to be compatible with silicon are yttria-stabilized
cubic zirconia (YZ 03 —ZI’Oz), 1,44-46,48,49,65,66,68,80,82-86
(Ba, Sr)0,84110 LaAl0;,%07 ZrSi0,, 078 Al,BeO,,% and
MgAl, 0,033 whereas SrTiO; is not since TiO,
is thermodynamically unstable in contact with silicon, as
shown above.

VI. CONCLUSIONS

Thermodynamic data indicate that BeO, MgO, and
Zr0O; are thermodynamically stable in contact with silicon
at 1000 K. There are no thermodynamic data available to
show that Li,O, most of the alkaline earth oxides (BeO,
MgO, Ca0, and SrO), the column IIIB oxides (Sc,0s,
Y,03, and Re,0;, where Re is a rare earth), ThOz, UO,,
ZrQ,, HfO,, and Al,O3 are not thermodynamically stable
in contact with silicon. Of these materials, BeO, MgO,
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Ca0, Sr0, Y,03, Pr;03, Nd;03, ThO», Zr0,, and Al,O;
have been integrated with silicon and appear to be free
of reaction layers. The remaining materials (Li;O, S¢c;0s,
most of the Re,O; oxides, and HfO,) are candidates for
future experimental investigations. Note that all of these
remaining binary oxides-(both those determined to be

- compatible and those that are potentially compatible) are

insulating materials, with €, value ranging from 3.0 for
CaO to 21 for La;,0;.3!

For the successful integration of oxide overlayers
(e.g., high T, superconductors, ferroelectrics, etc.) on top
of the binary oxides identified in this study as being stable
or potentially stable in contact with silicon, compatibility
between the overlayer and the binary oxide is also neces-
sary. Although such stability was not the subject of this
study, the limited number of binary oxides identified as
being compatible or potentially compatible with silicon
greatly limits the possibilities for a single binary oxide
interlayer between the desired overlayer and a silicon
substrate.
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APPENDIX: TERNARY PHASE DIAGRAMS

The construction of phase diagrams must be in accor-
dance with the Gibbs phase rule:?®

f=c+2-—p, an

where f is the number of degrees of freedom (number
of independent intensive variables), ¢ is the number of
components in the system (i.e., the minimum number of
independent constituents sufficient to form all the phases
in the phase diagram), and p is the number of phases -
in equilibrium. This phase rule is readily deduced by
subtracting the total number of independent equations
involving the intensive variables from the total number
of intensive variables.

The three-component phase diagrams, M-Si- O, con-
sidered in this paper are all at fixed temperature and
pressure. With these two intensive variables fixed, the
Gibbs phase rule implies that the maximum number (i.e.,
when f = 0) of phases that can coexist in equilibrium
is three. Consequently, M-Si—O phase diagrams are
constrained to contain only one, two, and at most three-
phase regions. A one-phase region exists at the vertex
of any of the triangles within the phase diagram; a two-
phase region exists on any tie-line; and the interior to
any triangle is a three-phase region. Crossing tie-lines are
not allowed because at the point of their intersection the
simultaneous coexistence of four phases (two from each
tie-line) would be implied, whereas a maximum of three
phases in coexistence is mandated by the Gibbs phase rule.
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The c-axis oriented YBa,Cu;0;-; films grown on (001) yttria-stabilized cubic

zirconia (YSZ) substrates often contain domains whose in-plane alignment is rotated
approximately 9° from the cube-on-cube epitaxial relationship, in addition to the more
commonly observed 0° and 45° in-plane rotations. We have investigated the origin

of this ~9° orientation using in situ electron diffraction during growth and ex situ
4-circle x-ray diffraction. Our results indicate that the ~9°orientation provides the

most favorable lattice match between the interfacial (110)-oriented BaZrOj; epitaxial
reaction layer, which forms between YBa,CuzO;-5 and the YSZ substrate. If epitaxy
occurs directly between YBa,Cu3;0;-5 and the YSZ substrate, i.e., before the BaZrO;
epitaxial reaction layer is formed, the 0° and 45° domains have the most favorable lattice
match. However, growth conditions that favor the formation of the BaZrO; reaction
layer prior to the nucleation of YBa,Cu30,_5 lead to an increase in ~9° domains. The
observed phenomenon, which results from epitaxial alignment between the diagonal of a
square surface net and the diagonal of a rectangular surface net, is a general method for
producing in-plane misorientations, and has also been observed for the heteroepitaxial
growth of other materials, including (Ba, K)BiO;/LaAlO;. The YBa,Cuz07-5/YSZ

case involves epitaxial alignment between [111]p,7,0, and [110]ysz, resulting in an
expected in-plane rotation of 11.3° to 9.7° for fully commensurate and for fully relaxed

(110)gazc0, on (001)ysz, respectively.

l. INTRODUCTION

Controlling the types and locations of grain bounda-
ries between single crystals is not only useful for devel-
oping a detailed understanding of the effects of grain
boundaries on the physical properties of a material,
but in many instances it is useful for device purposes.
Grain boundaries lie at the heart of many electroceramic
devices, e.g., varistors, positive temperature coefficient
(PTC) thermistors and internal-barrier-layer capacitors.!
They influence the motion of domain boundaries in
ferroelectrics and disrupt superconductivity in oxide su-
perconductors, causing “weak links” and Josephson junc-
tions. The ability to introduce grain boundaries of chosen

2IPresent address: Department of Mechanical Engineering and Materi-
als Science, Duke University, Durham, North Carolina 27708-0300.
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orientation at specific locations into epitaxial oxide films
is thus very important for microelectronic applications.
One example of grain boundary engineering is the “bi-
epitaxy” process used to introduce 45° grain boundaries
into epitaxial oxide superconductor films.>® This process
has been utilized to make superconducting quantum-
interference devices (SQUID’s).*

Just as it is important to engineer the location and
orientation of introduced-grain boundaries, it is vital for
many device applications to have the remaining regions
free of grain boundaries. It is for these reasons that we
studied the origin of the ¢ ~ 9° peaks observed>!! in
x-ray diffraction studies of epitaxial films of YBa,;Cu;-
0;,-5 grown with their c-axis aligned normal to the
plane of the (001) yttria-stabilized cubic zirconia (YSZ)
substrates (c-axis oriented YBa,Cu30;-5 films). Four-
circle x-ray diffraction is often used to characterize the

© 1996 Materials Research Society
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in-plane orientation of films. X-ray diffraction peaks at
¢ ~ 9° signify grain boundaries that, in their present
uncontrolled state, are unwanted as they degrade the
critical current density and microwave surface resistance
of the superconducting YBa,Cu;0;_; film.6912-14 If

understood and controllable, these ~9° boundaries (and

45° — 9° = 36° grain boundaries) would be a signi-
ficant improvement over 45° bi-epitaxy boundaries for
many applications because of the higher critical current
densities of the Josephson junctions formed at these
lower-angle boundaries.

Il. BACKGROUND

To clarify the lattice match discussions that fol-
low, the crystal structures of YBa,Cuz;O;-5, YSZ, and
BaZrO; are shown in Fig. 1 and their lattice parame-
ters are given in Table I. YBa,Cu3O,_; has a layered
perovskite-related structure, YSZ has the fluorite struc-
ture, and BaZrO; is a simple-cubic perovskite.

Multiple in-plane orientations have been reported
in c-axis oriented YBa,Cu30;-; films grown on (001)

i tn

FIG. 1. The crystal structures of YSZ, BaZrO;, and YBa;Cu307-5.
Two equivalent representations of these crystal structures are shown:
the atomic positions (above) and the coordination polyhedra (be-
low). The oxygen atoms occupy the vertices of the coordination
polyhedra. The relative sizes of the atoms reflect their relative ionic
radii, as given by Ref. 15. The origins of the unit cells have been
chosen to illustrate the similarities between the structures.

TABLE . Lattice constants of YSZ, BaZrO;, and YBa,Cu;0;_s.

YSZ substrates. 3511141920 The most common orienta-
tions observed are rotated 0° and 45° from the cube-on-
cube orientation relationship. Specifically, the 0° in-plane
rotation from cube-on-cube refers to

v(OOI)YBaZCuJO;_g Il (001)ysz

‘and [100]vBa;cus0,-5 Il [100)ysz,
and the 45° in-plane rotation denotes

(OOI)YBQZCUJO7—5 ” (OOI)YSZ
and [110]ypa,cus0,, || [100]ysz -

The 45° in-plane rotation is typically dominant in
films grown at lower substrate temperatures, while the
0° in-plane rotation is dominant for higher growth
temperatures.>®’ These two orientations have been
understood in terms of the competition between surface
mobility and lattice match.® The 45° in-plane rotation
has a lattice mismatch?! of about —5.7% with a near-
coincident site surface mesh cell area of 0.14 nm?. The
0° (cube-on-cube) in-plane rotation is better lattice
matched, 0.1%, but the near-coincident site surface

‘mesh cell area is much larger, 2.38 nm? Hence, under

growth conditions where there is sufficient surface
mobility (e.g., high substrate temperature), the dominant
orientation relationship observed is the 0°, cube-on-
cube, orientation relationship because of its lower lattic
mismatch. Similarly, under conditions of low surface
mobility, the 45° in-plane rotation is dominant. In
addition, nucleation at surface steps on (001) YSZ
substrates has been found to favor the 45° in-plane
rotation,’ an example of graphoepitaxy.

Besides these frequently observed orientations,
in-plane rotations in the vicinity of 9° from the
cube-on-cube orientation relationship have also been
observed.>!! The first detailed report’ of the ¢ ~ 9°
peaks was accompanied by a possible explanation
for their occurrence involving a near-coincident site
lattice model.”®!! However, no experimental evidence
for such a mechanism has been reported, and our -
investigation of this phenomenon supports an alternative
explanation, which is described below.?® This alternate
explanation was also independently proposed by Boikov

Material Lattice constant(s) at 25 °C (A) Space group Reference
(Y203),(Zr02), -, (YSZ) a =5.140 Fm3m 16
(x = 0.095)
BaZrO; = 4.193 Pm3m 17
YBa;Cu307-5 a = 3.820 Pmmm 18
6=0) b = 3.885
¢ = 11.68
YBa,;Cu307-5 a = 3.857 P4/mmm 18
&=1) c=1182
1337
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etal,'® although beyond suggesting this mechanism
no supporting data was given. Here we present in situ
characterization demonstrating the formation of a
~9° in-plane-rotated (110)-oriented BaZrO, epitaxial
reaction layer at the surfaces of (001) YSZ and (110)
YSZ substrates exposed to BaO, and demonstrate that
~9? in-plane rotations of YBa,Cu30;-5 grains occur
on both of these YSZ substrate orientations at high
substrate temperatures in agreement with or model.
The formation of ~9° in-plane-rotated domains in
c-axis oriented YBa,Cu307-5 films grown on (001) YSZ
and (110) YSZ are examples of a general phenomena;
examples of this same phenomena in the heteroepitaxial
growth of other materials are also presented.

It has been widely shown that YBa,Cu;0,_;5 reacts
with YSZ to form BaZrO;,2*2® and thin interfacial
layers of BaZrO; are routinely observed between
epitaxial YBa,Cu30;-5 films and the underlying
YSZ substrates.31419%-34  For the case of c-axis
oriented YB2a,Cu;30;-5 films on (001) YSZ, both (001)-
814193334 and (110)-oriented®'%?%3! BaZrO; reaction
layers have been seen at the YBa,Cu;0;-5/YSZ
interface by cross-sectional transmission electron micro-
scopy (TEM).

In previous studies of 0° and 45° in-plane-rotated
YBa,Cu;30;-5 films grown on (001) YSZ substrates in
which a BaZrO; epitaxial reaction layer has been seen,
the researchers concluded that the BaZrOj; layer formed
after the orientation of the overlying YBa,Cu;0;-5 layer
was established.!®3* In this paper we show that if the
growth conditions are such that a BaZrO; epitaxial-
reaction layer forms before the nucleation of the over-
lying YBa;Cu307-5 layer, ~9° in-plane rotations of the
overlying YBa,Cu;0,-4 layer are favored.

The orientation of the BaZrO; layers formed by
epitaxial reaction is different depending on whether the
BaZrQ; is formed before or after the nucleation of the
overlying YBa,Cu3O0;-5 layer. In the former uncon-
strained case, the BaZrQ; is oriented (as we demonstrate
below) with

(110)pazco, Il (001)ysz and [T11]gazeo, Il [110)ysz,

whereas in the latter constrained case the BaZrO; is
oriented with

(001)pazc0, Il (001)ysz
and [100]gazr0, |l [100]ysz ,#1%333¢

or

(001)gaz:0, Il (001)ysz
and [llo]BaZxO; Il [100]ysz 4

or

(110)gazco0, Il (001)ysz
and [001]gazco, Il [100]ysz .

The unconstrained orientation leads to in-plane rotations

- of ~9°, while the constrained orientations lead t0.0° and -

45° in-plane-rotated YBa,Cu307-5 grains. -

ll. EXPERIMENTAL

Two orientations of YSZ substrates, (001)
and (110), both containing 9.5 mol % Y,0; [ie.,
(Y203)0.005(Zr07)090s] were used in this study.>® Prior
to growth the substrates were chem-mechanically
polished,36 degreased in acetone and alcohol, and
mounted onto a substrate holder using silver paint
for the sputtered samples or indium for the samples
prepared by molecular beam epitaxy (MBE). The
samples grown by off-axis pulsed laser deposition
(PLD) were radiatively heated and loosely held by their
sides, allowing both sides to be coated simultaneously.
The YBa,Cu3;0,_5 layers were grown by dc hollow-
cathode magnetron sputtering®’ and off-axis PLD.3
The sputtered YBa,Cu3;0;-5 films were grown at a
substrate heater block temperature of 750-780 °C,
a total pressure (Ar/O, = 2:1) of 650 mTorr, and
an after-growth cooldown in ~0.5 bar O, lasting
~1 h. Additional YBa;Cu30;_5 films were grown by
off-axis PLD at a substrate temperature of 780 °C in
20 mTorr oxygen/ozone mixture (~5% O;) and an
after-growth cooldown in 1 bar O, lasting ~1 h. The
BaO and (Ba,K)BiQ; layers were grown by MBE at
substrate temperatutes of 660—680 °C and 270-280 °C,
respectively. An oxygen plasma generated in a tube
(20 W rf power and an oxygen pressure of 90 mTorr)
flowed into the MBE system, resulting in a background
pressure of 5 X 107> to 10™* Torr during growth.’® The
crystalline structure of the film surface was monitored
by in situ reflection high-energy electron diffraction
(RHEED) during growth. The BaZrO; films were grown
by 90° off-axis magnetron sputtering at a substrate
temperature of 650 °C and a total pressure of 100 mTorr
(Ar/0, = 3:2).% ,

The orientation relationships between the
YBa,Cu30;.5 films and YSZ substrates were deter-
mined using 4-circle x-ray diffraction in the
Bragg-Brentano geometry and radiation from a copper
x-ray tube. A schematic of the 4-circle geometry used is
shown in Fig. 2. 0-20 scans with the diffraction vector
normal to the wafer surface were first used to establish
which plane of the YBa,Cu30;_; film lay parallel to the
(001) YSZ substrate. This was the (001) YBa,Cu;07-5
plane for all of the growths discussed here (i.e., all are
c-axis oriented YBa,Cu30O7-5 films). Then ¢-scans of
YBa,Cu;0;-5 103 reflections were used to establish the
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0

FIG. 2. A schematic diagram of a 4-circle x-ray diffractometer used to
determine the epitaxial relationship between a film and a substrate.4!

in-plane orientation relationship of the films with respect
to the underlying substrate. As this is an inclined plane
(asymmetric reflection), a component of the diffraction
vector lies in the plane of the substrate. For all scans
¢ = 0° was set parallel to the [100] YSZ direction
for (001) YSZ substrates and parallel to the [001]
YSZ direction for (110) YSZ substrates. This in-plane
direction (¢ = 0°) was ascertained from the location
of the 011 YSZ reflection for (001) YSZ substrates
and from the 100 YSZ reflection for (110) YSZ
substrates. No distinction is made between the [100]
YBa;Cu3;05-5 and [010] YBa;Cu30;_; directions in the
x-ray scans nor in the deduced orientation relationships
because the in-plane alignment of the [100] and [010]
YBa,;Cu30;-5 directions is determined during growth
while the YBa,Cu30;_; is tetragonal and the [100] and
[010] YBa;Cu307-5 directions are equivalent.

IV. RESULTS

In order to determine the origin of the ¢ ~ *+9°
peaks in YBa;Cu30;-; films grown on YSZ substrates,
we begin by examining in detail the observation of
Fork eral.’ that the deposition of a thin (~0.3 nm)
BaO buffer layer prior to YBa,Cu;0;_5 deposition leads
to a dominance of ~9° in-plane-rotated YBa,Cu;0;_5
grains. We present in situ RHEED characterization show-
ing that the deposited BaO reacts with the YSZ sub-
strate to form a ~9° in-plane-rotated (110)-oriented

J. Mater. Res., Vol. 11, No. 6, Jun 1996

BaZrO; epitaxial reaction layer. This ~9° in-plane-
rotated epitaxial alignment occurs on both (001) YSZ
and (110) YSZ substrates and involves the diagonal of
a rectangular surface net aligning with the diagonal of
a square surface net. _ o

We then show that at high substrate temperatures
c-axis oriented YBa,Cu3O;-;5 films grown on both
(001) YSZ and (110) YSZ contain ~9° in-plane-
rotated YBa,Cu30,-5 domains. This implies that the
~9° rotation of the YBa,Cu;0;-5 domains is inherited
from the underlying ~9°-rotated BaZrQ; reaction layer;
growth conditions (e.g., high substrate temperatures and
low growth rates) favoring the formation of the ~9°-
rotated BaZrO; reaction layer prior to the nucleation
of the overlying YBa,Cu;0;_5 lead to an increase in
~9°rotated YBa,Cu3;0;_s domains.

Finally, we consider the underlying general mech-
anism leading to this in-plane rotation. Ideal lattice
constant ratios where this in-plane rotation provides the
most favorable lattice match to a heteroepitaxial system
are given and two additional examples of this general
phenomenon, (110) (Ba, K)BiO;/(001) YSZ and (110)
(Ba, K)Bi0O3/(001) LaAlQ;, are presented.

A. Epitaxial reaction between BaO and YSZ -

Due to the dramatic ability of a thin BaO buffer
layer to cause ~9° in-plane rotations in the overgrown
YBa;Cu;0,-5 layer, as demonstrated by Fork et al.,’
we began by examining the effect of such a thin BaO
layer on the surface structure of (001) YSZ using in situ
RHEED. Figure 3 shows the RHEED pattern observed
at a ~9° in-plane rotation off the [100] YSZ azimuth
after the deposition of ~1.4 nm* of BaO on a (001)
YSZ substrate at T, ~ 665 °C. The pattern cannot
be indexed by BaO or YSZ reflections, but it can be
by BaZrO; reflections. The RHEED pattern indicates
the presence of a (110)-oriented BaZrO; epitaxial re-
action layer with two different in-plane orientations:
ﬁlO]BaZro3 and [001]p,7,0, parallel to the ~9° off [100]
YSZ azimuth. An identical RHEED patterns is observed
at an in-plane rotation of ~9° the other way from the
[100] YSZ azimuth as well as at ~*9° from the [010]
YSZ azimuth. This indicates the presence of a total
of four equivalent in-plane (110) BaZrO; orientations,
as shown in Fig. 4(a). The lattice mismatch of these
four equivalent orientation relationships is about ~0.1%
along the [111]pazco, Il [110]ysz edge and 6.0% along
the [112]g.zc0, Il [110]ysz edge of the near-coincident
site surface mesh cell with area 0.77 nm?, as shown for
one of these equivalent orientations in Fig. 4(b). The
observed orientation relationship between (110) BaZrO;
and (001) YSZ has the most favorable lattice match of
all possible near-coincident surface mesh cells of equal
or smaller area.
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FIG. 3. RHEED pattern observed ~9° off the [100] YSZ azimuth af-
ter the deposition of 1.4 nm of BaO on (001) YSZ at Ty, ~ 665 °C. A
superposition of two (110) BaZrO; orientations, [Tlo]aazm BaZrO;
azimuth (1) and [001] BaZrO; azimuth (—), are indexed.

The in-plane rotation angle, ¢, expected for
these orientations was calculated from the lattice
parameters of BaZrO; and YSZ for two limiting
cases: (i) where the BaZrO; layer is strained to
be fully commensurate with the underlying YSZ
substrate and (ii) where the BaZrO; layer has fully
relaxed. The result is ¢ values of =11.3° for fully
commensurate and *9.7° for fully relaxed BaZrO,
layers. As described below, it is this ~9° in-plane
rotation of the (110) BaZrOs; layers that leads to the ~9°
in-plane rotation of the overgrown YBa,Cu;0;_5 layers.
Note that this angular value depends on the lattice
constant of BaZrOs;. As significant (~10%) variations
in the lattice constant of (110) BaZrQs epitaxial reaction
layers on YSZ have been observed! the peaks at
~ *+9° observed in ¢-scans of YBa,Cu3O;_5 are in
qualitatively good agreement with our expectations
based on this orientation relationship.

The orientation relationship shown in Fig. 4
involves the epitaxial alignment between the diagonal
of a square surface net and the diagonal of a rectangular
surface net (specifically the epitaxial alignment between
(111)gaz0, and (110)ysz). To test the generality of
this epitaxial alignment, we also performed experiments
on another orientation of YSZ containing an in-plane
(110)-type direction: (110) YSZ. In analogy to our
results on (001) YSZ, we would expect the deposition
of BaO on (110) YSZ to result in the formation of a
(110)-oriented BaZrO; epitaxial reaction layer with

(110)gazr0, I (110)ysz and  [T11]g 7,0, Il [T10}ysz -

The two equivalent ways in which (111)g,z0, can
align with (110)ysz in the nucleation of a (110) BaZrO;

(b)

FIG. 4. Epitaxial relationship between (110) BaZrO; and (001) YSZ
showing (a) the four equivalent domains with {T11}gazc0, Il [110]ysz
and (b) the near-coincident site surface mesh cell (dashed) and its
Jattice match for one of the four equivalent orientations. The rectangles
indicate the relaxed dimensions of the (110) BaZrO; surface mesh
with respect to the (001) YSZ substrate surface mesh (dots).

layer on (110) YSZ are shown in Fig. 5(a). As shown
for one of these equivalent orientations in Fig. 5(b),
the lattice mismatch of these orientation relationships is
about —0.1% along both edges of the near-coincident
site surface mesh cell with area 0.75 nm?. This lattice
match is even more favorable than that for (110)
BaZrO; on (001) YSZ and is also the most favorable
lattice match of all possible near-coincident surface
mesh cells of equal or smaller area. This excellent
lattice match results in the expected in-plane rotation
angle, ¢, between [001] BaZrO; and [001] YSZ to be
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FIG. 5. Epitaxial relationship between (110) BaZrO; and (110) YSZ showing (a) the two equivalent domains with [T11]gaz:0; Il [110]ysz and
(b) the near-coincident site surface mesh cell (dashed) and its lattice match for one of the two equivalent orientations. The rectangles indicate
the relaxed dimensions of the (110) BaZrO; surface mesh with respect to the (110) YSZ substrate surface mesh (dots).

+35.3° regardless of whether the (110) BaZrO; layer
is fully commensurate or fully relaxed.

The RHEED pattern observed along the [001] YSZ
azimuth after the deposition of ~1.4 nm of BaO on
(110) YSZ at Ty, ~ 665 °C is shown in Fig. 6. When
viewed along the [001] BaZrO; azimuth (~=*33° off
the [001] YSZ azimuth) or the [110] BaZrO; azimuth
(~=125° off the [001] YSZ azimuth), the RHEED
pattern looked identical to the corresponding BaZrOs;
azimuths shown superimposed in Fig. 3. The observed
RHEED patterns are consistent with the orientation
relationship shown in Fig. 5. Note that for the growth of
(110) BaZrO; on (110) YSZ there are only two equiva-
lent in-plane orientations because of the 2-fold symmetry
of the substrate, compared to the four equivalent in-plane
orientations on a (001) YSZ substrate.

B. ¢ ~ 9° peaks in YBa,Cu3;0;_; on (001) YSZ

Having determined how a thin BaO buffer layer
dramatically alters the surface structure of (001) YSZ
and (110) YSZ substrates, Yielding a ~9°-rotated (110)
BaZrO; layer, we now consider the origin of the ~9°
rotations observed in YBa;Cu;O0,-5 films grown on
these substrates.

In agreement with previous reports,'®!! we found
¢ ~ 9° peaks to be most prevalent in YBa;Cu307-5

FIG. 6. RHEED pattern observed along the [001] YSZ azimuth after
the deposition of 1.4 nm of BaO on (110) YSZ at Ty, ~665 °C.
Along this azimuth, both of the equivalent (110) BaZrO; orientations
shown in Fig. 5 give rise to the same set of spots. These BaZrO3
spots are indexed, as well as two spots due to the YSZ substrate.

films grown at high substrate temperatures. With in-
creasing substrate temperature, the reaction between
YBa.Cu;07-5 and YSZ occurs more rapidly, until at
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FIG. 7. ¢-scan of 103 YBa;Cu30;_s5 peaks of c-axis oriented
YBa;Cu307-5 film grown on (001) YSZ grown by PLD at Ty
~ 780 °C.

some point the BaZrO; reaction layer forms prior to
the nucleation of the YBa,Cu;O4.5. The same event
will occur at a fixed growth temperature as the growth
rate is lowered, since the reaction then has more time
to transpire. Such an event will lead to ~9° in-plane
rotations of (110) BaZrOs grains; the epitaxial sequence
is identical to the BaO + YSZ case described above.
Of course, microscopically there may be regions where
the YBa,Cu307-5 nucleates prior to the formation of
BaZrO; and regions where BaZrO; nucleates prior to
the YBa,Cu3O7-5. In such cases, a mixture of 0°, 45°,
and ~9° in-plane rotations can be expected to occur.
This is the typical observation for YBa,Cu30,_; films
grown on (001) YSZ substrates at high temperatures, an
example of which is shown in Fig. 7.

The results of Fork ef al.” on how thin BaO buffer
layers deposited on YSZ (001) lead to a dramatic in-
crease in ~9° in-plane-rotated YBa,Cu30;-;5 grains,
together with the above in situ observations of the
ensuing epitaxial reaction, indicate the full orientation re-
lationship between the c-axis oriented YBa,Cu305- 5, the
(110) BaZrO; epitaxial reaction layer, and the underlying
(001) YSZ substrate is

(001)yBaycus0,-5 I (110)gazc0, 1l (001)ysz,
[IOO]YB32CU307_.5 ” [OOIJBaZrOy
and [T11],500, Il [110]ysz.
Cross-sectional TEM studies have shown that con-
strained (110)-oriented BaZrQ;, i.e., BaZrO; formed
after the epitaxial alignment between YBa;Cu3z0;_;s

and YSZ is established, epitaxially aligns with c-axis
oriented YBa;Cu30;-5 in the following manner'®3!;

(OOI)YBaszO-/—s " ulo)BaZrO;
and [110]yga,cuy0,, I [001]g.z.0, -

This orientation relationship is not the same as.that in-
ferred from the in-plane orientation of the ~9° domains
in c-axis YBa,Cu307-4 films grown on (001) YSZ. The
above orientation relationship would be manifested by
peaks at ¢ ~ 36° and equivalent angles, rather than the
observed peaks at ¢ ~ 9°. Our in situ observations of
the in-plane orientation of (110) BaZrO; on (001) YSZ
together with the observation of peaks at ¢ ~ 9° and
symmetrically equivalent angles indicate that the orien-
tation relationship between unconstrained (110)-oriented
BaZrQ; and c-axis oriented YBa;Cu3;07—5 is

(001)Y832CU307_5 ” (110)Ba2r03
and [100]ypa,cu;0,-5 Il [001]5.z:0,

on (001) YSZ substrates. Interestingly, both of these
variants have identical lattice match’?(2.6% and 8.8%
mismatch along the surface mesh cell edge directions),
as shown in Fig. 8. The near-coincident site surface mesh
cell area is 0.94 nm? for the former orientation relation-
ship and half this for the latter orientation relationship.
Because of its smaller area,*® the latter orientation re-
lationship (indicated by peaks at ¢ ~ 9°, rather than
¢ ~ 36°) is dominant, as expected. As described be-
low, sometimes both variants are seen in the same film,
yielding not only peaks at ¢ ~ 9°, but also peaks at
¢ ~ (45° — 9°) = 36°.1!

C. ¢ ~ 9° peaks in YBa,Cu30;-5 on (110) YSZ

In our model the origin of ~9° in-plane-rotated
YBa,Cu30;.5 domains is due to a ~9°-rotated (110)
BaZrO; epitaxial peaction layer. As shown above
(Fig. 5), a ~9° in-plane-rotated (110) BaZrO; layer also
occurs on (110) YSZ substrates. We thus investigated
the growth of (001) YBa,Cu3;0;-5 on (110) YSZ to
see if, at growth conditions favoring the formation
of a BaZrO; reaction layer prior to the nucleation of
the overlying YBa,Cu3;05-5, in-plane rotation of the
YBa,Cu3;0;-5 domains would also be observed, as
predicted by our model.

The growth of c-axis oriented YBa,Cu30j-5
films has been reported on (001)-, (110)-, and (111)-
oriented YSZ substrates as well as on misoriented YSZ
substrates.#20303244 However, the in-plane orientation
of YBa,Cu30;-5 deposited on (110) YSZ substrates
has not been previously reported. As shown in Figs. 9
and 10, YBa,Cu;0;-5 grows c-axis oriented with
in-plane rotations of 0°, ~9°, and 45° on (110) YSZ. The
relative fraction of these in-plane orientations depends
on the substrate temperature during growth. At lower
temperature, Fig. 10(a), the ¢ = 0° peaks dominate;
at higher substrate temperature, Fig. 10(b), peaks at
~9° and 45° are also observed. The 0° and 45° in-
plane rotations are the orientations expected from lattice
match considerations when YBa,Cuz;O;-5 nucleates
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(@)

(b)

FIG. 8. Epitaxial relationship between (001) YBa;Cu307-5 and (110) BaZrO; showing the near-coincident site surface mesh cell ‘(dashe‘d) and
its lattice match for (a) [010}ypascu,0,-5 || [001)pazc05, and (b) [110JyBazcuy0,-5 Il [001]pazc0;. The squares indicate the relaxed dimensions of
the (001) YBa,Cu307—5 surface mesh with respect to the (110) BaZrO5 surface mesh (rectangles) on the (001) YSZ substrate surface mesh (dots).

directly on (110) YSZ. As shown in Fig. 11, the 0°
relationship has a lattice mismatch of —5.7% along
the [100}yga,cu;0.-5 Il [110)ysz edge and a mismatch
of 0.1% along the [OIO]YBazCU3O7-5 " [OOI]YSZ edge
of a near-coincident site surface mesh cell with area
0.58 nm?. The 45° relationship has the identical lattice
mismatch and near-coincident site surface mesh cell
area: —5.7% along the [110)yp,,cu,0,_, Il [001]ysz edge,
0.1% along the [110]yg, cyy0,., | [110]ysz edge, and an
area of 0.58 nm?. However, if only the oxygen sublattice
is considered, the 0° orientation relationship has a near-
coincident site surface mesh cell area half the size
(0.29 nm?) of the 45° orientation relationship, explaining
the dominance of the 0° peaks compared to the 45° peaks
in the ¢-scans. The observation of more ~9° peaks at
higher substrate temperature is analogous to the growth
of YBa,Cu30;_5 on (001) YSZ and expected from the
increased likelihood of (110) BaZrO; formation before
nucleation of the overlying YBa,Cu;0;-5.

Combining the RHEED results indicating the epi-
taxial orientation of the (110) BaZrO; layer on (110)
YSZ (see Fig. 5) with the ¢»-scan results [see Fig. 10(b)],

T 1780 °C I A®=0.5° from
2 c=1168£002 A Substrate Alignment
E g 5%
10 4 o o B
5 b2 3 8
3 1 N |
E ol l)E
g m\h J Jl &
: f l & .
g L \N"‘lj%f‘ "‘.‘*"*J N l‘VﬁA\\
o] . Ni“‘}}w’#
101 e L L 2 I L L
0 20 40 60 80
20 (degrees)

FIG. 9. 6-20 scan of a c-axis oriented YBa;Cu307-5 film grown on
(110) YSZ by sputtering at Ty, ~ 780 °C. This scan was made after
rocking 0.5° in omega off alignment to the (110) YSZ substrate.

the following orientation relationship is implied between
the c-axis oriented YBa;Cu3O;-5, the (110) BaZrOs
epitaxial reaction layer, and the underlying (110) YSZ
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FIG. 10. ¢-scans of 103 YBa,Cu30;-5 peaks of c-axis oriented
YBa;Cu307-5 films grown on (110) YSZ by sputtering at (a) T
~ 750 °C and (b) Ty ~ 780 °C.

substrate:

(001)yBa,cus05-5 Il (110)gazc0, Il (110)ysz,
[110]yga,cus0,-5 Il [001]5,7:0,5
and [111] 5,50, Il [T10)ysz .

Note that the in-plane orientation between YBa;Cu3;07-5
and BaZrQ; differs by a 45° in-plane rotation from that
observed on (001) YSZ. Although the lattice mismatch
is identical for both of these orientation relationships, the
reason for the preference of the variant with the larger
near-coincident site surface mesh cell area®® on (110)
YSZ is unclear. In both cases, (001) YBa,Cu;0;-;5 is
nucleating on (110) BaZrO;. The clear dependence of
the orientation relationship on the layer underlying the
(110) BaZrO; [i.e., (001) YSZ or (110) YSZ] leads us
to speculate that the step structure of the (110) BaZrO;
layer, which is in turn dependent on the step structure of

1344

o ® °
o ° L # ' i o
=2
<
< i
° ° p= o o
[001}ysz
['1‘10];52 Mismétéh -5.7%
(a)
[ ] ® Py ° °

[ ]
[ ]
[001)ysz
M0, ¢ *
(b)

FIG. 11. Epitaxial relationship between (001) YB,Cu3O7-5 and
(110) YSZ showing the near-coincident site surface mesh cell
(dashed) and its lattice match for (2) [010]yBazcus09-s |l [001]ysz
and (b) [110]yga,cu30-5 Il [001]ysz. The squares indicate the relaxed
dimensions of the (001) YBa;Cu30;-; surface mesh with respect to
the (110) YSZ substrate surface mesh (dots).

the underlying YSZ substrate orientation, is responsible
for the dominance of one orientation relationship over
the other. The importance of graphoepitaxy on the 45°
in-plane orientation of (001) YBa;Cu30;7-5 on (001)
YSZ has been noted.® We believe that graphoepitaxy is
also playing a role in the ~9° in-plane orientation.
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The in-plane orientation observations are in accord
with our model and difficult to explain by other means.
For example, just as a near-coincident site lattice model
between (001) YBa,Cu30;-5 and (001) YSZ [i.e., with-
out the prior formation of an intermediate (110) BaZrO,
reaction layer] was madequate to explain the occurrence
of the ~9° orientation,! it is also incapable of predicting
~9° domains in (001) YBa,Cu30;-5 on (110) YSZ. The
low-mismatch, low-3, criterion used to select favorable
orientations from near-coincident site lattices and meshes
leads to the prediction that other orientations that are not
seen should be observed, rather than the observed ~9°
in-plane-rotated orientation.

D. Other examples of general phenomenon

The formation of ~9° in-plane-rotated domains in
c-axis oriented YBa;,Cu305-5 films grown on (001) YSZ
and (110) YSZ are just two examples of a general
heteroepitaxial phenomenon. This phenomenon, involv-
ing the epitaxial alignment between the diagonal of a
square surface mesh and the diagonal of a rectangular
surface mesh, is a general method for producing in-
plane misorientations. Here we describe the ideal lattice
constant ratios where this phenomenon is expected to
occur for a (110)/(001) interface between two cubic
structures. Extension of this epitaxial alignment concept
to the relevant surface meshes of other planes and
lattices is straightforward. Additional examples of this
phenomenon are then presented.

For a (110)-oriented film of a material with a simple
cubic lattice with lattice constant ag;, on a (001)-
oriented substrate having a face-centered cubic (fcc)
lattice with lattice constant ay.. s, this match along the
diagonals occurs when V3 3asiim = 2 2a¢cc sup, OF Afjim =
0.816 ascc sw- For comparison, the agjyy/ascc sp ratio for
(110) BaZrO; on (001) YSZ is 0.816 (at room tem-
perature). However, minimizing the mismatch along the
diagonal does not minimize the lattice mismatch of the
near-coincident site surface mesh. To minimize the latter,
it is desired to minimize the lattice mismatch along two
orthogonal directions, as can be seen from Fig. 4(b).
The ideal lattice constant of the film (that minimizes
the lattice match along two orthogonal directions) is
attained when a1, = 2v3(3v2 — A)agec s, OF agiim =
0.841 @gcc - Alternatively, if the (001)-oriented sub-
strate has a simple cubic lattice with lattice constant agy,,
the corresponding value is agm = 44/3(3 ~ 2v2)agy,
or dgfim = 1.189 aqy. In both of these cases, the mini-
mized lattice mismatch is 2.9% (+2.9% in one direction
and —2.9% in the perpendicular direction).

A more favorable lattice match can be achieved
along two orthogonal directions when this phenome-
non occurs between a (110)-oriented film and a (110)-
oriented substrate of two cubic materials. In this case,
the ideal lattice constant of the film is attained in two

orthogonal directions at the same time (i.e., perfect
lattice match) when agim = v2/385ccsw» OF Qi =
0.816 agcc op- As Fig. 5(b) shows, (110) BaZrO; on (110)
YSZ is nearly this ideal case: agiiym/@tccsy = 0.816 (at
room temperature). Alternatively, if the (110)-oriented
substrate has a simple cubic lattice, the ideal value is
atiim = (2/V/3)asw, of agiim = 1.155 ags,.

From the above discussion, the ideal lattice
parameter of a (110)-oriented simple cubic material
for growth on (001) YSZ in order to observe this
phenomenon is 4319 A. Bal_xK BiO; has a lattice
constant of 4.322 A to 4.287 A over the composition
range where its structure is simple cubic (0.1 S x <
0.4).*46 In hopes of observing another example of
this phenomenon, involving the epitaxial alignment
between the diagonal of a square surface mesh and
the diagonal of a rectangular surface mesh, (110)
(Ba,K)BiO; was grown on (001) YSZ. This growth
was initiated at Typ ~ 550 °C with the nucleation of
BaBi,0, (x ~ 1) for 5 min (~10 nm).**". Then the
substrate temperature was lowered to ~270 °C and
(Ba,K)BiO; was grown. As expected, sharp peaks
at ¢ ~ *9° were observed [see Fig. 12(a)]. Note,
however, that the lattice parameter of (Ba,K)BiO; is
quite close to that of BaZrO; (4.193 A).”7 Although no

x-ray diffraction peaks arising from (110) BaZrO; were
detected, it is possible that an epitaxial reaction occurred
between (Ba,K)BiOs; and YSZ forming a thin (110)
BaZrO; reaction layer, upon which the (Ba,K)BiO;
layer subsequently grew.

An example of this same epitaxial phenomena be-
tween a simple cubic substrate and simple cubic film
is (110) (Ba, K)BiO; on (001) LaAlO;,*® as shown in
Fig. 12(b). Although the epitaxial alignment giving rise
to the in-plane rotation is the same as that shown for
YSZ in Fig. 4, here the peaks occur at ¢ ~ (45 — 9) =
36° because the LaAlO; surface mesh is not centered,
resulting in a 45° rotation of the in-plane axes compared
to the (001) YSZ surface mesh. The agiim/aqw ratio for
(110) (Ba,K)BiO;3 on (001) LaAlO; is 1.13, compared
to the ideal value of 1.189 discussed above.

V. DISCUSSION

Having investigated the origin of the ¢ ~ *9°
peaks, we reexamine the results presented by others
related to ~9° peaks in (001) YBa,Cu3O;.;5 films
deposited on (001) YSZ. Our explanation, involving
the epitaxial alignment between the diagonal of a square
surface mesh and the diagonal of a rectangular surface
mesh, is consistent with prior results and clarifies
unexplained and previously unexpected observations.
For example, Fork et al” showed that the in-plane
orientation of overlying YBa,Cu3;0;-5 layers was
sensitively dependent on the deposition of extremely thin
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FIG. 12. ¢-scans of 200 (Ba,K)BiO; peaks of (110)-oriented

(Ba, K)BiOsfilms grown by MBE on (a) (001) YSZ at Tap ~ 270 °C
and (b) (001) LaAlO; at Ty ~ 275 °C.

Intensity (arbitrary units)

layers (~0.3 nm) of BaO, CuO, Y,0;, or BaZrO; on
(001) YSZ substrates, or on (001) YSZ substrates upon
which a homoepitaxial YSZ layer was grown. The thin
CuO, Y,0s, and BaZrO; layers and the homoepitaxial
YSZ layer favored the 45° in-plane rotation, whereas the
BaO layer led to the ~9° in-plane rotation. Although
this previous study lacked in situ characterization
during the deposition of these thin layers, our in situ
RHEED observations indicate the reason for the extreme
sensitivity of the in-plane orientation to BaO deposition:
it leads to a ~9° rotated (110) BaZrO; epitaxial
reaction layer, which subsequently determines the in-
plane orientation of the YBa,Cu;0;-5 overlayer. We
have not studied the interfacial reactions of CuQO or
Y,0s overlayers, but in contrast to the BaO-ZrO, case,
the CuO-ZrO, phase diagram® is free of intermediate
phases and the Y,03-ZrO; phase diagram® not only
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contains a very wide solid solution region (up to
40 mol % Y,03), but the only intermediate compound,*
Zr;Y,40y,, forms so sluggishly that single-phase YSZ
films with up to 78 mol % Y,0; have been reported.’!
Thus, of the thin layers deposited by Fork et al.,’ an
interfacial reaction layer is expected only for the case
of BaO. The resultant (110)-oriented BaZrQO; reaction
layer subsequently leads to the dominant ~9° in-plane
rotation observed in the overgrown YBa,Cu;07-4 film.

Given the strong influence of the (110) BaZrO,
interfacial reaction layer on the resulting in-plane orien-
tation of the YBa;Cu3O;_5, it may seem surprising that
the thin BaZrO; layer deposited in the aforementioned
study’ did not also lead to YBa,Cu30;-5 domains with
a ~9° in-plane rotation. We attribute this to the growth
of a non-(110) oriented BaZrO; layer. Fork et al.” did
not report the orientation of their thin BaZrO; layers.
However, we found that BaZrO; films deposited on (001)
YSZ were mainly oriented in the cube-on-cube orien-
tation, i.e., with (001) BaZrO; parallel to (001) YSZ,
in contrast to the (110) BaZrO; orientation formed by
epitaxial reaction. Others have reported (110)-oriented
BaZrO; films deposited on (001) YSZ3 but they
also report that the inverted interface, i.e., (001) YSZ
deposited on (001) BaZrOs, grows cube-on-cube.? As the
epitaxial relationship obtained for the growth of BaZrO;
on (001) YSZ and vice versa varies significantly with
deposition conditions, it would appear from the absence
of ~9° domains in the YBa,Cu3;0;_s films grown on
top of a BaZrO; buffer layer by Fork et al.’ that their
BaZrO; layer was not (110)-oriented.

The predominant 45° in-plane rotation observed
by Fork et al.” for'YBa,Cu30;_s films grown on (001)
YSZ substrates with homoepitaxial YSZ buffer layers
is consistent with the work of Brorsson et al.’ Brorsson
etal® showed that homoepitaxial YSZ layers, grown
under conditions similar to those used by Fork et al.,’
have an increased surface step density compared to the
underlying YSZ substrate. They found that an increased
step density on the surface of (001) YSZ, regardless
of whether it was from a homoepitaxial YSZ film or
a result of high temperature annealing of the substrate,
led to an increased fraction of 45° in-plane-rotated
YBa,Cu307-5 grains in the overlying film. Brorsson
et al.® interpreted this result to imply that step edges on
(001) YSZ substrates act as favorable nucleation sites
for 45°-oriented YBa,Cu3;0;_5.° Since no reactions
between the thin (~0.3 nm) CuO and Y,0; layers
deposited by Fork et al.” on (001) YSZ are expected,
an analogous surface roughening and graphoepitaxial
mechanism may take place, leading to the observed
increase in 45° in-plane-rotated YBa,Cu;O;_5 grains
for these buffer layers as well.

Similar to the growth temperature effect reported
for the growth of YBa;Cu3;O;-s on (001) YSZ,<0U
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in our growths on (110) YSZ substrates, the ¢ ~ 9°
domains were observed at higher growth temperatures.
This is consistent with the epitaxial relationship of the
YBa;Cus0O7-5 layer being established after the formation
of the BaZrOs interfacial layer. Lower growth tempera-
tures were free of ¢ ~ 9° domains, consistent with the
epitaxial relationship of the YBa,Cu;0;-5 layer being
established before the formation of the BaZrO; layer.

Wen et al.® present a cross-sectional TEM image
(Fig. 6 in Ref. 8) of a BaZrO; epitaxial in-plane reaction
product between (001) YBa;Cu;O;-5 and (001) YSZ
that appears to be close to the ~9° rotation that we
have seen by RHEED. Their cross-sectional TEM image
is along the [100] YSZ zone axis, and they state that
this substrate zone-axis is approximately parallel to the
[331] direction of the BaZrO; layer. This is within 3.5°
of the (irrational) direction in BaZrO; that lies parallel
to [100] YSZ (see Fig. 4) for fully relaxed BaZrO;.
Unfortunately, Wen et al.® do not indicate if the BaZrOj;
layer is (110)-oriented. However, it is clear that it must
be different than the (001)-oriented BaZrO; layers that
are present in the remainder of their TEM images as
{001} cannot be perpendicular to [331].

Recently peaks at ¢ ~ *=37° have also been re-
ported in c-axis oriented YBa;Cu30;-; films grown on
(001) YSZ, indicating the presence of YBa,Cu307-5
grains with in-plane rotations of about 37°.!! These peaks
are observed in films grown under conditions similar to
those in which peaks at ¢ ~ 9° occur (i.e., high sub-
strate temperatures). In fact, both the ¢ ~ 9° peaks and
the ¢ ~ 37° peaks were observed in the same film by
Skofronick et al.!! The origin of these ~37° in-plane-
rotated grains is likely the same as that of the ~9° rotated
grains. c-axis oriented YBa;Cu30;-; is known to align
epitaxially with (110)-oriented BaZrO; in two manners,
related by a 45° in-plane rotation. The first is

(001)yBa,cu;05-5 Il (110)pazc0,
and [100)ypa,cus0,, 1| [001]Bazc0;

as we have found to be dominant for the nucleation
of YBa,Cu307-5 on BaZrO3; on (001) YSZ, and the
second is

(001)yBa,cu;07- || (110)gazc0,
and [110}ya,cus0.-5 Il [001]gazc0,

as others'®3! have observed for BaZrO; formed after
the epitaxial alignment between YBa;Cu30;-5 and
YSZ is established. We have found the second to
be dominant for the nucleation of YBa,Cu;0;-5 on
BaZrO; on (110) YSZ. As discussed earlier, both of
these orientation relationships have identical lattice
match, and we speculate that the dominance of a
particular one is due to a graphoepitaxial contribu-
tion. The presence of both ~9° and ~37° in-plane
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rotations in the YBa,Cu3;O,-s films of Skofronick
etal!' in contrast to the more frequent observa-
tion of solely ¢ ~ 9° peaks, provides further evi-
dence that an influencing factor other than lattice
match alone is active. The more frequent ob-
servation of the ¢ ~ 9° peaks compared to the
¢ ~ 37° (or 45° — 9° = 36°) peaks indicates that the
[100]yBa;Cu,0,.5 Nl [001]pazo0, orientation is dominant
for the growth conditions most frequently used to
deposit (001) YBa,Cu30;-5 on (001) YSZ.

VI. CONCLUSIONS

The epitaxial alignment between the diagonal of a
square surface mesh and the diagonal of a rectangular
surface mesh is a general method for producing
in-plane misorienations. The model presented explains
why diffraction peaks at ¢ ~ 9° are observed in
c-axis oriented YBa,Cu3;O;_s grown on (001) YSZ
as well as on (110) YSZ substrates, and has been used
to select other epitaxial systems to demonstrate this
phenomenon. If a means could be found to suppress
all but one of the ~9° in-plane-rotated domains, this
technique could provide a significant advantage in grain-
boundary engineering over the bi-epitaxy process for the
growth of YBa,Cu30;-s-based and (Ba, K)BiO;-based
Josephson junctions. : .

ACKNOWLEDGMENTS

We gratefully acknowledge helpful interactions with
J. Strobel, G.L. Skofronick, and A.H. Carim, and Joe
Wenckus for generaisly supplying yttria-stablized cu-
bic zirconia crystals. DGS acknowledges the financial
support of ONR through Contract N00014-93-1-0512.
JCC acknowledges the financial support of NSF through
Grant DMR-9357614.

REFERENCES

1. A.J. Moulson and J.M. Herbert, Electroceramics: Materi-
als ® Properties ® Applications (Chapman & Hall, London, 1990).

2. K. Char, M.S. Colclough, S.M. Garrison, N. Newman, and G.
Zaharchuk, Appl. Phys. Lett. 59, 733 (1991); K. Char, M.S.
Colclough, L.P. Lee, and G. Zaharchuk, Appl. Phys. Lett. 59,
2177 (1991).

3. X.D. Wy, L. Luo, R.E. Muenchausen, K.N. Springer, and
S. Foltyn, Appl. Phys. Lett, 60, 1381 (1992).

4. L.P. Lee, K. Char, M.S. Colclough, and G. Zaharchuk, Appl.
Phys. Lett. 59, 3051 (1991).

5. D.K. Fork, A. Barrera, T.H. Geballe, A.M. Viano, and D.B.
Fenner, Appl. Phys. Lett. 57, 2504 (1990).

6. S.M. Garrison, N. Newman, B.F. Cole, K. Char, and R. W.
Barton, Appl. Phys. Lett. 58, 2168 (1991); S.M. Garrison,
N. Newman, B.F. Cole, K. Char, and R. W. Barton, Appl. Phys.
Lett. 59, 3060 (1991).

7. D.K. Fork, S.M. Garrison, M. Hawley, and T.H. Geballe,
J. Mater. Res. 7, 1641 (1992).

8. 1.G. Wen, C. Tracholt, H. W. Zandbergen, K. Joosse, E. M. C.M.
Reuvekamp, and H. Rogalla, Physica C 218, 29 (1993).

1347




D. G. Schlom et al.: Origin of the ¢ ~ *9° peaks in YBapCuzO7_5 films grown on cubic zirconia substrates

10.
11.
12.

13.

14.
15.
16.
. JCPDS card 6-399 (JCPDS International Centre for Diffraction
18.
19.
20.

21.

22.

23.

24.

25.
26.
27.

28.
29.

30.

31

32.

1348

. G. Brorsson, E. Olsson, Z.G. Ivanov, E.A. Stepantsov, I.A.

Alarco, Y. Boikov, T. Claeson, P. Berastegui, V. Langer, and
M. Lofgren, J. Appl. Phys. 75, 7958 (1994).

Y. Boikov, Z. G. Ivanov, G. Brorsson, and T. Claeson, Supercond.
Sci. Technol. 7, 281 (1994).

G.L. Skofronick, A.H. Carim, S.R. Foltyn, and R.E. Muen—
chausen, J. Appl. Phys. 76, 4753 (1994).

D. Dimos, P. Chaudhan and J. Mannhart, Phys Rev. B 41, 4038
(1990).

S.S. Laderman, R.C. Taber,R D. Jacowitz, J. L. Moll, C. B. Eom,
T.L. Hylton, A.F. Marshall, T.H. Geballe, and M.R. Beasley,
Phys. Rev. B 43, 2922 (1991).

J. A. Alarco, G. Brorsson, Z. G. Ivanov, P-A. Nilsson, E. Olsson,
and M. Lofgren, Appl. Phys. Lett. 61, 723 (1992).

R.D. Shannon, Acta Crystallogr. A 32, 751 (1976).

R.P. Ingel and D. Lewis, III, J. Am. Ceram. Soc. 69, 325 (1986).

Data, Swarthmore, PA).

R. Beyers and T.M. Shaw, Solid State Phys. 42, 135 (1989), and
references therein.

G.L. Skofronick, A.H. Carim, §.R. Foltyn, and R.E. Muen-
chausen, J. Mater. Res. 8, 2785 (1993).

C.H. Mueller, P.H. Holloway, J.D. Budai, F. A. Miranda, and
K.B. Bhasin, J. Mater. Res. 10, 810 (1995).

The lattice mismatch values given throughout this article are
calculated by the formula (aup ~ agim/@siim).22 Although the
lattice constants vary with temperature and composmon (0.095 <
x < 0.6in (Y205),(Zr0,),~, and 0 < & =< 1 in YB2,Cu30,_ 5)
and it would be most appropriate to report the lattice mismatch
for the specific growth conditions used, for simplicity we report
the lattice mismatch at room temperature, x ~ 0.095!6 and & ~
0.'® These approximate values are adequate for the relatively
qualitative reasoning that lattice mismatch considerations allow.
See, for example, J.W. Matthews in Epitaxial Growth, Part B,
edited by J. W. Matthews (Academic Press, New York, 1975),
pp. 559-609.

D.G. Schlom, E. 8. Hellman, E. H. Hartford, Jr., and J. Mannhart,
presented at the Fall ‘93 Materials Research Society Meeting in
Boston, MA, 1993 (unpublished).

J.J. Cuomo, M.F. Chisholm, D.S. Yee, D.J. Mikalsen, P.B.
Madakson, R.A. Roy, E. Giess, and G. Scilla, in Thin Film
Processing and Characterization of High-Temperature Supercon-
ductors, AIP Conference Proceedings No. 165, edited by J.M.E.
Harper, R.J. Colton, and L.C. Feldman (American Institute of
Physics, New York, 1988), pp. 141-148.

T. Komatsu, O. Tanaka, K. Matusita, M. Takata, and T. Ya-
mashita, Jpn. J. Appl. Phys. 27, 1.1025 (1988).

H. Koinuma, K. Fukuda, T. Hashimoto, and K. Fueki, Jpn.
J. Appl. Phys. 27, L1216 (1988).

M. J. Cima, J. 8. Schneider, S. C. Peterson, and W. Coblenz, Appl.
Phys. Lett. 53, 710 (1983).

C.T. Cheung and E. Ruckenstein, J. Mater. Res. 4, 1 (1989).
L.A. Tietz, C.B. Carter, D.K. Lathrop, S.E. Russek, R.A.
Buhrman, and J.R. Michael, J. Mater. Res. 4, 1072 (1989). The
0.3 nm fringe spacing reported for the intermediate reaction layer
in the cross-sectional TEM image (identified as being possibly
BaZrO;3) indicates that the BaZrOj; is (110)-oriented.

M.J. Shapiro, K. L. More, W.J. Lackey, J. A. Hanigofsky, D. N.
Hill, W.B. Carter, E. K. Barefield, E. A. Judson, D.F. O’Brien,
R. Patrick, Y.S. Chung, and T.S. Moss, J. Am. Ceram. Soc. 74,
2021 (1991).

D.M. Hwang, Q.Y. Ying, and H.S. Kwok, Appl. Phys. Lett. 58,
2429 (1991).

M.J. Casanove, A. Alimoussa, C. Roucau, C. Escribe-Filippini,
P.L. Reydet, and P. Marcus, Physica C 175, 285 (1991).

33.
34.

35.
36.
37.

38.
39.

40.

41.

42.

43,

45.

46.

47.

48.

49.

50.

51.
52

O. Eibl, K. Hradil, and H. Schmidt, Physica C 177, 89 (1991).
J. A. Alarco, G. Brorsson, H. Olin, and E. Olsson, J. Appl. Phys.
75, 3202 (1994).

Ceres Corp., N. Billerica, Massachusetts.

Commercial Crystal Laboratories, Naples, Florida.

X.X. Xi, G. Linker, O. Meyer, E. Nold, B. Obst, F. Ratzel,

‘R. Smithey, B. Strehlau, F. Weschenfelder, and J. Geerk, Z. Phys.

B 74, 13 (1989).

B. Holzapfel, B. Roas, L. Schultz, P. Bauer, and G. Saemann—
Ischenko, Appl. Phys. Lett. 61, 3178 (1992).

E.S. Hellman, E.H. Hartford, and E.M. Gyorgy, Appl. Phys.
Lett. 58, 1335 (1991).

C.B. Eom, J.Z. Sun, K. Yamamoto, A.F. Marshall, K. E. Luther,
T.H. Geballe, and S.S. Laderman, Appl. Phys. Lett. 55, 595
(1989).

L.V. Aziroff, Elements of X-Ray Crystallography (McGraw-Hill,
New York, 1968), pp. 360-389.

With the oxygen plasma on, the sample was exposed to the
barium beam for 40 s. RBS measurement of the resulting BaO
film thickness deposited on a comounted MgO substrate (Tgp ~
660 °C) indicated an average BaO film thickness of 1.4 nm.
Note that depending on the surface termination of the (110)
BaZrO; layer, the oxygen sublattice of this latter orientation re-
lationship ([110]yBasCu;07-5 I [001]Bazc0,) could have the same
surface mesh area as the oxygen sublattice of the former orienta-
tion relationship ([100]yga,cu;0,-5 |} [001]gazc0;). There are two
distinct (110) BaZrO; planes, neither of which is charge neutral:
BaZrO and O,. If the latter is the terminating layer, the oxygen
sublattice of the near-coincident site surface mesh cell shown in
Fig. 8 is centered, and the primitive cell would have an area of
0.47 nm?.

. C. Escribe-Filippini, P.L. Reydet, J. Marcus, and M. Burnel,

J. Less-Comm. Met. 151, 263 (1989).

L.F. Schneemeyer, J.K. Thomas, T. Siegrist, B. Batlogg, L. W.
Rupp, R.L. Opila. R.J. Cava, and D. W. Murphy, Nature (Lon-
don) 335, 421 (1988).

J.P. Wignacourt, J.S. Swinnea, H. Steinfink, and J.B. Goode-
nough, Appl. Phys. Lett. 53, 1753 (1988).

M. G. Norton, E.S.-Hellman, E. H. Hartford, Jr., and C. B. Carter,
Physica C 205, 347 (1993); M. G. Norton, E.S. Hellman, E. H.
Hartford, Jr., and C. B. Carter, J. Cryst. Growth 113, 716 (1991).
Landolt-Birstein: Numerical Data and Functional Relationships
in Science and Technology, New Series, Group ITI, Vol. 12a, edited
by K-H. Hellwege (Springer-Verlag, Berlin, 1978), p. 160. At
room temperature LaAlO; is rhombohedral (not simple cubic).
However, the distortion from simple cubic is extremely small
(@ = 60.1°) vs. @ = 60° for cubic). Furthermore, at the sub-
strate temperature at which growth was initiated, T ~ 550 °C,
LaAlO; is cubic.

A.M.M. Gadalla and J. White, Trans. Brit. Ceram. Soc. 65, 383
(1966).

V.S. Stubican, R.C. Hink, and S.P. Ray, J. Am. Ceram. Soc.
61, 17 (1978); V.S. Stubican and J.R. Hellmann, in Science
and Technology of Zirconia, Vol. 3 in Advances in Ceramics
series, edited by A. H. Heuer and L. W. Hobbs (American Ceramic
Society, Westerville, OH, 1981), pp. 25-36.

H. Holzschuh and H. Suhr, Appl. Phys. Lett. 59, 470 (1991).
D.K. Fork (private communication). These (110) BaZrOs films
were deposited on (001) YSZ on (001) Si. They were much
thicker than the ~0.3 nm BaZrO; buffer layers studied in Ref. 7.
Interestingly, a ¢-scan of these (110)-oriented BaZrOs films on
(001) YSZ revealed two in-plane orientation variants rotated with
respect to one another by 9.5°!

J. Mater. Res., Vol. 11, No. 6, Jun 1996




Domain structure of epitaxial PbTiOj3 films grown on

vicinal (001) SrTiO;
C.D. Theis and D.G. Schlom

Department of Materials Science and Engineering, The Pennsylvania State University,

University Park, Pennsylvania 16802-5005

'(Recéived 22 February 1996; accepted 3 January 1997)

Epitaxial PbTiO; films have been grown on vicinal (001) SrTiO; substrates by pulsed
laser deposition. Vicinal SrTiOs substrates with misorientations up to 9° from (001)
were used, and the influence of the direction of misorientation on the resulting domain
structure was studied. 4-circle x-ray diffraction analysis indicates that thin (40 nm)
PbTiO; films are completely c-axis oriented [rocking curve full-width-at-half-maximum
(FWHM) of 0.25° for the 002 reflection] and that thicker films (~200 nm) contain mixed
a-axis and c-axis PbTiO; domains due to twinning along {011} planes. The [100] axis
of the g-axis domains is misoriented by 2.1° to 3.3° toward (100) substrate directions
with respect to the substrate normal. In contrast to growth on well-oriented (001) SrTiO;
surfaces where the four equivalent tilts of the [100] axis of the g-axis domains are
equally likely, on vicinal SrTiO; the g-axis domains are preferentially oriented in an
uphill direction with respect to the crystallographic miscut.

I. INTRODUCTION

Lead titanate has become an extensively studied
ferroelectric material. It has a variety of potential
applications, including ultrasonic sensors, infrared
detectors, and ferroelectric random access memories.!
Growth of PbTiO; has been hampered by problems
with lead volatility.>* However, high quality films have
been made by metal-organic chemical-vapor deposition
(MOCVD),*" laser ablation,®!® sputtering,*!! and
through the use of solution precursors.? Because of the
anisotropic nature of lead titanate, many of its properties,
including remanent polarization, pyroelectric coefficient,
and coefficient of second harmonic generation, are
dependent on its crystallographic orientation. For most
of these applications, it is desirable to have a single-
domain film with the PbTiO; c-axis normal to the
substrate surface. To date, the growth of relatively
thick films (=50 nm) of pure c-axis oriented epitaxial
lead titanate has been hampered by the formation of
{011} domain boundaries, resulting in mixed ¢- and a-
domain films. 2469114 Researchers have shown that
the introduction of domain boundaries in PbTiO; films
grown on SrTiOj3 is favored to reduce strains that arise
from the PbTiO; phase transition, lattice mismatch,
and differences in thermal expansion between the
film and substrate upon cooling.’>"! In order to more
fully understand the mechanisms that contribute to the
ultimate population and orientation of these a-domains,
we have grown epitaxial lead titanate films on vicinal
(001) SrTiO; substrates.

The heteroepitaxial growth of anisotropic oxides
on vicinal surfaces of isotropic oxide substrates
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has been studied extensively: Bi;SryCa,.;Cu,Oznia/
SI'TiO3,18_20 _Bi25r2Can_1Cu,,Oz,,+4/MgO,2"22 YBa,Cu;-
05.5/StTiO; 32 YBa,Cu;0,_5/MgO,* % YBa,Cu;-
07.5/(Y203~Z10,),®  (La, Sr)-Cu04/SrTi03,°  and
SrRu0;/SrTi0;.3! However, in all of these cases, the
relaxed state of the film at the growth temperatures
involved is anisotropic. Here we describe the results
of our investigation of the growth of a material that
is isotropic and welf lattice-matched to the underlying
vicinal isotropic substrate at the growth temperature.
However, after the film growth is complete and as the
sample cools, the isotropic film undergoes a structural
phase transition and becomes anisotropic. Similar
behavior is expected in other isotropic epitaxial systems
that undergo a phase transition after growth, e.g.,
BaTiO;, KNbO;, Pb(Zr, Ti)O;, (Pb,La)(Zr, Ti)Os, etc.
However, the large tetragonal distortion in PbTiO; is
an advantage for measuring the effect that a vicinal
substrate surface has on the domain formation process
that occurs after growth, making it an excellent model
system on which to carry out this study. In the study
described below, the films are all grown at temperatures
higher than the Curie temperature and the domains
are formed after growth is complete as the films cool.
We have investigated the influence of vicinal (001)
SrTiO; substrates on the domain structure of epitaxial
PbTiO; films.

fl. BACKGROUND

The presence of PbTiO; grains oriented with their
a-axis perpendicular to the (001) SrTiO; substrate (a-
axis oriented PbTiO;) mixed with grains oriented with
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their c-axis perpendicular to the substrate (c-axis ori-
ented PbTiO;) have been seen in films grown from
solution precursors,” and grown by MOCVD'? and laser
ablation.® Seifert er al? reported a relative tilt of 3.5°
between the [100] axis of a-oriented PbTiO; grains and
the [001] axis of c-oriented PbTiO; grains caused by
twinning along {011} planes. Similarly, Li et al.'? saw a
3.0° tilt of the a-axis of a-oriented PbTiO; grains away
from the substrate normal. They reported that below
a thickness of 150 nm, the x-ray intensity associated
with the a-axis oriented PbTiO; domains disappears,'?
indicating that thinner films are completely c-axis ori-
ented. Films thicker than 150 nm grown on (001) SrTiOs
display mixed a-axis and c-axis orientation.'? Hsu and
Raj’ reported a relative tilt of 2.65 * 0.5° of the a-axis
of a-oriented PbTiO; grains away from the (001) SrTiO;
substrate normal. This tilt angle remains independent of
thickness from 50 to 350 nm, and the volume fraction of
a-oriented material increases continuously as a function
of thickness.” Below a thickness of 37 nm they reported
that there are no longer a-oriented domains present based
on x-ray diffraction analysis.’?

Prior TEM?2*3 and STM> studies of vicinal (001)
SrTiO; surfaces have established that the edges of the
steps on such surfaces are primarily faceted along {(100)
directions®** (i.e., the step edges run along (100) di-
rections) and that the height of the steps are integral
multiples of the unit cell height of SrTiO5.343¢ Addition-
ally, TEM studies of the PbTiO;/substrate interface have
shown that the {011} domain boundaries begin at the
interface and extend into the film.2'?'* The importance
of these observations, and an explanation of the apparent
discrepancies in the reported tilt angle of g-oriented
PbTiO;/(001) SrTiO3, will be discussed in conjunction
with the structure of thick epitaxial PbTiO; films grown
on vicinal (001) SrTiO; substrates.

To date, the use of vicinal substrates for the growth
of PbTiO; has been limited. Kim et al.¥” report the use
of vicinal (5.5° miscut) MgO substrates for the growth of
PbTiO; by rf sputtering. They note that the c-domains are
misoriented by 1.0° away from the MgO(001), and the
a-domains are misoriented by 0.5° from the MgO(001).
Both the a- and c-domains are reported to be tilted
toward the macroscopic surface normal, or equivalently
downhill as defined by the macroscopic tilt of the
substrate surface with respect to the (001) MgO plane
[see inset to Fig. 1(c)]. Additionally, Kim et al3” note
that the presence of MgO step edges has no influence on
the in-plane orientation of the a-oriented domains. That
is, equal volume fractions of a-domains were measured
with the c-axis parallel to and perpendicular to the MgO
step edges.’” Kim et al’” found that the PbTiO; film
crystalline quality improved dramatically using vicinal
MgO substrates. They reported an improvement in the
FWHM of the PbTiO3(001) rocking curve width from

2.28° to 1.64° for growth on nominal and vicinal (5.5°
miscut) MgO substrates, respectively.’

Similarly, Wasa et al.*® deposited PbTiO; films on
vicinal (1.7° miscut) SrTiO; using rf sputtering. The
substrates were miscut toward the [010] crystalline axis.

“These films were found to have extremely smooth sur-

faces, root mean square (RMS) roughness less than' 3 nm
for a film thickness of 100 nm.®

l. EXPERIMENTAL

PbTiO; targets (2.5 cm diameter) are synthesized
in-house using a traditiona! ceramic synthesis route.
Powders of PbCO; and PbTiO; are ball milled in water
for 36 h using a polymer dispersant. The slurry is dried
and calcined at 450 °C to remove all CO; and pressed
in a uniaxial press to 1500 psi (10 MPa) in order to
achieve sufficient green strength to transport the pellet
to a cold isostatic press. The pellet is then cold isostatic
pressed to 40,000 psi (276 MPa). Sintering occurs in a
lead-rich atmosphere (to prevent lead loss) at 770 °C
for 4 h. Using this synthesis route we are able to
achieve densities in excess of 98% of theoretical while
minimizing lead loss (<0.5% by weight). The target
employed in this study has a 75% to 25% molar ratio of
PbTiO; to PbO, respectively. - _ .

Our deposition system consists of a rotating target-
which is ablated by a 248 nm KrF excimer laser. The
substrate is radiatively heated by an alumina furnace
with a Kanthal®3? A-1 heating element which surrounds
the substrate and gllows for easy switching between
off-axis and on-axis geometries.*® Typical deposition
temperatures for PbTiO; are ~775 °C using SrTiO3(001)
and vicinal (001) SrTiO; single-crystal substrates.*! All
thick films grown in this study were deposited on-axis
with the substrate located 6—7 cm from the target in an
oxygen/ozone (~5% Os) ambient of 5-~30 mTorr. The
laser is focused to achieve an energy density of 2 J/cm?
with a repetition frequency of 2030 Hz.

Structural analysis was performed using a Picker
4-circle x-ray diffractometer equipped with a graphite
incident-beam monochrometer. A small solid state laser
is employed to align the sample surface with the geo-
metrical center of the diffractometer sphere. The laser
is mounted in place of the detector at a symmetric
reflection angle. The laser mount is designed to reflect
the laser beam off of the sample surface in a path identi-
cal to (but in the reverse direction of) the collimated
CuKq radiation. Using this alignment technique we
are able to reproducibly align the macroscopic surface
of the sample to +0.2°. After the sample surface is
accurately aligned on the diffractometer using the laser,
the angle and direction of miscut are readily determined
using x-ray diffraction. The thickness of the samples in
this study was determined by Rutherford backscattering
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spectrometry (RBS) and spectroscopic ellipsometry (SE)
measurements.

IV. RESULTS AND DISCUSSION
A. X-ray diffraction analysis of domain structure

On. well-oriented (100) SrTiOs substrates, we rou- -

tinely achieve high-quality epitaxial PbTiO; films.** For
example, x-ray diffraction analysis of a 40 nm thick
PbTiO; film deposited on (001) SrTiO; by 90° off-axis
pulsed laser deposition (PLD) shows intense (00€) peaks,
indicating that the film is pure c-axis oriented PbTiO;.
Additional scans show that no other orientations are
present. The rocking curve FWHM of the PbTiO; 002
reflection is measured to be 0.25°, showing excellent
out-of-plane alignment. An azimuthal scan of the 101
PbTiO; reflections of this same film shows a cube-
on-cube orientational relationship between the PbTiO,
film and the SrTiO; substrate with a FWHM of 0.4° in
¢, indicating little variation in the in-plane alignment.
These peak widths are all comparable to the instrument
resolution of our Picker 4-circle diffractometer. This
film contains no a-axis grains caused by {011} twin
boundaries, in agreement with the findings for epitaxial
PbTiO; films of comparable thickness grown on (001)
SrTiO; by MOCVD.!? _

In order to more fully understand the factors that
influence the formation of domain boundaries in thicker
films, numerous samples having thicknesses of ~200 nm
were grown under identical conditions with similar cool-
ing rates (~10° C/min) on vicinal (001) SrTiO;. Vicinal
(001) SrTiO3 substrates miscut toward the [100] or [110]
were utilized, and the degree of miscut was varied from
less than 1° to more than 9°.4!

Figure 1(a) shows the 6-26 x-ray diffraction scan of
a 200 nm thick film of PbTiO; grown on miscut SrTiO;.
This vicinal (001) SrTiO; is miscut by 3.2° toward
¢ = 55°, where ¢ = 0° is defined as the SrTiO; [100]
direction and ¢ = 90° is the SrTiO; [010] direction.
The c-axis of the PbTiO; in Fig. 1(a) is slightly, but
resolvably (0.3°), misoriented from the substrate normal;
the scan in Fig. 1(a) is aligned to the PbTiO; (001)
planes, resulting in diminished substrate peak intensities.
The c-axis oriented PbTiO; domains show good out-of-
plane orientation with a rocking curve FWHM of 0.7°
for the PbTiO5 002 reflection. The azimuthal scan of the
PbTiO3 101 reflections of the c-axis grains in Fig. 1(b)
shows only cube-on-cube orientations with a FWHM of
1.0° in ¢.

The peaks at & =3.3°, & = —24°, ¢ =3]1°
and ¢ = —2.7° in the rocking curves of the PbTiO,
200 refiections shown in Fig. 1(c) indicate the presence
of g-oriented PbTiOs grains, where ¢ is the angle
of tilt between the c-axis of the c-domains and the
a-axis of the g-domains. The diffraction patterns in

Fig. 1(c) are measured at an in-plane separation of
¢ = 90° from each other, along the SrTiO; [100] and
[010] directions. The a-axis in both crystallographic
directions is preferentially tilted uphill, as defined by
the macroscopic tilt of the substrate surface with respect
to the (001) SrTiO; plane and schematically indicated:
in the inset within Fig. 1(c). Because (001) SrTiO; has
4-fold rotational symmetry, we see four directions of a-
axis tilt following the four equivalent {011} twin planes.
Based on x-ray diffraction integrated intensity, 39 vol %
of the ag-oriented material is tilted uphill toward the
[100], 5% tilts downhill toward the [100], 51% is tilted
uphill toward the [010], and 5% is tilted downhill toward
the [010]. This is in contrast to the equally likely (i.e.,
four peaks of equal intensity) {011} twin boundaries
previously reported in PbTiO; films grown on well-
oriented (001) SrTiO; substrates.”® The c-domain in
this film shows only one orientation and is tilted by 0.3°
toward the direction of miscut (¢ = 55°). In essence, the
entire film is tilted toward the direction of miscut (uphill)
by 0.3° with the four a-domains tilted orthogonally to the
c-domain by the angles shown in Fig. 1(c). This spatial
arrangement of domains was seen in all samples. As a
result, all rocking curves performed were first aligned
to the c-oriented domains. This sample is indicative
of the trend seen in all PbTiO; films; as the relative
volume fraction of a-oriented material tilted in a certain
direction increases, the tilt between that a-domain and
the c-domain increases (higher £). Similarly, as the
relative volume fraction of g-oriented material tilted
in a certain direction decreases, the tilt between that
a-domain and the c-domain decreases (lower &).

B. Model of preferred a-domain orientations

The preferential orientation of the g-axis PbTiO;
domains can be explained by lattice matching con-
siderations. As the film growth temperature is well
above the Curie temperature (490 °C for bulk PbTiOs),*
twinning of the PbTiO; must occur during cooling fol-
lowing film growth. The (100) directions of the SrTiO;
substrate—both the in-plane directions of the (001)
SrTiO; surface®3* as well as those of the integral-
unit cell high step edges** ¢ —are much better lattice
matched to the ag-axis of PbTiO; than to its c-axis.
Consequently, as schematically depicted in Fig. 2, it is
energetically favorable for the regions of the PbTiO;
film in contact with the {100} SrTiO; surfaces to be
(001) PbTiO; surfaces. Such an orientational relation-
ship provides excellent lattice matching between the
in-plane (100) SrTiO; directions and the in-plane [100]
and [010] PbTiO; directions. Specifically, the lattice mis-
match between (001) PbTiO; and {100} SrTiO; is 0.1%
along both the [100] PbTiOs || (100) SrTiO; and [010]
PbTiOs || (100) SrTiO; directions at room temperature.
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FIG. 1. (a) X-ray diffraction pat{ems of a 200 nm thick PbTiOj3 film grown on a vicinal (001) SrTiO; substrate miscut by 3.2° toward ¢ = 55°.
(a) 0:29 scan, (b') ¢ scan of PbTiO3 101 reflections showing cube-on-cube orientation to the substrate, and (¢) w scan of PbTiO; 200 reflections
showing a-axis tilt angle £ (upper scan is toward ¢ = 0°, and lower scan is toward ¢ = 90°; these scans are offset from each other for clarity).

For comparison, the (100) PbTiO; || {100} SrTiO; and
(010) PbTiO; || SITiO; epitaxial orientations both have
a lattice mismatch of —6% along [001] PbTiO; || (100)
SrTiO; and 0.1% along (100) PbTiO; || {100) SrTiO; at
room temperature,

On well-oriented (001) SrTiO5 surfaces, there is not
a dominance of any step edge, and all four types of {011}
twin boundaries occur with equal likelihood. However,
the vicinal (001) SrTiO; surface contains a dominant
step edge direction, and the corresponding (011) twin
boundary dominates as is schematically shown in Fig. 2.
The tetragonality of PbTiO; has been exaggerated in this
figure to clearly illustrate the geometrical cause of the tilt
of the a-oriented material of PbTiO3 with respect to the
crystallographic normal. This explanation is consistent

with our observation that a preferred orientation of
a-domains is found only on vicinal substrates. This
indicates that the phenomenon is related to a dominance
in the direction of the steps on the SrTiOs substrate.
The lattice-matching arguments presented above and
depicted in Fig. 2 imply that the c-axis of all a-domains
will lie parallel to the projection of the [100] axis
of the a-domain onto the SrTiO; (001) surface and
not perpendicular to this projection. Indeed, only this
expected orientation of a-domains is observed by 4-circle
x-ray diffraction. Unlike the orientation of a-domains on
vicinal (100) MgO, where equal volume fractions were
measured with their c-axis parallel and perpendicular to
the MgO step edges,?” on vicinal (100) SrTiO; the c-axis
of a-domains lies solely perpendicular to the step edge.
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FIG. 2. Schematic showing how the presence of step edges on a
vicinal (001) SrTiO; substrate may lead to the preferred nucleation of
a PbTiO3 (011) twin boundary. The arrows indicate the direction in
which the PbTiO; c-axis lies. The tetragonality of PbTiO; has been
exaggerated for clarity.

C. Influence of terrace length on a-domain
distribution

The effect of these SrTiO; step edges can be fur-
ther understood if we consider the ratio of the volume
fraction of material tilted uphill/downhill for a given
crystallographic' [100] or [010] direction as a function
of the average distance between steps in that direc-
tion (Fig. 3). An uphill/downhill ratio of 1 (seen at
low misorientations) indicates that the g-axis domains
are equally populated. As the substrate misorientation
increases beyond ~1°, the dominance of the uphill
a-domain clearly emerges. This threshold corresponds
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FIG. 3. Graph of the ratio of uphill/downhill a-axis volume fractions
along a specific [100] or [010] crystallographic orientation as a
function of the average terrace length in that direction.

to an average terrace length between steps of about
20 nm. Here the average distance between steps, dayg,
is calculated as d,y, = [ascio,/ tan (6,,)], where asio,
is the lattice constant of SrTiOs, and 8,, is the component
of the misorientation angle of the substrate toward [100].
Other researchers have seen and measured the average
width of a-domains in epitaxial PbTiO3; on SrTiO; by
TEM analysis.>!>* Stemmer et al.'* report an average
width of 19 * 1.6 nm of the a-domains for a 200 nm
film thickness of PbTiO; on SrTiOs. Similarly, Stemmer
et al.'* show an average width of 18 = 0.9 nm of the
a-domains for a 150 nm PbTiO; film with a 30 nm
SrTi0; interlayer on an MgO substrate. In Fig. 3 it is
clear that as the average distance between step edges
becomes large compared to the average a-domain width
measured for the PbTiO3/SrTiO; system, the ratio of
the volume fraction of a-oriented material tilted up-
hili/downhill approaches unity [i.e., the measured ratio
for PbTiO; films on nominal (001) SrTiO; substrates].
The effect of vicinal substrates causing a preferred
orientation in a-domain abundance appears to become
significant when the average terrace length approaches
the average a-domain width previously measured.!>!4
The points illustrated in Fig. 3 are meant only to show
a trend as the error induced can be very large when
measuring downhill volume fractions of less than ~5%
(i.e., at uphill/downhill ratios = 10).

D. Influence of a-domain distribution on
tilt angle £

In Fig. 4, we have overlaid the rocking curve scans
of several vicinal substrates and one nominal substrate.
All scans are taken along a crystallographic [100] or
[010] type direction and have been placed on a linear
scale for clarity. The tilt angles in a downhill direction

30000 ————————

I
............. nominal substrate }4

vicinal substrates |1t

20000 downhill

10000

Intensity (Arbitrary Units)

Q (Degrees)

FIG. 4. Overlay of PbTiO3 200 rocking curve scans for several vicinal
(001) StTiO; substrates and one nominal (misorientation < 0.25°)
substrate. All scans were aligned to the [001] axis of the PbTiO;
c-domains.
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range from £ = 2.1° up to 2.9° for the nominal substrate,
and similarly in an uphill direction from ¢ = 3.0° for the
nominal substrate up to 3.3° for the a-domains with the

largest uphill relative volume fraction. Here the effect

of vicinal substrates on creating an asymmetry in the
a-domain populations can clearly be seen, as well as
the influence this asymmetry has on the ultimate tilt
angle (£).

Figure 5 shows the a-domain tilt angle (¢) as a
function of the relative volume percentage of a-oriented
material. 100% indicates that all of the g-axis oriented
PbTiO; domains are tilted in the same direction with
respect to the [001] axis of the c-axis oriented PbTiO;
domains. Here it is clear that the ultimate orientation
of these a-domains is not only a function of the large
c/a ratio (~1.06 for bulk PbTiO;),* but also the rela-
tive volume fraction of a-domains present in a specific
orientation. Further, we have drawn a best-fit curve to
this graph to direct the reader’s eye to the fact that the
effect on the tilt angle (£) is more dramatic for smaller
volume fractions of a-domains.

The magnitude of the tilt angle between the [100]
axis of a-domains and the [001] axis of ¢-domains has
been explained as being due to the tetragonal distortion
of PbTiO;, specifically,

£=090° - 2tan”"! (ﬁ:_) 5.79,12,14 (1)
Using 4-circle x-ray diffraction, we have measured the
lattice constants of the different domains comprising the
PbTiO; films. We see up to five different PbTiO; domain
types (one c-domain, and four a-domains tilted toward
the [100], [100], [010], and [010] SrTiO; directions). For
each of these domains we have measured the in-plane
and out-of-plane lattice constants. These lattice constants
for the c-domains and a-domains of several films are
summarized in Table 1. From these lattice constants it is
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FIG. 5. Graph of the relative volume percentage of a-domains along
a specific [100] or [010] crystallographic orientation as a function of
the tilt angle £. The broad curve illustrates the trend of the data.

possible to calculate predicted a-domain tilt angles due
to twins along {011} domain boundaries using the model
shown in Fig. 6. The in-plane g-axis of the a-domains
is not shown in this table as its value does not affect
the calculated angle of the twin boundary. As mentioned
previously, all a-domains are oriented with their in-plane
c-axis parallel to the projection of the a-domain [100]
axis onto the SrTiO;(001) surface (as shown in Fig. 2).

To calculate the tilt angle (&), we first assume
that the {011} domain is a mirror plane, and that the
angles of the tetragonal unit cell are preserved at the
domain boundary interface (i.e., & = B = 90°). It is
then possible to calculate a tilt angle (£) based solely
on the lattice constants measured for one of the domains
[this is equivalent to using Eq. (1)]. In Table I we
have tabulated these values using the measured lattice
constants from the c-domains and from the a-domains
separately, and compare them to the actual measured
values. Here we can see a general lack of agreement,
and in most cases the calculated values are larger than
the measured values. Next, we assume that the measured
lattice constants for both the a- and c-domains are
all preserved at the domain boundary interface, and
similarly that the angles of the tetragonal unit cells are
preserved (i.e., @ = B = 90°). If we now attempt to
calculate a tilt angle £, this model cannot produce a
solution. There are no four-sided figures having sides
equal to our measured lattice constants and two internal
angles of 90°. Because x-ray diffraction is an averaging
technique, the calculated lattice constants for the a- and
c-domains are values averaged over the whole film. It is
therefore concluded that the measured lattice constants
and/or the 90° angles («¢ and B from Fig. 6) of the
tetragonal unit cell are not preserved at or near the
domain boundary interface, resulting in the inability
to calculate a tilt angle based solely on the measured
average lattice constants of PbTiO;. In addition, we
note that Eq. (1) is not in quantitative agreement with
the observed tilt angles, nor does it include the clear
influence of the relative volume fractions of a-domains
shown in Fig. 5.

E. Influence of a-domain distribution
on the c-domain tilt

In all films grown on vicinal (001) SrTiOs, the
PbTiO; c-oriented domains are observed to be tilted
slightly (0.05°-0.4°) uphill from SrTiO; {001] toward
the miscut direction (i.e., toward the dominant a-domain
for a miscut toward a SrTiQ3 [100] direction or between
two dominant a-domains if the miscut is toward a SrTiO;
[110] direction).

Flynn* and Nagai*’ have proposed models describ-
ing tilted epitaxy on vicinal substrates. The model pro-
posed by Flynn* describes tilt of the epitaxial layer as a
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TABLE 1. Comparison of calculated and measured tilt angles £.

& calculated

~ : . calculated
Miscut ¢-domain a-domain frfm c-domains  from a-domains é
angle cy Qin-plane a. Cin-plane from Eq. (1) from Eq. (1) measured
7° 412 £001A 3930024 389 *001A 420%002A 2.7 +04° 4.4 *04° 29 +0.1°
65° 4122001 A 393x002A 389=001A 419+002A  27%04° 4304 30 = 0.1°
2.6° 4142001 A 390*002A 389 *001A 4.15=0024 34 £ 04° 3.7 = 04° 33 £ 0.1°
2.6° 414 £00TA 390*002A 390+001A 4110024 3.4 +04° 3.0 = 04° 3.1%0.1°
1.9° 414 2001 A 390+002A 38 +x001A 416+ 0024 3.4 +04° 3.8 £ 04° 24 +0.1°

mechanism for relieving bulk strain by slightly increas-
ing the effective in-plane lattice constant of the film to
better match that of the substrate. In our case, this mech-
anism is not applicable to either the c-domains or the
a-domains because, as Table I shows, the in-plane lattice
constants of the PbTiO3 films (Cin.piane and Qin-plane) are
both larger than astio,. Nagai*® has proposed a model
for a tetragonally distorted film having unit cell dimen-
sions a X a X ¢ on a vicinal cubic substrate with a
lattice constant a,. This model is appropriate for the c-
domains in our film. Nagai’s model assumes that the
c-axis of the film is clamped at the substrate step edge
and relaxes over the length of a terrace. The amount of
c-axis tilt, A®, expected from Nagai’s model is*

A® = tan™! (as—c tan <D>, )

)

where @ is the angle of substrate miscut. This model
predicts that the tilt should be in an uphill direction for
¢ > a, and in a downhill direction for ¢ < a,. We note
that the predicted tilt direction is in qualitative agreement
with our results. In Fig. 7 we show the c-axis tilt angle
(the angle between [001] of the PbTiO; c-domains and
[001] of the StTiO; substrate) measured by 4-circle
x-ray diffraction (solid dots) as a function of substrate
misorientation. The line in Fig. 7 is the tilt calculated
from Eq. (2) using the bulk lattice constants of PbTiO;.
The triangles indicate the A® tilt angle calculated from
Nagai’s model when the lattice constants measured for
the c-domains (Table I) are used in Eq. (2).

Nagai’s model shows reasonable agreement with our
results at relatively small miscut angles, but deviates at
higher angles (>5°). Nagai’s model predicts the c-axis
tilt angle to increase continuously as the misorientation
of the substrate increases. However, as can be seen from
Fig. 7, this trend does not continue for misorientations
greater than about 6°. A similar threshold occurs in the
tilt angle of the a-axis grains, &, as a function of substrate
misorientations exceeding 6°. Both the c-axis tilt angle
and the a-axis tilt angle are greatest when the relative
volume fraction of a-domains is most unequal. This
implies these tilt angles are strongly influenced by elastic
effects arising from the dominant a-domain orientations.

J. Mater. Res., Vol. 12, No. 5, May 1997

Consideration of this overall c-axis tilt with respect
to the substrate, and the fact that the tilt angles ()
calculated in Table I are in general not achieved by the
a-domains in the film, implies that there is a crystallo-
graphic *“tug of war” between the direction in which the
c-domains are oriented and the four different a-domain
orientations. Further, since the measured lattice constants
are averaged over the whole film, the inability to calcu-
late the measured tilt angle £ from these lattice constants
indicates that distortion of the tetragonal unit cell occurs
at or very close to the domain boundary interface. The
ultimate tilt angle of the c-domain as well as the four
a-domains appears to be driven by the large ¢/a ratio
in PbTiOs, but are mutually constrained by the relative
volume fractions of each of the four a-domains present
at the specific cooling rate (~10 °C/min) employed in
this work. It is possible that the presence of multiple c-
domain orientations seen by other researchers>>%!! is the
result of the choice of substrate material and/or a higher
volume fraction of g-domains with respect to c-domains
contained in the film, which has been shown to depend
largely on the effective cooling rate.34%

V. CONCLUSIONS

We have grown high quality thin films (40 nm) of
PbTiO; on SrTiO; with good epitaxial alignment that are
free of a-axis domains. Thicker films (~200 nm) grown
on vicinal (up to 9° miscut) (001) SrTiO; substrates
contain both a-axis and c-axis PbTiO; domains. The
a-domains have a preferred orientation in an uphill
direction with respect to the macroscopic substrate sur-
face. The excellent lattice matching of the PbTiOs (001)
planes to the SrTiO; {100} planes on both the substrate
surface, and at the SrTiO; step edges make this an
ideal location for the formation of PbTiO; {011} domain
boundaries. The effect of a preferred a-axis orientation
yields insight into the ultimate orientation of all domains
upon cooling. The predicted tilt angle of the a-domains,
90° — 2tan~'(a/c), is not achieved. In our films where
there is only one c-axis orientation, there appears to
be a compromise between the ¢-domain orientation and
the four equivalent a-domain orientations based on the
respective volume fractions of a-domains present.
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FIG. 6. Schematic illustrating the geometry used to calculate tilt
angles £ based on lattice constants measured by x-ray diffraction.
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FIG. 7. Graph of measured c-axis tilt angle, tilt angle calculated from
data on c-domains given in Table I [using Eq. (2)], and tilt angle
calculated from bulk lattice constants [using Eq. (2)] as a function of
substrate misorientation.

The effect of step edges in causing a preferred
orientation in a-domain abundance exists, but becomes
significant only when the average distance between
these steps is on the order of or less than the average
a-domain width.
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Abstract

Epitaxial PbTiO; films have been grown by reactive molecular beam epitaxy (MBE) on (1 0 0) LaAlQ; substrates.
Lead is supplied from a conventional effusion cell. Titanium is sublimated from a Ti-Ball™, and oxygen is supplied in the
form of purified ozone. Atomic layer-by-layer composition control is obtained using real-time atomic absorption
spectroscopy (AA) feedback. The titanium flux is controlled with a shutter directly coupled to the titanium AA feedback
to deliver a burst corresponding to one monolayer of titania. Similarly, lead is monitored in situ using an atomic
absorption signal. An adsorption-controlled growth mechanism leads to the use of a lead overpressure to insure films
with proper stoichiometries. Film structure is studied during growth using in situ RHEED. 4-circle X-ray diffraction
analysis indicates that films grown on LaAlQj; are epitaxial and are mixed a- and c-axis oriented.

PACS: 81.15.Hi; 77.84.Dy

Keywords: MBE; PbTiO3; Epitaxy

1. Introduction

Lead titanate has become one of the most exten-
sively studied ferroelectric materials. It has a var-
iety of potential applications including optical
switches, infrared detectors, and ferroelectric ran-
dom access memories [1]. However, growth of
PbTiO; has been hampered by problems with lead
volatility [2,3]. Nonetheless, high quality films
have been made by metal organic chemical vapor
deposition (MOCVD) [4-7], pulsed laser depo-

* Corresponding author. E-mail: schlom@ems.psu.edu.

sition (PLD) [8-10], sputtering [3,11], and
through the use of solution precursors [2]. Because
of the anisotropic nature of lead titanate, many of
its properties, including remanent polarization, py-
roelectric coefficient, and coefficient of second har-
monic generation, are dependent on its crystal-
lographic orientation. For most of these applica-
tions it is desirable to have a single-domain film
with the PbTiO; c-axis normal to the substrate
surface in order to fully utilize its anisotropic prop-
erties. Devices that use polycrystalline PbTiOj
films, in general, exhibit lower remanent polariza-
tions and require higher coercive fields, as the elec-
trical properties are diluted. Additionally, the
growth of single crystal films offers the possibility of

0022-0248/97/517.00 Copyright © 1997 Elsevier Science B.V. All rights reserved
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integrating PbTiO; with other structurally match-
ed materials that have vastly different electrical and
magnetic properties. As an example, PbTiO;
has the highest known remanent polarization
(~80 pC/cm?) [8, 12], and is potentially useful for

-altering the carrier concentration of structurally

matched high T, superconductors by electrical
means. Ahn et al. [13] have fabricated a field effect
device consisting of the oxide superconductor un-
doped parent material, SrCuO,, epitaxially grown
on a Pb(Zrg 5,Tig 45)0; ferroelectric layer. They
measured a reversible and nonvolatile 3.5% change
in the room temperature resistance of the SrCuO,
induced by poling the ferroelectric to generate
charge carriers at the superconductor/ferroelectric
interface [13]. With its higher remanent polariza-
tion, PbTiO; could in principle be used to change
the carrier concentration of an oxide superconduc-
tor film sufficiently to induce/destroy superconduc-
tivity. This is not only relevant to studying the
effect of carrier concentration on superconductiv-
ity, but might also lead to new superconducting

- materials (where chemical doping to alter the car-

rier concentration is insufficient) and non-volatile
superconducting field-effect transistors.

2. Background

Recent developments in thin film deposition
techniques as well as the availability of compatible
oxide substrate materials have fueled an explosion
of research'in the last few years on the growth of
ferroelectric' and electro-optic epitaxial thin films
[14]. One of the most important factors in deter-
mining the structural quality of any epitaxial
thin film is the choice of substrate material. In
order to grow high quality epitaxial lead titanate
films, it is desirable to have good lattice matching
and a high degree of chemical compatibility be-
tween the substrate and film. Table 1 [15-20]
shows some commonly chosen substrates, their lat-
tice constants, thermal expansion coefficients, and
relative lattice mismatch to the PbTiO5(001)
plane. Here it can be seen that SrTiOj; is most
suited for the growth of lead titanate, as it has the
smallest degree of lattice mismatch at room temper-
ature (~0.1%). The orientation of the SrTiO; sub-
strate also affects growth; small vicinal tilts away
from (1 0 0) SrTiO; have been shown to have dra-
matic effects on the domain structure of PbTiO;
films [21].

Table 1
Commonly chosen substrates for PbTiO; growth, their lattice constants, thermel expansion coefficients, and lattice mismatch to
PbTiO, )
Substrate Lattice constants Thermal Lattice mismatch
material and at 25°C (A) expansion of PbTiO; (00 1)
lattice-matched coefficient to substrate
orientation (hkl) (e x 105/°C)® (001) at 25°C®
PbTiO5(00 1) a=>b=3904[16] 27 (a) [20] -

c=4.152 —67 () -
8rTiO4(00 1) a=3905[19] 11 [20] <0.1%
MgO(00 1) a=4212[15] 14 [15] 7.3%
Pi(001) a=3924T17] 7.8 [17] 0.5%
LaAlO4(001) a=3.792°[18] 11 [20] -29%

* Pseudocubic subcell; LaAlO; is thombohedral with a = 5.356 A and « = 60.10° at 25°C.
®Thermal expansion coefficient from 25 to 490°C for PbTiO; All other materials are from 25 to 630°C, where

5ub.630-C = Gsub, 25 C

o= ==
Qsub, 25:¢ X 605°C

. . a ~— Qpyp;i
¢ Percent lattice mismatch = —=ttmte _ 7PbTIOy

Qsubstrate
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Despite the use of well suited substrates, the
growth of high quality single-domain lead titanate
films has been plagued with problems. Lead is an
extremely volatile metal having a vapor pressure of
1073 Torr at 627°C [22]. For comparison, PbO
has a vapor pressure of 1072 Torr at ~780°C for
congruent evaporation [23]. Phase diagram work
done on the PbO-TiO, system by Holman [24]
indicates that there exists a wide phase field in the
lead-poor perovskite lead titanate region. The
structure of PbTiO; is known to accommodate
extremely large concentrations (up to 17 at%) of
lead and oxygen vacancies [25]. In most physical
and chemical vapor deposition techniques it is diffi-
cult to accurately compensate for lead loss in lead
titanate films. Resulting PbTiO; structures are of-
ten filled with lead vacancies, V3, . In BaTiOs, it
has been established that the electrical resistivity is
extremely sensitive to oxygen deficiencies [26]. In
lead titanate, however, the presence of a small num-
ber of lead vacancies has been shown to reduce the
electrical resistivity by several orders of magnitude
at room temperature due to uncompensated charge
carriers [27]. Similarly, lead vacancies have been
shown to depress the Curie point by up to 100°C,
with a corresponding decrease in the unit cell vol-
ume [25].

Phase diagram work done by Eisa et al. [28]
indicates that the perovskite lead titanate structure
is also capable of accommodating large amounts of
excess lead. They have identified a single-phase
lead-rich perovskite lead titanate region extending
to more than 15at% excess lead. Previous experi-
mental work done by the authors indicates that this
region also exists in thin films [29]. Fig. 1 shows
the c-axis lattice constant measured by 4-circle X-
ray diffraction of several lead titanate films grown
by PLD as a function of excess lead (beyond a 1:1
Pb: Ti ratio). These films were all grown under
identical conditions at substrate temperatures
varying from 710 to 775°C to investigate the effect
of excess lead on the perovskite PbTiOj; structure.
. Specifically, we employed an on-axis PLD ge-
ometry with a target to substrate distance of
~6.5 cm. Films were grown using a background
oxygen/ozone (~5% O,;) ambient pressure of
15 mTorr. The ceramic target used in this study
contained a 75/25% molar ratio of PbTiO,/PbO

20 : : e
16 | h

12t

Excess Pb in Film (%)

4.08 4.12 4.16 4.20

c-axis Lattice Constant

Fig. 1. Measured c-axis lattice constant for several PbTiO,
films grown by laser ablation on (1 0 0) LaAlO; substrates as
a function of excess lead content (measured by RBS).

and we used a focused energy density of ~2 J/cm?
incident from a KrF excimer laser. Film composi-
tions were measured by Rutherford backscattering
spectroscopy (RBS). Here it can be seen that there is
a continuous -expansion along PbTiO;[00 1] as
the amount of excess lead increases. In all of these
films there were no second phases, particularly cry-
stalline PbO, discernible by X-ray diffraction. This
fact, coupled with the continuous expansion of the
c-axis of the unit cell as a function of excess lead in
the film supports evidence that there must be not
only a large single-phase lead-poor perovskite lead
titanate region, but also a large single-phase lead-
rich perovskite lead titanate region.

Many of the difficulties encountered in attempt-
ing to measure electrical properties of PbTiOj; films
are most likely due to the existence of these wide
phase fields. Defects in the PbTiOj lattice give rise
to conduction mechanisms that can drastically
lower the room temperature resistivity and nullify
the ferroelectric applications of this material. In this
light, growth of high quality stoichiometric epi-
taxial films of PbTiO; demands the use of a tech-
nique such as MBE where precise control of the
composition in the deposited film can be achieved.

MBE has not been widely applied to the growth
of oxide ferroelectrics and has never been used to
grow PbTiO; films. However, the recent success of
MBE for the growth of multicomponent oxide
superconductors [30] suggests that MBE is ideally
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suited to growing titanates as well. An extensive
literature search revealed only two examples of the
use MBE to grow epitaxial oxide ferroelectric films:
LiNbO; [31] and BaTiO, [32] films. However, in
both cases the electrical characteristics of the films
are not reported. The promise of applying MBE to
ferroelectrics has occurred to those active in the
ferroelectrics field, predating the availability of the
MBE technique for the controlled growth of multi-
component oxides. For example, Scott and Paz de
Araujo in their review of the status of ferroelectric
thin films state: “In order to make ultrapure ferro-
electric memories with virtually no mobile ions, it
would be extremely useful to fabricate ferroelectric
memories by MBE techniques.” [1]

3. Experimental procedure

Fig. 2 is a schematic of our MBE system. It is the
first commercial MBE system containing ports for
atomic absorption spectroscopy (AA) [331], allow-
ing real-time monitoring of all the depositing
fluxes. It also contains a retractable quartz crystal
microbalance (QCM) to provide an absolute in situ
flux measurement at the position of the wafer (prior
to growth) for calibration of the AA signals. The
depositing fluxes of all the sources (up to eight
different elements simultaneously) are monitored
during growth by AA [34]. The measured AA sig-
nal is fed into the MBE computer control system
[35], which integrates the AA fluxes and closes the
appropriate shutters after the desired dose has been
delivered to the substrate. Purified ozone is used to
provide sufficient oxidation, while maintaining the

‘long mean free path necessary for MBE [30]. The
highly oxidizing environment used in the MBE
necessitated two major differences between this
EPI 930 oxide MBE system [36] and conventional
II1-V MBE systems: (1) the replacement of all mol-
ybdenum parts that experience high temperatures
with an oxidation-resistant stainless steel alloy
(Haynes™214 [37]), and (2) a substrate heater ca-
pable of radiatively heating the substrate block in
an oxidizing environment. This second challenge
was met by using quartz lamps in place of the bare
tungsten or tantalum filaments conventionally used
in MBE substrate heaters. In addition, the system
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Fig. 2. Schematic of our MBE system equipped with atomic
absorption ports for each of the eight sources present.

also contains ports allowing ellipsometry measure-
ments (at two different angles of incidence, appro-
priate for transparent oxides and oxide super-
conductors), infrared reflectivity measurements,
and through-the-wafer optical transmission mea-
surements. The system also contains the standard
features found in MBE systems: in situ reflection
high energy electron diffraction (RHEED), a mass
spectrometer, computer-controlled shutters and
furnaces for 8 elemental sources, and a load-locked
wafer introduction chamber. For the growth of
titanates, a titanium sublimation pump is employed
as a titanium source. The Ti-Ball™ [38] is avail-
able commercially from Varian Vacuum Products,
and has proven to be a comparatively cheap and
stable source of titanium. The stability and suitabil-
ity of the Ti-Ball™ for an MBE source, as well as its
compatibility with an oxidizing environment is de-
scribed in more detail elsewhere [39].

The benefit of AA can be seen from Fig. 3 which
shows an example of how the depositing flux of
certain elements depends critically on the presence
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Fig. 3. Effect of ozone on the incident flux of several elemental
species. Note the change in barium flux upon the introduction of
ozone. Other fluxes, including strontium, show similar changes.

of ozone. Prior to this experiment, the AA-signal
was calibrated in situ using a QCM at the position
of the substrate in the absence of ozone. By measur-
ing the AA signal corresponding to different fluxes
(measured by the QCM), the relationship between
AA signal and flux (a nonlinear relationship at high
fluxes [33]) was established. Note how the Ba flux
drops by about 50% upon the introduction of
ozone and continues to drop as the ozone flux is
increased. When the ozone is turned off, the Ba flux
slowly comes back to its initial value. Such changes
can go unnoticed using conventional MBE flux
measurement techniques in which the fluxes are
measured before and after growth (e.g., using an ion
gauge) and assuming that the fluxes remain con-
stant during growth. .

PbTiO; films (~1000 A) thick were grown on
(100) LaAlO; substrates. Films were grown using
an incident lead flux of (1-2)x 10** atoms/(cm? s)
and ozone background pressures of 5x107° to
5% 1072 Torr. Substrate temperatures ranged from
570 to 650°C (measured by optical pyrometry). The
best epitaxial PbTiO; films were grown by sup-
plying an overpressure of lead, and shuttering the
titanium to provide bursts of titanium atoms which
correspond to individual monolayers of TiO,.

4. Results and discussion

Fig. 4 shows the §-26 X-ray diﬁ”faction pattern
for a 1000 A thick PbTiO; film grown on LaAlQO,
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Fig. 4. 6-20 X-ray diffraction pattern of a 1000 A thick PbTiO,
film grown on (1 0 0) LaAlO, by MBE. This film was grown at
a growth temperature of ~ 630°C, in an ozone background
pressure of 3x 107 Torr, an incident Pb flux of 1.5x
10'* atoms {cm? s), and a shuttered titanium flux to deliver
individual monolayers of titania. The growth rate for this film
was ~034s.

by MBE. The data indicate that some PbTiO;
domains are oriented with their a-axis oriented
normal to the substrate (a-axis oriented), while
others are oriented with their c-axis normal to the
substrate (c-axis oriented). This configuration is
expected due to the poor in-plane lattice match
between PbTiO; and the LaAlO; substrate. In-
deed, this pattern is virtually identical to X-ray
diffraction patterns of stoichiometric (measured by
RBS) PbTiO; films grown on LaAlQO, substrates
by PLD [29]. Fig. 5 shows the ¢-scan for the same
film indicating alignment between the perovskite
subcell axes of the film with those of the substrate.
The film is epitaxial and no other in-plane orienta-
tions are present.

The growth of lead titanate by MBE depends
critically on the ability to oxidize the lead. Initially,
using ozone background pressures of 5 x 10~ Torr,
films were almost entirely TiO, (anatase), indepen-
dent of the incident lead flux and using growth
temperatures as low as 570°C. At ozone back-
ground pressures of 5 x 10~ Torr, films are entire-
ly perovskite lead titanate at substrate tem-
peratures ranging from 600 to 650°C. 4-circle X-ray
diffraction analysis indicates that there is little
variation in the film structure with temper-
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Fig. 5. ¢-scan of the PbTiO; 101 reflections for the c-axis
grains oriented normal to the substrate surface for the film
shown in Fig. 4.

ature (in the 600-650°C range) and incident Pb : Ti
ratio (for Pb: Ti ratios greater than 2:1) at this
higher ozone pressure. This result is evidence of an
adsorption-controlled growth mechanism, i.e., the
PbTiO; is grown in an overpressure of Pb and O,
and the excess of these species desorb. M. de Keijser
et al. has shown that the same growth mechanism
is operative for lead-based oxide thin films grown
by metal-organic chemical vapor deposition
(MOCVD) [40].

5. Conclusions

We have demonstrated the growth of lead titan-
ate thin films on (1 0 0) LaAlO;, substrates for the
first time by reactive MBE. These films are mixed a-
and c-axis oriented as expected from lattice match-
ing considerations. Initial results indicate that the
formation of the perovskite phase is dependent on
(1) the ability to oxidize the incident lead flux, and
(2) an overabundance of lead present during growth
to prevent the formation of lead vacancies or lead
deficient phases.
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ABSTRACT

The opportunities, challenges, and synthesis of oxide heterostructures by reactive molecular
beam epitaxy (MBE) are described, with examples taken from the growth of oxide superconductors
and oxide ferroelectrics.

INTRODUCTION

The broad spectrum of electronic and optical properties exhibited by oxides offers
tremendous opportunities for microelectronic devices, especially when a combination of properties
in a single device is desired. Oxides exhibit the full spectrum of electronic, optical, and magnetic
béhavior; insulating, semiconducting, metallic, high temperature superconducting, pyroelectric,
piezoelectric, ferroelectric, ferrdmagnetic, and non-linear optical effects are all contained within
structurally-compatible oxides (particularly perovskites). Examples are given in Table I and some
of their crystal structures are shown in Fig. 1. The electroceramics industry, a more than
$20 billion/year industry, utilizes these electrical properties generally in single devices made
primarily by bulk synthesis methods for capacitors, sensors, actuators, night vision and other
applications. However, a significant opportunity exists to combine these properties together in
oxide heterostructures where multiple properties can be utilized to yield a functional integrated
device. Integration of epitaxial stacks of these oxide crystals is motivated by the similarity in
crystal structure (the perovskite oxides listed in Table I all have perovskite subcell dimensions in
the 3.8 A to 4.0 A range), the chemical compatibility that exists between many oxides, and the
enhanced properties that these materials exhibit in single crystal form. The increase in performance
can be by many orders of magnitude for the critical current density (J,) of a superconductor or the
magnetoresistance effect. In addition to synthesizing oxide heterostructures that integrate relatively
thick layers of different oxides together, in principle, new oxides can be engineered if structural
control can be achieved at the atomic-layer level. Although now commonplace in the growth of
semiconductors (i.e., by MBE), such an ability would be new to oxides and would likely result in
the discovery/engineering of higher performance materials and possibly the exploitation of new
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electrical phenomena. Numerous attempts by conventional solid-state techniques to synthesize
oxide structures believed to be of significant scientific and technological importance have failed.
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Table I. Examples of the properties of compatible (perovskite) oxides.

Property Value Oxide Material
High ¢, Insulators p = 1x10" Q-m StTiO0,
g, =20000 (4 K)

Low ¢, Insulators £,=16 (77K) LaAlO,
Conductors p= 1x10—7 Q-m (77 K) SI'ZRUO4
Superconductors p=0 YBa,Cu,0,
Ferroelectrics P, =0.75 C/m® PbTiO,

Pyroelectrics p, =500 uZC (Ba,Sp)TiO,
m K
Piezoelectrics d,s = 600 pC/N BaTiO,
Ferromagnets M, =14y, SrRuO,
Colossal Magnetoresistance AR/R, > 10* (6 T) (La,SrMnO,
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Fig. 1. The crystal structure of some perovskite-related structures exhibiting the properties
described in Table I. Two equivalent representations of these crystal structures are
shown: the atomic positions (above) and the coordination polyhedra (below). The
oxygen atoms occupy the vertices of the coordination polyhedra. The tetragonal

subcells of the Bi,Ti,0,, and Bi,Sr,CaCu,O,; structures are shown for clarity and to

illustrate the similarities between these perovskite-related phases. The relative sizes of

the atoms reflect their relative ionic radii as given by Ref. 1.

Just as MBE made possible the bandgap engineering of semiconductor heterostructures,
reactive MBE shows great promise for the growth of oxide heterostructures with control down to
the atomic layer level, i.e., atomic layer engineering of oxides.?

Structure-property relations have been studied for a great many oxides using solid-state
synthesis methods. Many cases have been found where the property of a structurally-related family
of oxides (i.e., a homologous series) changes drastically from one end to the other of the series.

Examples include the Sr,,,Ru,0,,,, Ruddlesden-Popper homologous series shown in Fig. 2. The

n+l
n =1 (Sr,Ru0,) member of the series is paramagnetic and superconducting whereas the n = o
(SrRuO,) member of the series is ferromagnetic. Many other equally fascinating homologous
series exist in perovskite-related oxide structures showing interesting variation in ferromagnetic,
ferroelectric, superconducting, or metal-insulator behavior. However, when the goal is to study
the property variation with changing » in detail, solid-state synthesis methods fall short. Invariably
researchers have only been able to find conditions of temperature and pressure yielding single-
phase products for low values of n and for n = «. Attempts to make ‘intermediate n values result
in uncontrolled intergrowths. Thus, apart from theoretical calculations, little is known about how
the properties of a series of structures vary with n as the dimensionality of the structure changes. A
key advantage of the use of MBE for the preparation of oxide heterostructures is that single-phase
epitaxial films with intermediate n values can often be synthesized even though nearby phases have
similar formation energies. This is made possibly by the ability to supply incident species in any
desired sequence with submonolayer composition control. A particular phase can often be grown
by supplying the constituents in an ordered sequence corresponding to the atomic arrangement of

these constituents in the desired phase.
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Fig. 2. n=1 (Sr,Ru0)), n =2 (Sr;Ru,0,), n =3 (Sr,Ru,0,y), n =4 (Sr,Ru,0,,), and
n = oo (StRu0O,) members of the homologous Ruddlesden-Popper series of

compounds Sr,,,Ru, O, ..

n+l

x

MBE even allows metastable phases to be formed by utilizing interfacial strain energies to
favor the desired metastable phase over the equilibrium phase (epitaxial stabilization).> In contrast
to bulk synthesis, in epitaxial growth, interfacial energies play a significant role. Specifically,
strain energies due to interfacial mismatch are often sufficient to shift the energetics of which phase
is most stable. In cases where the equilibrium structure has significantly different lattice spacing
than a desired metastable structure, the formation of the metastable structure may be made favorable
by selecting a substrate that is lattice matched to it rather than to the equilibrium structure.
Numerous examples of epitaxially-stabilized phases exist in semiconductor, metal, and alkali halide
systems.>® Many of these examples have been grown by MBE.

Below the roadblock to the controlled synthesis of oxide heterostructures is first described,
followed by examples indicating the promise and current capabilities of reactive MBE.
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UNCONTROLLED INTERGROWTHS

One example of this general problem involves the synthesis of oxide superconductors. The
crystal structures of all known layered CuO,-containing compounds (including all of the known
copper-containing high transition temperature (high T.) superconductors) can be constructed,®
using CuO, layers and the laycrs shown in Fig. 3 as alternate building layers; Having identified
the constituent layers, a great many additional structures can be imagined. However, the synthesis
of such structures by conventional methods can be elusive and is often impossible, especially for
structures with unit cells comprised of a large number of repeated building layers.

@ © (f)

o, T

(La,8r)O

Fig. 3. The building layers of all known layered CuO, structures: (a) [(La,Sr)O-(La,Sr)O] or
[(Sr,Ca)(Br,Cl)-(Sr,Ca)(Br,C)1*, (b) [BaO-CuO, ;-BaO], (c) [BaO-CuO-CuO-BaO],

(d) [BaO-T10-BaO] or [BaO-HgO,-BaO] or [SrO-(Bi,Cu)O,-SrO] or [SrO-(Bi,Cd)O-
SrO] or [SrO-(Pb,Sr)O-SrO] or [SrO-(Pb,Cu)O,-SrO] or [StO-(Pb,Cd)O-SrO] or
[SrO-(Ce,Cu)0O,-SrO]* or [SrO-(Ce,Cd)O-S10], (e) [BaO-TIO-T10-BaO] or [BaO-
HgO,-HgO,-BaO] or [SrO-BiO-BiO-SrO] or [(Ba,Sr)O-(Pb,Cu)O,-(Pb,Cu)O, -
(Ba,Sr)0], (f) [StO-PbO-CuO,-PbO-S10], (g) [LaO-SnO,-L.a0OJ* or [BaO-Ta0O,-
BaOJ* or [StO-Ta0,-SrO] or [SrO-NbO,-Sr0], (h) [SrO-GaO-SrO] or [SrO-CoO-
SrO7* or [SrO-AlO-SrOJ*, (i) [Sr-CO,-Sr] or [(Re,Ba)-BO,-(Re,Ba)], (j) [(Re,Ca)],

7
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(k) [(Ce,Re)-O,-(Ce,Re)], and (1) [(St,Pb)-Cl-(St,Pb)]*. The tetragonal subcell of
each building layer is outlined. CuO, layers are shown above and below each building
layer to illustrate their attachment positions. Partial substitution for the constituents of

_ these basic building layers is frequently possible and may be used for doping purposes
(e.g., Bie<> Pb, Tl ¢ Pb, Sr<> Ba, Sr<> La, Ca <> Re). Most of these

building layers are constituents of the copper-containing high 7, superconductors
discovered to date. Those intervening layers known to occur between CuO, layers, but
so far not constituents of superconducting structures, are marked with an (*) asterisk
(after Ref. 6).

As a specific example, consider the Bi,Sr,Ca, ,Cu,0,, ., phases. The crystal structures of the
Bi,Sr,Ca, ,Cu,0,,,, phases that have been synthesized in pure single-phase form by bulk methods
(n=1to 3) are shown in Fig. 4 along with their approximate superconducting transition
temperatures (7). The synthesized structures are the first three members of a homologous series of
phases. The members of such a series are related to each other by the addition or subtraction of a
simple structural element, which in this case is comprised of a [CuO,] and a [Ca] building layer.
The next two members of this series are also shown in Fig. 4. The striking empirical trend of
increasing T, with the number of CuO, layers in the unit cell of these structures (a similar
phenomena exists for TIBa,Ca, ,Cu,0,,,;, T1,Ba,Ca, ,Cu O,,,,, and HgBa,Ca, ,Cu,O,,,, phases)
led many researchers to attempt to prepare higher order members by bulk methods. However, as
the number of (Cu0,),Ca, , layers in these structures becomes greater, pure single phase specimens
become progressively more difficult to synthesize in bulk form, presimably because the differences
between the free energies of formation of these phases become smaller and smaller.” Indeed, TEM
studies of bulk samples reveal uncontrolled syntactic intergrowths of Bi,Sr,Ca, ,Cu,O,, ., phases
when the bulk synthesis of n > 2 is attempted as shown in Fig. 5,% and of T1,Ba,Ca,_,Cu O, ,,
phases for n > 3.° Analogous examples of uncontrolled intergrowths abound for the bulk
synthesis of other high T, related homologous series, including the Y,Ba,Cu,,;O,,,, phases for
n > 3,° La,,,Cu,,O,,.,, phases for n > 3,'" and Ba ,(Pb,Bi),0,,,, phases for n > 2."> The
disordered nature of intergrowths is not limited to high T systems; rather numerous examples have

been documented for other homologous series of layered oxides."




submitted to JOM




submitted to JOM

Fig. 4. The crystal structures of the Bi,Sr,Ca, ,Cu O,,., phases forn =1 to 5. The tetragonal
subcells are shown for clarity. The approximate superconducting transition
temperatures of the phases that have been prepared by bulk methods are also shown.
Some researchers, utilizing MBE to synthesize the n = 8 member of this homologous
series, suggest that this phase may exhibit a superconducting transition temperature (7.)
of 250 K."* Other researchers have been unable to confirm this report.'®

Fig. 5. Ahighresolution TEM image showing the structural disorder present in a bulk
synthesis attempt of the Bi,Sr,Ca,Cu,0,, phase (from Ref. 8). X-ray diffraction
indicates that Bi,Sr,Ca,Cu,0,,, the n = 3 Bi,Sr,Ca, ,Cu,0,,,, phase, is the majority
phase. However, high resolution TEM images of the microstructure reveal the
presence of many uncontrolled intergrowths, where n is seen to vary from 1 to 7.

Uncontrolled intergrowths appear to be a general feature and fundamental limitation of using
bulk synthesis methods to prepare complex layered oxide heterostructures. Bulk techniques rely on
the existence of sufficiently deep reaction free energy minima to transform the starting materials into
a single phase at a particular temperature and pressure. If the formation energies of other phases
comprised of the same building layers (and therefore the same in-plane lattice constants) are nearly
the same as the desired phase, the sample will contain uncontrolled syntactic intergrowths of these
structurally related, but nearly energetically degenerate, phases. The increase in entropy of a
syntactically intergrown phase, compared to a single phase sample, provides the free energy
driving force for such intergrowths. This driving force increases with temperature and as the
numerous examples cited above show, causes significant syntactic mixing at the high synthesis
temperatures used in bulk synthesis methods. The overall sample composition is insufficient to
determine the microscopic layering order when numerous syntactic members have nearly the same
free energies; homologous series members containing fewer of the relevant structural building
layers will be balanced out by those containing more in a randomly ordered syntactic mixture of
these phases. For example, the Bi,Sr,Ca, ,Cu,0,,,, phases are comprised of [SrO-BiO-BiO-SrO],
[CuO,], and [Ca] building layers. If there is no energetic preference for the formation of the n
member of this series over the n-1 or n+1 members (i.e., AH; of Bi,Sr,Ca_,Cu_,0,,.,,

Bi,S1,Ca, ,Cu,0,,.,, and Bi,Sr,Ca,Cu,, 0, ., are identical), then the enthalpy (AH,) of the
formation reaction of the n member,

n+l1

[SrO-BiO-BiO-SrO] + n [CuO,] + n-1 [Ca] — Bi,Sr,Ca, ,Cu,0,,.,, (1)
is the same as that of the enthalpy (AH,) of a reaction forming a mixture of the -1, n, and n+1

members from the same reactants, e.g.,

10
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[SrO-BiO-BiO-SrO] + n [CuO,] + n-1 [Ca] =
%— Bi,Sr,Ca, ,Cu, O, ., + 31,)- Bi,Sr,Ca, ,Cu,O,,,, + %— Bi,Sr,Ca Cu,,,0,, .. 2)

Note that the free energy of the latter reaction (AG,) will be lower than that of the former
(AG,) because of the increased entropy of the randomly layered mixture of the n-1, n, and n+1
members. Of course, 'equation (2) represents just one example of a random mixture composition
that is energetically favored over the pure » member phase. In general, all of the members of the
homologous series may participate and their fractions are free to vary such that the overall equation
is balanced. As long as the enthalpies of formation of participating members are sufficiently
equivalent, the free energy of the mixture will always be lower than that of the pure phase.
Calculation of the energy of formation of several homologous series of layered oxide phases

indicates that the differences in formation energy become smaller and smaller as more building

layers are inserted into the parent structure (i.e., with increasing n).1¢7

The low growth temperature and atomic layering capability of MBE, widely utilized for the
growth of metastable layered semiconductor superlattices, have enabled the controlled customized
layering of high T, phases whose phase-pure growth is unattainable by bulk synthesis methods.
These results demonstrate the capability of MBE to grow customized layered structures and
metastable phases within oxide systems.

MBE GROWTH APPARATUS

MBE machines for the growth of semiconductors (e.g., IV-IV, III-V, and II-VI materials
systems) are present in many laboratories and the technique has enjoyed significant success in the
preparation of semiconductor microstructures with nanoscale thickness control and exceptional
device characteristics. The use of MBE for the controlled growth of multi-component oxides is
relatively new.’ |

A schematic diagram of the growth chamber of the MBE machine'® used by the authors is
shown in Fig. 6. Eight independent shutters, controlled by a computer, supply elemental fluxes to
the substrate either at the same time (codeposition) or separately (sequential deposition), as
described below. Purified ozone is used to provide sufficient oxidation, while maintaining the long

T For example, in the Sr,,,Ti,0;,,; homologous series of compounds (another perovskite-related series of
compounds), calculations indicate that the formation enthalpy remains essentially constant for n>2.'® Since
there is insufficient enthalpic driving force for forming a low entropy phase-pure compound, disordered
intergrowths are to be expected in the synthesis of these compounds by bulk methods. Indeed, TEM images of
these Sr,,;Ti,0,,., phases'” show disordered syntactic intergrowths where n ranges from 2 to 8, as would be

expected for the bulk preparation of essentially energetically degenerate phases.

11
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mean free path necessary for MBE.? A titanium sublimation pump, powered by a precision current
supply, is used as a stable (flux variation of less than 1% per hour)'® and economical titanium
source.

The lack of adequate composition control has been a major problem for previous oxide MBE
“work.? The use of atomic absorption spectroscopy (AA) for oxide MBE composition control has
allowed flux stability of better than 1% to be achieved.** The MBE system also contains a
retractable quartz crystal microbalance to provide an absolute in sifu flux measurement at the
position of the wafer (prior to growth) for calibration of the AA signals. The depositing fluxes of
all the sources (up to eight different elements simultaneously) are monitored during growth by
AA*' The measured AA signal is fed into the MBE computer control system, which integrates the
AA fluxes and closes the appropriate shutters after the desired dose has been delivered to the
substrate.”” In addition, the system also contains the standard features found in MBE systems: in
situ reflection high energy electron diffraction (RHEED), a mass spectrometer, computer-controlled
shutters and furnaces for eight elemental sources, and a load-locked wafer introduction chamber.

12
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Fig. 6: A schematic diagram of the growth chamber of an MBE system dedicated to the
controlled synthesis of oxide heterostructures.

13
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The MBE method of thin film growth may be thought of as atomic spray painting, as shown
in Fig. 7 in which an oxide heterostructure consisting of the superconductor YBa,Cu,0, 4 is

schematically assembled layer-by-layer on an MgO buffer layer grown on GaAs. The flux of spray
from each atomic or molecular beam is controlled by the temperature (and thus vapor pressure) of
the effusion cell in which each species is contained. The duration of spray is individually
controlled for each beam by shutters, which control not only the open time (and thus dose), but
also the sequence in which species reach the growth surface. By controlling the shutters and
temperature of the evaporant (which control dose and flux, respectively) the layering sequence of
the desired structure can be customized. This technique has been used to control the layering of
oxides on a unit cell level, allowing the preparation of single phase films of nearly energetically
degenerate compounds, including cuprate superconductors.>***’ A low growth temperature is
frequently used to kinetically minimize subsequent bulk reordering and minimize the loss of the
customized (and metastable) layered structures. A unique advantage of MBE is in situ
characterization of the growing surface using RHEED, which allows the process to be closely
monitored. The sensitivity of this grazing angle diffraction technique to surface structure is ideal
for monitoring the evolution of growth from initial nucleation to the deposition of each subsequent
layer. The formation of intermediate reaction products or impurity phases can be readily monitored
and the grthh conditions adjusted during growth accordingly. Epitaxial growth, aclean UHV
deposition environment, iz situ RHEED characterization durihg growth, AA composition control,
and the notable absence of highly energetic species are distinct advantages of this MBE approach.

These capabilities are key to the customized growth of metastable oxides.

14
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Fig. 7. A highly schematic representation of the MBE growth of a YBa,Cu,0, ; film on an’
MgO barrier layer on a GaAs substrate by reactive MBE.

EXAMPLES OF MBE-GROWN OXIDE HETEROSTRUCTURES

To date oxide MBE has been most widely applied to the growth of high T, superconductors.
For such oxide heterostructures, MBE has been extremely successful and demonstrated atomic-
scale layering control that parallels its achievements for semiconductor growth. Several notable
examples are: (1) the use of MBE to prepare single phase Bi,Sr,Ca,_,Cu,O,,,, films, forn=1to
11,%**%% demonstrating the ability of this technique to select between nearly energetically-
degenerate phases; (2) the synthesis of metastable superlattices, e.g., [Bi,Sr,CuQO,/
Bi,Sr,Ca,Cu,0,,],.” and metastable phases, e.g., Bi,Sr,SrCu,0,;” and (3) the synthesis of
superconductor-insulator-superconductor (SIS) Josephson junctions by atomic-layer engineering of
the barrier layer between two superconducting layers.*

Although first used for the growth of LiNbO, over ten years ago,”"**” the use of reactive MBE
to grow oxide ferroelectric heterostructures has recently intensified.”>** Here we describe the
growth of PbTiO, and Bi,Ti,0,, by MBE. A more detailed description is given elsewhere. 3

* PbTiO, has the largest remanent polarization (75 pC/cm®) of any known ferroelectric.’**’

Bi,Ti,0,, has lower remanent polarization (~50 pC/cm’ of which the component along the c-axis is

%),%® but can withstand far more polarization reversals before it fatigues.”> PbTiO, and

Bi,Ti,0,, are both members of the (Bi,Pb),,,Ti,O,
Fig. 8. PbTiO, is the n = e member of this series and contains a network of TiO, octahedra

~4 nC/cm

40-44
40

Aurivillius homologous serie shown in

n+l n+3

connected in three dimensions. Bi,Ti,0,, lies at the other end of this homologous series, n = 3,
and is highly layered with a two-dimensionally connected network of TiO, octahedra. Its structure
consists of Bi,0, layers separated by Bi,Ti,O,, perovskite sheets. The resistance to fatigue of
Bi,Ti,0,, and other Aurivillius phases make these materials of interest for use in non-volatile
ferroelectric random access memories (FRAMs).* On the other hand, the high P, of PbTiO, makes
it of interest for superconducting field-effect transistors (SuFETs).*® We are interested in the

variation of properties that occur in the (Bi,Pb) Ti,0,,,, homologous series and describe below

n+l

the preparation of the two end members of this series by adsorption-controlled MBE.

16
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Aurivillius Homologous Series
(B1,Pb), . Ti,O;, 5 .

n+1

g
i

Fig. 8. The Aurivillius phases: »n =3 Bi,Ti,O,,, n =4 PbBi,Ti,O, n =35 Pb,Bi, Ti;O,
n =6 Pb,Bi,Ti O,,, and n = e PbTiO,. )

PbTiO, and Bi,Ti,0,, are both grown under conditions where the titanium flux determines
the growth rate, and ozone, lead, and bismuth are supplied is excess (2-100 times greater than the
titanium flux). The excess ozone, lead, and bismuth desorb leading to the growth of PbTiO, and
Bi,Ti,0,, films that are stoichiometric within the measurement error of Rutherford backscattering
spectrometry (RBS). A similar adsorption-controlled mechanism was shown to be operative by de

Keijser and Dormans*’ for organometallic chemical vapor deposited Pb(Zr,Ti)O, thin films. The
growth of PbTiO, and Bi,Ti,0,, by reactive MBE is thus quite similar to the MBE growth of III-V
semiconductors where the group V species is supplied in overabundance and the group III species
determines the growth rate.

4-circle x-ray diffraction scans indicate that these ferroelectric films are epitaxial and have

bulk lattice constants. In Fig. 9 the 0-20 and ¢-scans of a 1000 A thick film of PbTiO, grown on

(100) SrTiO, are shown. Intense 00 peaks indicate that the c-axis of the film is oriented
perpendicular to the substrate (c-axis oriented); additional scans showed no evidence of a-axis

17




oriented domains. The ¢-scan demonstrates that the film is also oriented in the plane of the
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substrate, with a cube-on-cube epitaxial orientation relationship. The widths of the x-ray

diffraction peaks are all approaching the instrumental resolution of our diffractometer.
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Fig. 9. (a)06-20 scan and (b) ¢-scan of 101 reflections of a 1000 A thick PbTiO, film grown

on a (100) SrTiO, substrate (* indicates substrate reflections).

Atomic force microscopy (AFM) images of the surface of this same PbTiO, film, Fig. 10,
show extremely smooth morphologies with a root mean square (RMS) roughness of <5 A. This

surface structure is indicative of a layer-by-layer growth mechanism.
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B 1.0 2.0 3.0 4.0 ™
Fig. 10. AFM image of the surface of a 1000 A thick PbTiO; film-grown on (100) SrTiO,.

The 6-26 and ¢-scans of a 1000 A thick film of Bi,Ti,O,, grown on (100) SrTiO, are
shown in Fig. 11. The intense 00/ peaks indicate that the film is entirely c-axis oriented. The
¢-scan demonstrates that the film is also oriented in the plane of the substrate, with a

Bi,Ti,0,, [110] // SrTiO, [010] orientation relationship. Again the peak widths are all
comparable to the instrument resolution of our Picker 4-circle diffractometer. RBS channeling

results for this film showed a minimum channeling yield (y_; ) of 0.2, which is the lowest reported

value for epitaxial Bi,Ti,O,,. Polarization-electric field hysteresis measurements indicate that these
MBE-grown Bi,Ti,0,, films have a remanent polarization of about 3 uC/cm? along the c-axis,
which again is the highest value reported in thin films and nearly equal to the value measured for

bulk single crystals.*
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In Fig. 12 an AFM image of the surface of this same Bi,Ti,0,, film is shown. Clearly -
visible on the surface are micron-sized islands that protrude ~100 - 200 A above the film surface.
The terraces making up these islands have step heights that are integral multiples of a half unit cell.t
This surface morphology is reminiscent of that of layered perovskite superconductor films,***°
although it is unclear if oppositely-signed screw dislocations are present within each mound or if

the mounds are free of screw dislocations and arise due to limited surface diffusion.

, L 0
0 1.0 2.0 3.0 4.0 WM
Fig. 12. AFM image of the surface of a 1000 A thick Bi,Ti,O,, film grown on (100) SrTiO,.

CHALLENGES

There are three major challenges that must be overcome before reactive MBE is a useful
technique for the growth of oxide heterostructures: (1) achieving sufficient oxidation of the
growing film without compromising the long mean free path necessary for MBE, (2) achieving

accurate composition control during growth, and (3) maintaining flat surfaces during growth. The

oA Bi,Ti;0,, formula unit is contained within each half unit cell as can be seen from Fig. 8.
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pressure of oxidant needed to achieve sufficient oxidation depends on the phase being grown as
well as the oxidant and growth temperature used. If the oxidant is restricted to molecular oxygen,
the growth of most oxide superconductors would not be possible by MBE. The use of more
reactive oxidants, e.g., ozone, NO,, or the reactive species in an oxygen plasma, have been key to
the realization of oxide supercbnductof films by MBE.> Composition control is also crucial; the
inherent flexibility of the MBE technique is only advantageous when it is accompanied by adequate
composition control. Without it, the user will be unable to control the formation of the desired
custom-made structures and controllably dope them. For the growth of heterostructures containing
oxide superconductors, composition control at or better than about +1 atomic percent is necessary
to produce films with good transport properties.’®*' Controlling each monolayer with 1% accuracy

requires a resolution in whatever composition monitoring method is used of about 7x10' atoms or

about one nanogram for a typical perovskite (e.g., those oxides in Table I). For many elements
AA has such sensitivity and has thus become the composition control method of choice for many
oxide MBE groups. Finally, even if the growth environment provides sufficient oxidation and
sufficient composition control, it is almost always desired to have flat interfaces in oxide
heterostructures. To this end it is clearly important to begin with a flat and relatively defect-free
substrate. Oxide substrate preparation for MBE growth is an important area of research.’>** In
situ monitoring techniques like RHEED and spectroscopic ellipsometry can be quite helpful in
monitoring surface roughness in situ and optimizing growth conditions so that flat surfaces are
maintained during growth.>* |

Once these three major challenges are met, MBE offers an incredibly flexible growth
environment with independent control of a large parameter space. For example, the deposition rate
of each constituent, the order in which the constituent fluxes (including the oxidant) are sequentially
or simultaneously supplied to the growth surface, the duration of dosing, the introduction of
periodic growth interruptions, and the substrate temperature are all independently controllable in the

MBE process. A timing diagram of a few significantly different ways in which YBa,Cu,O,  films

could be deposited is shown in Fig. 13.
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Layer-by-Layer,
Codeposition Including Oxidation
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Fig. 13. A few examples of shutter timing diagrams for the growth of YBa,Cu,0, ; by MBE.

However, this tremendous inherent flexibility of the MBE technique brings up a crucial
challenge. What is the best way of navigating this large parameter space to achieve the desired
oxide heterostructure? The improvements that oxide MBE can offer in our ability to customize the
structure of oxides on an atomic-level challenges would be greatly enhanced if we had a better
microscopic understanding of how oxides grow, e.g., what the diffusing species are and their rates
as a function of oxidant pressure and temperature, how nucleation occurs on different substrates,
which layer bonds to the substrate, which layer terminates the growing surface, surface
reconstructions, the influence of vicinal substrates on growth, etc. With such knowledge, reactive
MBE could be used to intelligently navigate this large parameter space to produce the desired phase

or heterostructure in short order.

CONCLUSIONS

The use of reactive MBE for the growth of oxide heterostructures is still in its infancy and
many hurdles, in particular accurate composition control, remain to be overcome for this technique
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to develop greater structural and doping control at the atomic layer level, as well as reproducibility.
Nonetheless, reactive MBE has become established as the premiere synthesis technique for epitaxial
oxide heterostructures when customized layering control is needed. As the complexity and
metastability of desired oxide heterostructures increases, the requirement for a controlled synthesis

: énvir()nment Capabie of atomic layer engineering of new materials and device heterostructures will.
become all the more important. MBE appears to be the most likely technique to meet this challenge.
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Abstract
Adsorption-controlled conditions have been identified and utilized to grow epitaxial bismuth
titanate thin films by reactive molecular beam epitaxy (MBE). Growth of stoichiornet;‘ic, phase
pure, c-axis oriented, epitaxial films is achieved by supplying a large overabundance of bismuth
and ozone continuously to the surface of the depositing film. Titanium is supplied to the film in the
form of shuttered bursts each containing a three monolayer dose of titanium to grow one formula
unit of Bi, Ti,O,,. Itis seen from measured film thickness, Rutherford backscattering spectrometry
(RBS) composition measurements, monitoring of reflection high-energy electron diffraction
(RHEED) half-order intensity oscillations during growth, and in situ flux measurements using
atomic absorption spectroscopy (AA) that at suitable temperature and ozone background pressure,
the titanium sticking coefficient approaches one and the excess bismuth desorbs from the surface.
Film growth proceeds by the formation of mounds whose step heights are predominantly integral

multiples of a half-unit-cell.
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Bi,Ti,0,, is the n = 3 member of the Aurivillius homologous series (Bi,0,)(A, ;B,0;,.,)).
The structure consists of Bi,0, layers separated by Bi,Ti,0,, perovskite sheets. It is pseudo-
orthorhombic? at room temperature with lattice constants a =5.41, b=5.45,and c = 32.83 Al It
is attractive as a ferroelectric material for use in non-volatile memories because of its demonstrated
fatigue resistance.* Additionally, its highly layered perovskite structure makes it ideally suited for
study using the atomic scale layering capabilities of molecular beam epitaxy (MBE). Epitaxial
Bi‘,’l"i3012 has been successfully grown on various substrates by sputtering,’ laser ablation,® and by
laser-MBE.” It is often difficult, however, to control film stoichiometry because of the volatility of
bismuth during film growth in high temperature, lo-w pressure environments. Even by enriching
targets with excess bismuth to counteract such losses, it is still difficult to achieve reproducibility
from film to film because of the sensitivity of film composition to deposition parameters. We have
used adsorption-controlled growth conditions to accurately and reproducibly grow stoichiometric
films.

The EPI 930 MBE system® used for this study is described in detail elsewhere.” Bismuth
is continuously supplied to the surface of the depositing film from a low-temperature effusion cell.
Titanium is sublimated onto the film from a titanium sublimation pump. The Ti-Ball™"° is
powered by a low-noise DC power supply. The resulting titanium flux has a maximum peak-to-
peak variation of +£2.5% over 5 hours'' (about five times longer than the time needed to grow a
1000 A thick Bi,Ti,O,, film). The fluxes of all depositing species are monitored simultaneously
in situ using atomic absorption spectroscopy (AA).'> Oxygen is supplied to the film in the form of
~80% pure distilled ozone."” Film growth is monitored continuously using reflection high-energy
electron diffraction (RHEED). The substrate holder-block temperature is measured using an
optical pyrometer. (001) LaAlO," and (001) SrTiO, substrates are attached to wafer holders
using silver paint. The SrTiO, wafers are etched with a buffered-HF solution prior to growth"
exposing the TiO,-terminated surface.

During growth, bismuth and ozone are supplied to the surface of the film continuously

while the substrate temperature is maintained at 600 - 645 °C. The ozone background pressure
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used during growth is 2x107 Torr, which represents an incident flux of ozone hundreds of times

greater than the flux incorporated into the growing film. Similarly, bismuth is supplied at an
incident flux 2 to 5 times greater than the average titanium incident flux. Titanium is supplied in
shﬁttered doses each containing three monolayers of titania which make up the 'BizT‘i301‘0
perovskite sheets. Adsorption-controlled growth is achieved under these conditions. At slightly
higher temperatures (665 °C) the film quality degrades as evidenced by broadened diffraction peak
widths and degraded intensities in RHEED and 4-circle x-ray diffraction, presumably due to
bismuth deficiency. At still higher temperatures (685 °C) the films contain only phase-pure anatase
(TiO,).

Using the growth conditions described above it is possible to use a range of bismuth -
incident fluxes and substrate temperatures and still obtain phase-pure material. Results obtained
from film thickness calculated from x-ray diffraction peak widths and thickness fringes of ultrathin
films, Rutherford backscattering spectrometry (RBS) composition measurements, counting
RHEED half-order intensity oscillations during growth, and in situ flux measurements using a
quartz crystal thickness monitor and AA spectroscopy all indicate that the incident titanium flux
determines the growth rate of the films. The excess bismuth and oxygen desorb from the surface.
A similar adsorption-controlled growth mechanism was shown to be operative by de Keijser and
Dormans'® for Pb(Zr,Ti)O, thin films grown by organometallic chemical vapor deposition
(OMCVD). They found that by using a range of lead precursor partial pressures, it was possible to
obtain stoichiometric films.' |

Adsorption-controlled growth was first successfully utilized for the MBE synthesis of
epitaxial GaAs thin films nearly 30 years ago.'” Since that time, significant research efforts have
been directed at understanding and quantifying the physical mechanisms involved during the
growth process such as physisorption, surface migration, chemisorption, and surface
evaporation.'® This growth mechanism relies on the volatility of the group V component. In the
case of GaAs, the equilibrium vapor pressure of gaseous As, , over pure, solid As is about ten

orders of magnitude higher than the equilibrium vapor pressure of gaseous As, ., over a gallium-
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rich GaAs surface at 600 °C."* As a result, stoichiometric films are easily grown by supplying an
excess of arsenic to the surface of the depositing film.

For the case of bismuth titanate, thermodynamic data are unavailable, but we have
demonstrated the ability to synthésize stoichiometric films under adsorption—con&olled conditions..
At the incident bismuth flux and growth temperatures employed, elemental bismuth will not
condense on the substrate surface®® and must first be oxidized. Although Bi,0, ,, does not
evaporate congruently, the primary oxide species present in the vapor phase under growth
conditions that we typically employ are BiO, Bi,O,, and Bi,0,.*' Itis the volatility of these oxides
that must be considered to take the place of the group V molecules during adsorption-controlled
growth. Our achievement of adsorption-controlled growth indicates that the equilibrium vapor
pressure of these bismuth oxide complexes over pure Bi,0, , is much higher than over a pure,
titania-rich Bi,Ti,0,, , surface.

As described below, we find numerous similarities in the temporal evolution of the RHEED
patterns between the MBE growth of III-V and II-VI compounds and perovskite oxides containing
a volatile oxide species. Additionally, for the growth of Bi,Ti,O,, we have utilized changes in the
surface symmetry as a means of controlling shutters during growth.

Prior to the initiation of growth, the continuous exposure of ozope and bismuth on the
substrate surface is established. This aids in the cleaning of the substrate surface.” No change in
the RHEED pattern is observed until the titanium flux is initiated. Even if the substrate is not
exposed to a bismuth flux prior to the initiation of the titanium flux, the same evolution of the
RHEED pattern described below is observed.

Figure 1(a) shows the RHEED pattern of the bare etched StTiO, substrate at ~ 640 °C

during exposure to 2x10”° Torr of ozone. Figure 1(b)-1(f) shows the evolution of the RHEED

pattern during the deposition of one half-unit-cell of Bi,Ti,O,, oriented with its c-axis normal to the
substrate surface (c-axis oriented). The half-order streaks present along the substrate [110]
azimuth (Fig. 1(b)) are due to the epitaxial relationship between the cubic substrate and

orthorhombic film where Bi,Ti,0,, [100] Il SrTiO, [110]. With each opening of the titanium
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shutter, the half-order streaks disappear after a period of time that corresponds to the deposition of
1.5 monolayers of titania as shown in Fig. 1(c). After the deposition of 3 monolayers of titania,
the half order streaks again reappear as shown in Fig. 1(d). The disappearance of the half-order
streaks halfway _throﬁgh the titanium burst of each formula unit couvldv be due to the reduced
distortion of the centérmost layer of TiO, octahedra in the Bi,Ti,;O,, crystal structure. The
octahedra in this central layer, unlike those on either side of the Bi,0, layers, are not rotated about
the c-axis of Bi,Ti,0,,.*** The square surface mesh of the central TiO layer has a perovskite
lattice spacing (a,) like the éubstrate and thus produces no half-order streaks. However, due to the

~ 7° anti-phase rotation of the TiO, octahedra in the other two layers,>?” they have a lattice spacing
of ~+/2 a, and a surface mesh that Yields half-order streaks. It is the comparatively shorter Bi-O

bond distance which causes the tilt and rotation of the TiO, octahedra adjacent to it. The
centermost TiOg octahedra are the only ones in the Bi,Ti,0,, structure not adjacent to Bi,O, layers.
They alone have a square, surface-net symmetry which can yield a RHEED pattern with no half-

order streaks. After the reappearance of the half-order streaks, indicating the return of a surface
with a lattice spacing of ~ /2 a,, the titanium shutter is closed. The Bi,0, layer then quickly

forms. Figure 1(e) and 1(f) shows the disappearance and reappearance again of the half-order
streaks during this time which could be due to the bismuth adatoms reordering on the surface
during the formation of the Bi,O, planes.

If the titanium shutter is not closed following the initial reappearance of the half-order
streaks (Fig. 1(d)), the film surface quickly roughens and the RHEED pattern becomes spotty.
The spotty RHEED pattern observed is consistent with the formation of anatase (Ti0O,), which has
been conclusively identified in subsequent 4-circle x-ray diffraction measurements. If titanium is

never closed (i.e., codeposition), under the growth temperatures (600 - 645 °C) and ozone

background pressure (2x107° Torr) utilized, these bismuth double layers do not form and anatase

crystallizes out of the near-surface transition layer while all bismuth desorbs from the surface.

During the growth of GaAs it is not necessary to shutter the gallium source and codeposition
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works well. In contrast, we are unable to grow phase-pure bismuth titanate under the temperature
and pressure conditions given unless we shutter the titanium. This difference may be related to the
necessity to oxidize bismuth before an adsorption-controlled growth regime can be achieved. We
have previously showﬁ that the activation encrgy barrier for oxidation is significantly higher for '
bismuth than for titanjum in the MBE environment.”® During codeposition, the presence of
titanium may significantly reduce the reactivity of the bismuth so that the Bi,0, double 1ayer cannot
form.

Although we argue that the sticking coefficients of bismuth oxide complexes to pure
Bi,0, , are negligible under adsorption-controlled conditions, one Bi,O, double layer is
incorporated with each Bi,Ti,O,, perovskite sheet to form Bi,Ti;O,, during growth. This behavior
is consistent with maintaining charge neutrality—one (Bi,0,)** is incorporated to neutralize each
(Bi,Ti,0,,)* sheet. Thermodynamically, phase pure Bi,0,, is never formed, only two Bi-O
layers in a square pyramidal configuration are present in the Bi,Ti;O,, , phase. It is concluded that
the equilibrium vapor pressure of bismuth oxide species over growing Bi,Ti,O,, is much lower
than over a nucleated Bi,0, , phase. |

The adsorption-limited incorporation of bismuth was also recently demonstrated for the
growth of the superconductor Bi,Sr,CuO, by MBE.** Migita et al.*’ found that under adsorption-
limited growth conditions that bismuth incorporation was limited to two BiO layers per formula
unit of Bi,Sr,CuQ, despite their flooding the film surface with excess bismuth. This observation
is also consistent with our hypothesis of adsorption-limited incorporation to achieve change

neutrality.

In Fig. 2 the 8-20 4-circle x-ray diffraction scan (using CuK, radiation) of a 1000 A thick

Bi,Ti,0,, film grown on (001) SrTiO, is shown. Intense 00¢ peaks indicate that the film is pure
c-axis oriented Bi,Ti,0,,. The rocking curve full width at half maximum (FWHM) of the

Bi,Ti,0,, 0014 reflection is measured to be 0.3° in ® and 0.25° in 26 showing minimal out-of-

plane misalignment. Figure 3 shows the azimuthal scan (¢-scan) of the 117 reflections of this
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same film. The peaks indicate a Bi,Ti,0,, [110] Il StTiO, [010] orientation relationship with a”
FWHM of 0.4° in ¢, indicating little variation in the in-plane alignment. These peak widths are all

comparable to the instrumental resolution of our Picker 4-circle diffractometer. RBS channeling

results for this film showed a minimum channeling yield (X,;) of 0.20 for the bismuth signal

behind the surface peak, which is the lowest reported value for Bi,Ti,O,, thin films.

An atomic force microscopy (AFM) image of the surface of this same film is shown in
Fig. 4. Clearly visible on the surface are micron-sized mounds that protrude approximately
100 - 200 A out of the film. The terraces making up these mounds have step heights that are
predominantly integral multiples of a half-unit-cell (the height of a Bi,Ti,O,, formula unit). The
surface morphology revealed by AFM is reminiscent of that of layered perovskite superconductor

films ’24.25

although it is unclear if oppositely-signed screw dislocations are present within each
mound or if the mounds arise due to limited surface diffusion across Ehrlich-Schwoebel step-edge
barriers.**?” The presence of the mounds shown in Fig. 4 is consistent with our RHEED
observations. The films are epitaxial, well connected, and lack surfac¢ irregularities that would
give rise to a transmission diffraction pattern (i.e., a spotty RHEED pattern).

In conclusion, we have grown epitaxial Bi,Ti,O,, films by reactive MBE under conditions
of ozone background pressure and temperature where an adsorption-controlled growth mechanism
dominates, i.e., the excess bismuth, bismuth oxides, and ozone desorb from the surface leaving
behind a phase pure, stoichiometric crystal. AFM analysis indicates that films have micron-sized
mounds that protrude ~100-200 A out of the surface of the film. These morphologies are
consistent with either a spiral-type growth mechanism where film growth normal to the substrate

surface is mediated by oppositely-signed pairs of screw dislocations, or by step-edge barriers that

limit interlayer surface diffusion.

We gratefully acknowledge the financial support of the Office of Naval Research through grant
N00014-94-1-0690 and Dr. Lérry Mclntyre of the University of Arizona for the RBS analysis.
CDT gratefully acknowledges the support of the IMAPS Educational Foundation.
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FIGURE CAPTIONS

Fig. 1. RHEED patterns with the electron beam incident along the [110] azimuth of the

(001) SrTiO, substrate for (a) the bare é’tched (001) S1TiO, substrate at ~ 640 °C during

exposure to 2x107° Torr of ozone, (b-d) during deposition of the Bi,Ti;O,, perovskite sheets

showing the /2 a, to a,to \2 a, transition in the surface periodicity (with concomitant

disé_ppearance of half-order streaks), and (e,f) during the deposition of the Bi,O, planes where the

faded half order streaks (e) could result from bismuth adatoms reordering on the surface.

Fig. 2. 6-20 4-circle x-ray diffraction scan of a 1000 A thick (001)-oriented Bi,Ti,O,, film grown

on (001) SrTiO,. This scan indicates that the c-axis of the film is 32.6 + 0.1 A.

Fig. 3. Azimuthal scan (¢-scan) of the 117 reflections of a 1000 A thick Bi,Ti,0,, film grown on

- (001) StTiO,. This scan indicates that the in-plane lattice constants of the Bi,Ti,O,, film are

a=b=550=%0.04A.

Fig. 4. An AFM image of the surface of a 1000 A thick Bi,Ti,O,, film grown on (001) SrTiO,.

The surface is epitaxial and well connected with micron-sized mounds that protrude ~100 - 200 A.
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Adsorption-Controlled Growth of PbTiO, by Reactive Molecular Beam Epitaxy

C.D. Theis, J. Yeh, and D. G. Schlom |

Department of Materials Science and Engineering, Theb Pennsylvania State University,
University Park, PA 16802-5005

M. E. Hawley and G. W. Brown
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Abstract

Epitaxial lead titanate films have been grown on (001) SrTiO, substrates by reactive molecular
beam epitaxy (MBE). Growth of stoichiometric, phase pure, epitaxial PbTiO, films is achieved by
supplying a continuous excess of lead and ozone to the surface of the depositing film. Results

obtained from RBS composition analysis, measured film thicknesses, and flux measurements

using atomic absorption spectroscopy (AA) indicate that the film growth rate is completely

determined by the incident titanium flux supplied to the surface. Atomic force microscopy (AFM)
results show that films grow smoothly in a layer-by-layer fashion withan RMS roughness of

< 0.5 nm. The sticking coefficient of titanium is determined to be approximately unity while the
excess lead, lead oxide, and ozone desorb. Lead and ozone beam equivalent pressures have been
measured in the MBE environment. Thermodynamic analysis is used to help describe the
processes that prevent the incorporation of PbO into films under adsorption-controlled growth

conditions.

Keywords: PbTiO,, oxide MBE, adsorption-control, ozone, thin film, epitaxy
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1. Introduction

Lead titanate has become one of the most extensively studied thin film ferroelectric

materials in recent years. Because of its large remanent polarization (~ 75 pC/cm?), the largest of

any known ferroelectric, it remains a prime candidate for integration into
superconducting/ferroelectric field effect transistors (SUFETS) because of the potential to
electrically dope the superconducting layer with large numbers of charge carriers per unit area.
High quality, epitaxial PbTiO, films have been grown by metal organic chemical vapor deposition
(MOCVD),'!! pulsed laser deposition (PLD), '>*° sputtering,2'*” and through the use of solution
precursors.?®%

Some reports indicate that PbTiO, films grown by PLD" and sputtering”* have been
hampered by the volatility of both lead and lead oxide. High energy plasmas and ablated species
make the re-evaporation of excess lead from the substrate surface difficult to control. Films show
a range of composition as a function of growth conditions from lead-rich to lead-poor. As a result
it is difficult to accurately reproduce stoichiome&ic films. In contrast, some results obtained for
bulk ceramics,>® solution deposited thin films,?**! and lead-based films grown by MOCVD?**?
indicate that the incorporation‘of lead can be self-limiting. That is, by providing a significant
excess of lead during growth lead-deficient phases are avoided and excess lead is evaporated from
the material leaving behind a stoichiometric product.

We have investigated the use of molecular beam epitaxy (MBE) to accurately and
reproducibly control film stoichiometry via an adsorption-controlled growth mechanism.
Adsorption-controlled growth was first successfully utilized for the MBE synthesis of epitaxial
GaAs thin films nearly 30 years ago.**3¢ Since that time, significant research efforts have been
directed at understanding and quantifying the molecular processes involved in GaAs growth such
as physisorption, surface migration, chemisorption, and surface evaporation.’” This growth
mechanism relies on the volatility of the group V component. The use of adsorption-controlled

growth has proven to be extremely effective for the MBE growth of lead titanate (described here),
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bismuth titanate,*® Bi,Sr,Cu0,,* and to a lesser degree the growth of (Rb,Ba)BiO,” by MBE.
We anticipate that adsorption-controlled growth will be applicable to the synthesis of many other

volatile metal—metal oxide systems by MBE.*!
2. Experimental

The EPI 930 MBE system*? used for this study is described in detail elsewhere.*’ Lead is
continuously supplied to the surface of the depositing film from a low-temperature dual-filament
effusion cell. Titanium is sublimated onto the film from a titanium sublimation pump. The
Ti-Ball™* is powered by a low noise DC power supply. The resulting titanium flux has a
maximum peak-to-peak variation of +2.5% over 5 hours*’ (about 5 times longer than the time
| needed to grow a 100 nm thick PbTiO, film). The fluxes of all depositing species are monitored
simultaneously in situ using atomic absorption spectroscopy (AA).***” Oxygen is supplied to the
film in the form of ~80% pure distilled ozone.*® Film growth is monitored continuously using
reflection high energy electron diffraction (RHEED). The substrate heater block temperature is
measured using an optical pyrometer. (001) StTiO, substrates are attached to Haynes** alloy 214
heater blocks using silver paint. The SrTiO, wafers are etched with a buffered NH,F-HF solution
prior to growth,* exposing the TiO,-terminated surface.

During growth, lead and ozone are supplied to the surface of the film continuously while

the substrate temperature is maintained at 600 - 630 °C. The ozone background pressure for a

typical growth is 2x10” Torr (2.7x10? Pa), which represents an incident flux of ozone hundreds

of times greater than a stoichiometric incident flux (i.e., a Pb:Ti:O, incident flux ratio of 1:1:3).
Similarly, lead is supplied at an incident flux two to five times greater than the average titanium
incident flux. Titanium is supplied in shuttered doses controlled by closed-loop direct feedback
from the AA composition control system to the MBE shutters to deliver individual monolayers or

submonolayers of titania.’! At temperatures higher than 630 °C and/or ozone background
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pressures lower than 2x10” Torr (2.7x10? Pa), we detect TiO, (anatase) as an impurity phase in

the films.

Using these growth conditions it is possible to use the full range of lead incident fluxes
stated above and still obtain phase-pure material. Rutherford backscattering spectrometry (RBS)
measurements performed on films grown on LaAlO, indicate that the PbTiO, films are
stoichiometric within the error of the measurement (+ 3%). Figure 1 is a phase stability diagram
showing regions of substrate temperature and ozone background pressures where PbTiO, and TiO,
(anatase) are formed. All of the ﬁlrﬁs in this figure where grown using a large lead overpressure.
The collection of }experimental points suggests that growth is dominated by thermodynamics at
higher ozone pressures, but reaches a non-thermodynamic limit at lower ozone pressures. The

relevant features of this plot will be discussed in detail in the discussion section.

3. : Resillts

3.1 Film Characterization

Figure 2(a) shows the RHEED pattern taken along the [110] azimuth of a bare (001)
SrTiO, substrate prior to growth. The exposure of the substrate surface to ozone often
significantly improves the quality of the RHEED pattern, perhaps by removing any residual
organics. Similarly, Fig. 2(b) shows the RHEED pattern along the same azimuth immediately
following growth of a 100 nm thick (001) PbTiO, film, indicating a smooth surface morphology

with a cube-on-cube epitaxial relationship between substrate and film.
In Fig. 3(a) the 6-20 4-circle x-ray diffraction scan of a 70 nm thick PbTiO, film grown
on (001) SrTiO, is shown. Intense 004 peaks indicate that the film is c-axis oriented PbTiO;. The

film lattice constants, determined from the x-ray diffraction scans in Fig. 3, are

¢=0414+0.001 nm and a = 0.392 £ 0.005 nm. Here the c-axis lattice parameter has been

calculated using a Nelson-Riley*? analysis of the 00 reflections. The a-axis lattice parameter has
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been calculated using a combination of the c-axis lattice parameter and the d-spacing of the PbTiCA)3
101 reflections (Fig. 3(c)). The error estimates are calculated using standard error propagation
methods.” These values are equal (to within our experimental measurement accuracy) to the lattice
constants measured for bulk PbTiO, and single crystals.>* It s likely that a film of this thickness is
not fully relaxed and any real deviation of the measured lattice constants from bulk single crystal
values is a result of the film being clamped at the substrate-film interface.

Figure 3(b) shows the rocking curve of the StTiO, 002 reflection over a sufficient range to
detect 200 PbTiO, peaks (from PbTiO, a-domains) if they were present. Due to the large degree of
tetragonality in PbTiO,, these domains will be tilted away from the crystallographic normal by
~ 3.5° and should appear at the same d-spacing as the SrTiO, lattice parameter within the error of
our 4-circle diffractometer.’® Because of the 4-fold rotational symmetry of the (001) SrTiO,
substrate, a-oriented domains in the PbTiO, film will align along all four StTiO, <100>
directions.* Therefore, we have performed the rocking curve shown in Fig. 3(b) along a SrTiO,
<100> crystallographic direction looking for a-oriented PbTiO, domains with a lattice parameter of
~0.390 nm. As seen in Fig. 3(b), films of this thickness (70 nm) show no evidence of ag-axis
oriented PbTiO, domains.

The rocking curve full width at half maximum (FWHM) of the PbTiO, 002 reflection is
measured to be 0.4° showing minimal out-of-plane misalignment. The FWHM of the PbTiO, 002

peak is 0.4° in 20. Figure 3(c) shows the azimuthal scan (¢-scan) of the 101 reflections of this
same film. The peaks show a PbTiO, [100] Il SrTiO, [100] orientation relationship with a FWHM
of 0.3° in ¢, indicating little variation in the in-plane alignment. These peak widths are all

comparable to the instrumental resolution of our Picker 4-circle x-ray diffractometer. An atomic
force microscopy (AFM) image of the surface of this same film is shown in Fig. 4. The film
shows an extremely smooth surface morphology with an RMS roughness of < 0.5 nm. The

surface structure is indicative of a layer-by-layer growth mechanism.
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3.2 Titanium Sticking Coefficient

Figure 5 shows the 6-26 x-ray diffraction scan for a 15.0 + 0.4 nm thick PbTiO, film

grown on SrTiO,. Clearly present are only 00/ reflections indicating the film is c-axi$ oriented
perovskite lead titanate. Film thickness was calculated from the thickness fringes present near the
00/ reflections. From the film thickness and incident fluxes, we have calculated the titanium
sticking coefficient to be approximately unity. Here the titanium sticking coefficient is defined as
the total number of titanium atoms that are incorporated into the film during growth divided by the
total number of titanium atoms that are incident onto the surface of the depositing film. |

The apparent titanium sticking coefficient that we have measured during growth is less than
unity. Here the apparent titanium sticking coefficient is defined as the total number of titanium
atoms that are incorporated into the film during growth divided by the total number of titanium
atoms deposited onto a quartz crystal monitor (QCM) placed near the position of the substrate at
room temperature in vacuum. It is this flux that is measured with the QCM and used to calibr_ate N
the AA system, which in turn has been used to supply doses 6f titanium to the film.

To explain the difference between the apparent and true titanium sticking coefficients, we
consider the film shown in Fig. 5. Titanium was supplied in shuttered bursts containing one
monolayer each (according to the QCM) to deliver a total of 50 individual monolayers (which
corresponds to a lead titanate film thickness of ~ 20.7 nm) and lead was continuously supplied at
an incident flux three times higher than the titanium incident flux. We divide the actual thickness of
the film calculated from thickness fringes by the attempted film thickness of 20.7 nm to obtain an
apparent titanium sticking coefficient of ~ 0.72 £ 0.02. This value is consistent with the apparent
titanium sticking coefficient calculated from RHEED intensity oscillations for pure TiO, films
grown on LaAlO, which was measured to be ~ 0.70. This value is further confirmed by RBS
which yielded a stoichiometric film thickness of 67 & 3 nm for a film grown to be 100 nm thick,

which implies an apparent sticking coefficient of 0.67 + 0.3
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The apparent titanium sticking coefficient is less than one for two reasons. First, at the -
high ozone growth pressures required for the synthesis of PbTiO, at the substrate temperatures
employed, th(;re is some scattering of the impinging atomic fluxes. Measurements indicate that the .
~ equivalent pressure of ozone at the substrate position is about twenty times higher than the
measured background pressure due to the directed ozone introduction geometry.* At the growth
pressure used we have directly measured a decrease in the incident metals flux reaching the

substrate due to scattering at high ozone pressures.® We find that other titanates grown at very

low ozone background pressures (e.g., StTiO, films grown at ~ 1x10°° Torr (1x10* Pa)) have an

apparent titanium sticking coefficient of ~ 0.80. Second, the actual position of the QCM in the
chamber is slightly in front of the substrate making it closer to the titanium source material.
Geometric calculations that take this difference into account indicate that the titanium flux at the
substrate surface should be 0.79 £ 0.08 of the flux measured at the QCM (i.e., a tooling factor).
This implies that the true titanium sticking coefficient is close to unity. The tooling factor of the
QCM reduces the apparent sticking coefficient of titanium ﬁom 1 to about 0.80, and the scattering
of the titanium beam in the ozone pressures used during growth reduces this further to about 0.70.
The film thickness‘and ﬁlm composition is independent of the incident lead flux for the high excess
Pb-flux conditions used to grow these films. These results indicate tha£ the incident titanium flux
determines the growth rate of the films; just as the incident Group III flux determines the growth

rate of ITII-IV films by MBE. The excess of the volatile species present desorb from the surface.
4. Discussion

A similar adsorption-controlled growth mechanism was shown to be operative by de
Keijser and Dormans'® for Pb(Zr,Ti)O, thin films grown by MOCVD. They found that by using a
range of lead precursor partial pressures, it was possible to obtain stoichiometric films."
Additionally, other researchers have alluded to the importance of the vaporization of PbO in a
physical vapor deposition environment and its importance to the self-limiting incorporation of lead

into PbTi0,.'***" Below we extend this understanding using thermodynamic calculations as a
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basis for a more complete physical picture. In the first-order thermodynamic analysis presented,A
we consider only specific reactions involving the dominant species present and ignore differences
in free energy between the standard state compositions utilized in the calculations and the actual
species present. We ignore these second order details in order to attain a rbugh but informative
understanding of the adsorption-controlled mechanism.

In the low-pressure MBE environment, the depositing species in each molecular beam have
thermal energies of less than 1 eV. This growth environment is free of plasmas or ablated species
and it is possible to accurately convert beam fluxes into equivalent elemental gas pressures at the
substrate surface using the kinetic theory of gases as is commonly done for the MBE growth of
Group IV, II-V, and II-VI semiconductors. Additionally, we have accurately measured the ozone
flux at the substrate surface and can relate it to the measured background pressure. We expect that
in such an environment, that is free of many of the high energy species common to other physical
vapor deposition processes, a thermodynamic evaluation of the reactions involved at the substrate
surface should be more meaningful. Indeed, thermodynamics has been successfully applied to
describe the growth of III-V compound semiconductors by MBE.***! For the following
calculations, we will consider a typical substrate temperature of 600 °C for the growth of PbTiO,

by MBE.

4.1 Thermodynamic Evaluation

Figure 6°2 shows a section of the equilibrium vaporization curve for elemental lead. We

have converted our typical incident lead flux during growth into a lead gas pressure from:®*

(3] fnmk T
P - Pb B 1 ,
P cos@ 8 M

where P,, is lead gas pressure (Pa), m is lead atomic mass (kg), k, is Boltzmann’s constant (J/K),

atoms

T is temperature (K), 0 is the angle of the incident molecular beam, and @ is flux ( - )

calculated using a QCM located near the position of the substrate and corrected to yield the flux at
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the substrate by the geometrical tooling factor ~ 0.8 (described in section 3.2). Our measured lead

beam equivalent pressure is ~ 1x10® Torr (1x10* Pa) at the substrate surface. This incident lead

pressure is far below the stability line for the vap'orization of elemental lead shown iﬁ Fig. 6. Itcan
be seen that this lead pressufe is not high enough to condense lead onto the surface of the film at
the growth temperatures that we employ (i.e., all the lead deposited will re-evaporate under our
growth conditions unless it is oxidized as described below).

Next we consider the equilibrium O,(g) pressure for the oxidation of lead (the upper

reaction shown in Fig. 7). The ozone pressure at the substrate surface (4x10* Torr (5x107 Pa))

during growth is also shown in Fig. 7. Thermodynamically, elemental lead should be fully
oxidized to form PbO at the growth temperatures and pressures that we employ because the
incident ozone flux lies far above the stability line for the reactions shown. The use of O, in our
case drives the stability line further down so that condensed PbO is even more stable (lower curve
in Fig. 7). We note that this reaction is for condensed-phase lead. The formation of PbO should
also be dependent on the residence time of elemental lead on the surface of the film. As we have
shown thermodynamically in Fig. 6, at 600 °C elemental lead will not condense on the surface of

the depositing film, irrespective of its surface termination (i.e., PbO or TiO,). Additionally, there
are no favorable reactions (AG < 0) between Pb and TiO, leading to oxidation of the lead and

reduction of the titania when the lead reaches the film surface. We can infer, therefore, that at the
O, incident flux that we employ for PbTiO, film growth, lead must have sufficient residence time
on the film surface to form a significant fraction of PbO. Although thermodynamically a similar
result should be achievable using O,, it has been shown that lower growth temperatures (450 °C)
and higher oxidant pressures (10 mTorr (1.3 Pa)) are required to oxidize the incident lead.* This
indicates that the formation of PbO is dependent on not only the residence time of lead on the film
surface, but also on the kinetic barrier to oxidation (or statistically, the reaction probability per
lead—oxidant collision, which is dependent on the oxidant employed). In addition to these

factors, experiments performed with a mass spectrometer placed in the position of the substrate
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indicate that a small fraction of the incident lead reacts with O, to,form PbO in gas-phase
collisions near the substrate surface. At typical growth pressures, this fraction is much smaller
than the amount of PbO incorporated into the film. Our mass spectrometer experiments showed
that PbO cannot be formed in the gas phase using O, at similar pressures. We conclude that the
majority of PbO incorporated into the film is oxidized on the surface of the film by the directed
ozone beam, and that the contributions to PbO present in the gas phase include a small fraction of
lead oxidized by gas-phase collisions and the remainder by the vaporization of condensed PbO
formed on the surface of the film.

Based on these arguments, we consider that the vaporization of condensed PbO should
dominate the adsorption-controlled growth mechanism. Lamoreaux et al.° have calculated
equilibrium vapor pressure curves of all Pb,O, species for the congruent vaporization of PbO.
They show that at 600 °C congruent vaporization of PbO occurs for an O, partial pressure of
~ 10° Torr (10* Pa) and PbO,,, is the primary species in the vapor phase. All other Pb O, species
do not have appreciable vapor pressures and therefore will not be considered in this first-order
thermodynamic analysis. These authors have also shown that at higher O, partial pressures up to
atmospheric pressure, PbO,,, remains the predominant species in the vapor phase over condeﬁsed

PbO. During the MBE growth of PbTiO,, the ozone pressure at the substrate surface is

4x10* Torr (5x10? Pa). We may therefore conclude that thermodynamically, PbO,,, should be

the primary species in the vapor phase during the MBE growth of PbTiO,. Armed with this

knowledge, we are now in a position to consider the reactions shown in Fig. 8.

4.2. Adsorption-Control

In Fig. 8% we have used the thermodynamic stability of GaAs with respect to arsenic
(As,,, and As, ), which is the classic example of adsorption-controlled MBE growth, as a
comparison to the PbTiO, system. Only the gaseous species are considered which have significant
vapor pressures over the condensed phases in question, i.e., As,,, and As,,. The lower dashed

curve shows the equilibrium vapor pressure of As,, over a Ga-rich GaAs surface. For an arsenic

10
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beam equivalent pressure above this line, arsenic will condense onto a Ga-terminated surface. The
upper dashed curve shows the equilibrium vapor pressure of As,,, over pure condensed arsenic.
For an arsenic beam equivalent pressure below this line, arsenic will not precipitate out of the gas
phase onto the surface of thé film and will desorb into the vacuum éhamber.. The arsenic gas
pressure between these two dashed lines spans about 10 orders of magnitude at 600 °C.
Phase-pure GaAs can easily be grown by MBE by ensuring that the appropriate arsenic beam
equivalent pressure and substrate temperatures are utilized. To first order this adsorption-
controlled region is the 10 orders of magnitude wide region between these two dashed lines.

In practice, the truly meaningful equilibrium is not between condensed and gaseous arsenic
(as shown in the upper dashed curve of Fig. 8), but between an arsenic-rich GaAs surface and
gaseous arsenic. In other words, the important equilibrium is between the second adsorbed
monolayer of arsenic above an arsenic-terminated surface and gaseous arsenic. More involved
thermodynamic analysis® and measurement®®’ of this equilibrium shifts the upper dashed line in
Fig. 8 down slightly (about 3-4 orders of magnitudé at 600 °C). Despite this difference, the
principal features that control the adsorption-limited incorporation of arsenic remain unchanged.

We now consider the case for PbTiO, where we have shown that condensed and gaseous
PbO should control the lead incorporation into the film. The lower solid curve (Fig. 8) is the

equilibrium vapor pressure of PbO,,, over a titania-rich PbTiO, surface. For a PbO gas pressure

®
above this line, PbO will condense onto a titania-terminated surface. The upper solid curve
(Fig. 8) shows the equilibrium vapor pressure of PbO,,, over pure condensed PbO. For a PbO
gas pressure below this line, PbO will not precipitate out of the gas phase onto the surface of the
ﬁlrr.l and will desorb into the vacuum chamber:. The PbO gas pressure between these two lines
spans about 3 orders of magnitude at 600 °C. Thermodynamically, phase-pure PbTiO, can be
grown by maintaining a PbO gas pressure between these two curves and supplying doses of
titanium to the surface of the film. Additionally, the typical range of lead beam equivalent
pressures used for growth by MBE are shown in Fig. 8. From this figure it is apparent that the

experimental lead beam equivalent pressures that we use fall in the adsorption-controlled regime for

11
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PbTiO;. As pointed out above, the actual PbO,, pressure over the surface of the films depends oh
the residence time of elemental lead on the film surface, the kinetic barrier to oxidation, and on the
amount of PbO that is incorporated into the film itself (which cannot contribute to the desorbed
PbO gas phase). These three effects decrease the actual PbO presént in the gas phase (as comparéd
to the lead beam equivalent pressure shown on Fig. 8) during growth, yet we remain in a
thermodynamic region where adsorption-controlled growth is expected to dominate in accord with
our experimental observations.

We consider again Fig. 1 showing the experimental phase stability diagram for the
formation of PbTiO, and TiO, (anatase). Here the slanted line is positioned arbitrarily to separate
the region of PbTiO, phase stability from the region of TiO, phase stability at higher background
pressure. The slope is taken from the equilibrium vapor pressure of PbO,,, over a titania-rich
PbTiO, surface. Thermodynamically, at the lower ozone pressures and substrate temperatures
shown in Fig. 1, PbTiO, should be the stable phase. However, anatase is formed below the
horizontal line indicating insufficient lead oxidation. In this region, there is not a significant
fraction of PbO formed on the substrate surface and all lead desorbs primarily in its elemental
form. This is due to the decreased probability of lead—ozone collisions (for which the reaction
probability per collision is less than unity*) at lower pressures.

The calculations above are simplified versions of reality. The presence of other species in
the gas phase have not been accounted for and a considerable fraction of the reactions that could be
occurring at the substrate surface have been ignored. More detailed modeling is possible by
including the entire thermodynamic system if the desorbing species were experimentally measured
with a mass spectrometer (as was done for the growth of GaAs).®“" Despite these simplifications,
the agreement between experiment and calculation implies that the adsorption-controlled growth of
PbTiO, in an MBE environment is dominated By the vaporization of PbO. Additionally, we note
that even simplified calculations that provide qualitative information about the processes controlling
film growth at the substrate surface will enable us to make intelligent decisions in order to improve

film quality. For example, a tremendous amount of research has been directed at understanding
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and improving film growth in the III-V semiconductor community. This work provides us with a
roadmap of ideas for the future such as utilizing migration enhanced epitaxy (MEE)®® to increase
atomnic surface mobility and enhance_ film morphology at lower growth temperatures. Additionally,
- the thermodynarﬂic calculations performed indicate that using a PbO mo]ecular.beam source (where
the lead arrives at the substrate surface pre-oxidized) should allow for better control of film growth

and the use of higher substrate temperatures.
5. Conclusions

In conclusion, we have grown epitaxial PbTiO, films by reactive MBE. AFM analysis
indicates that the PbTiO, has a smooth surface morphology (RMS roughness < 0.5 nm) indicative
of a two-dimensional growth mechanism. We have measured the titanium sticking coefficient
during film growth to be close to unity. We have identified regions of ozone pressure, substrate
temperature, and incident lead metal flux where an adsorption-controlled growth mechanism
dominates; the excess of lead, lead oxide, and ozone desorb from the surface leaving behind a
phase pure, stoichiometric crystal. Thermodynamic calculations indicate that the adsorption-
controlled growth of PbTiO, is analogous to the adsorption-controlled growth of GaAs by MBE.
During growth, it is the PbO component that serves the function of voldtile arsenic and controls the

adsorption-limited incorporation of lead into the film.

We gratefully acknowledge the financial support of the Office of Naval Research through grant
NO00014-94-1-0690, the Department of Energy through grant DE-FG02-97ER45638, Dr. Larry
Mclntyre of the University of Arizona for the RBS analysis, and Dr. Karl Spear for helpful

thermodynamic discussions.
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FIGURE CAPTIONS

Fig. 1 Phase stability diagram showing regions of ozone background pressure and substrate
temperature where PbTiO, (triangles) and TiO, (circles) are formed using a large lead overpressure
in all cases. At low ozone background pressures, there is insufficient ozone flux at the substrate

surface to oxidize the depositing lead before it desorbs.

Fig. 2 RHEED pattern taken along the SrTiO, [110] azimuth (a) of a bare (001) SrTiO, substrate

prior to growth and (b) immediately following growth of a 100 nm thick (001) PbTiO3 film.

Fig. 3(a) 0-20 4-circle x-ray diffraction scan of a 70 nm thick c-axis oriented PbTiO, film grown

on (001) SrTiO,. The substrate peaks are marked by an asterisk (*). (b) ®-scan of the PbTiO,

200 reflections showing that there are no a-oriented PbTiO, domains present in this film.

(c) Azimuthal scan of the 101 PbTiO, reflections indicating that this film is epitaxial with

[100] StTiO, Il [100] PbTiO,. ¢ = 0 is set parallel to the [100] SrTiO, direction.

Fig. 4 AFM image of a 70 nm thick PbTiO, film grown on (001) SrTiO,. The RMS roughness is

< 0.5 nm.

Fig. 5 ©0-20 4-circle x-ray diffraction scan of a 15 nm thick c-axis oriented PbTiO, film grown on

(001) SrTiO,. The substrate peaks are marked by an asterisk (*).

Fig. 6 Equilibrium vaporization curve for elemental lead. The incident lead beam equivalent

pressure typically used for PbTiO, growth by MBE is shown.
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Fig. 7 Equilibrium oxidation curves for condensed lead with both O, and O,,. The ozone

pressure at the substrate surface utilized for PbTiO, growth by MBE is shown.

Fig. 8 Equilibrium curves for two reactions govenﬁn'g adSorption—contfolled growth of GaAs

(dashed lines), and two reactions governing adsorption-controlled growth of PbTiO, (solid lines).
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The Distribution of Gas Emitted by a Ring-Shaped Orifice in the Molecular Flow

Regime
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The spatial distribution of gas emitted by a ring-shaped orifice was determined using a photoresist
etching technique. The measured distributions were compared to gas flow simulations utilizing the
equations developed by Knudsen, Clausing, and others, appropriate to the molecular flow regime.
The measured spatial distribution agreed with the simulated results within experimental error and
showed the expected change in gas distribution pattern through the same nozzle for two different
flow rates, i.e., due to the change in effective nozzle length to diameter ratio that occurs as the flow

rate is changed.
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For the in situ growth of oxides, including superconductors, by reactive molecular beam
epitaxy (MBE), it is desired to achieve as high a flux of oxidizing species as possible at the growth

surface, and as little as possible elsewhere. A major challenge in using reactive MBE to synthesize

cuprate superconductors requiring high oxygen pressures to form (e.g., YBa,Cu,0, ; or even more

so for Y,Ba,Cu,0,¢) lies in locally supplying an oxidizing species of sufficient reactivity to the
growing film, in sufficient quantity, while keeping the chamber background pressure low enough
s0 as to not disrupt the beam-like character of the depositing cation species.'

To achieve a high localized oxidant pressure in the region desired and minimize it elsewhere
within a deposition system, optimized gas injection nozzles are beneficial. Gas flow distributions
for simple orifices (e.g., single tubes with different length/diameter ratios) have been measured
previously and found to agree well with theory.> However, more complicated nozzles, which may
be thought of as being comprised of many such simple nozzles, may be more suited for an
optimized deposition system. One such more complex geometry that has been widely studi¢d (and
utilized fbr rhasers) consists of a bundle of closely-packed parallel tubes of small diameter, ie., a
multichannel array.”” Here we report the gas flow distribution through a ring-shaped source that
has been optimized for a reactive MBE deposition geometry. The. ring is located close to the
substrate for efficient gas delivery and the hole in the ring allows the molecular beams coming from
the effusion cells to also reach the substrate.

To simulate the gas flow distribution from more complex nozzles (e.g., rings and large tubes)
the equations governing gas flow in the molecular flow regime derived by Knudsen,® Clausing,”"!
and others have been implemented in the form of a computer algorithm. This algorithm calculates
the superposition of the gas flowing through a combination of simple nozzles equivalent to the
complex nozzle under consideration.'>"* Utilizing such simulations, we optimized the design of a
gas delivery nozzle compatible with MBE growth. For the particular chamber under consideration,
it was determined that an orifice with its exit slit in the shape of an annulus was optimal. Here we
describe measurements of the gas distribution from this ring-shaped nozzle at two different flow

rates and compare the results to the simulations.
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The inner and outer walls of the ring-shaped nozzle were inclined at 61° to the substréte
normal, thus making the nozzle a portion of a truncated cone whose apex would be at the center of
the substrate. The ring diameter at the exit end of the nozzle was 2.0 cm, and the width of the
orifice slit Waé 0.76 mm. The gas flow simulations prediéted that such a nozzle would achieve the
highest possible gas flux efficiency compatible with MBE growth in our chamber geometry, where
the efficiency is defined as the fraction of all gas molecules passed into the chamber which impacted
the 1 cm’ substrate area.

As shown in Fig. 1, the simulations predicted that for a gas throughput of 1.9 sccm, the
nozzle efficiency was 19.5%. This represents a gain in the ratio of the equivalent gas pressure at
the substrate surface to the chamber background pressure (as calculated for the experimental system
used, for which the pumping speed was determined to be 340 liters/sec) of 17.8. Note that the
emitted gas distribution, efficiency, and pressure gain ratio all have a dependence upon the gas
throughput. For the experimental conditions discussed below, at the higher flow rate (which
produbed Figures 4 and 5(b)), the simulated delivery efficiency is only »19.5% as compared with a
calculated efficiency of 20.5% for the lower flow rate (Figures 3 and 5(a)). The calculated pressure
gain ratios varied in a similar manner and were 17.6 and 19.2, respectively. Higher flow rates
require higher source pressures and result in higher pressures at eve.ry point between the entrance
and exit ends of the nozzle. Therefore, at higher flow rates the point at which the gas pressure
drops into the molecular flow regime (the regime in which the gas flow equations used apply) is
closer to the exit end of the nozzle. This results in a lower ratio of the effective length (L) to
diameter (D) ratio of the nozzle and therefore a somewhat lower collimating effect upon the gas
distribution emitted. The effective length of the nozzle is that portion for which the mean free path
of the gas molecules is equal to (or greater than) the remaining distance to the orifice opening.* The
effective diameter of each simple nozzle making up the ring shaped nozzle was taken to be the
width of th¢ opening of the ring-shaped slit.

The method used to measure the spatial distribution of the gas reaching the substrate involves

the etching of an initially uniform photoresist layer by an oxidant gas. A patterned photoresist grid
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with initially uniform height is exposed to an oxidant (ozone). Measurement of the height of the
photoresist grid after exposure to the oxidant reveals the flux distribution. Related methods have

been used to measure oxidant gas flux but not its distribution. For example, Yamamoto et al.'*

used a photoresist-coated quartz brystal on a quartz crystal monitor (QCM)"to determine the total

flux of atomic oxygen reaching the QCM. Gregory et al.'” measured the atomic oxygen flux
incident upon a graphite surface in earth orbit by measuring the change in resistivity of the graphite

as it was oxidized.

Standard photolithographic techniques were used to define a grid of 200 pm x 200 um

photoresist squares (Hoechst Celanese AZ1805) spaced 1 mm apart on 5 cm diameter silicon
wafers. Each wafer was placed on the heating block in the experimental chamber (in the position
normally occupied by the substrate) and heated to 600 °C. At 600 °C it was exposéd for several
minutes to a constant flow rate of ozone gas introduced via the nozzle. (Negligible reaction of the
photoresist with ozone gas occurs at less than 400 °C.) After exposure, th¢ heights of more than
900 of the photoresist elements on each wafer were measured using a profilometer.'® .‘

Figure 2 shows a plot of the gas distribution measured in this way when a flow rate of

1.3%10? Torr-£/s (1.0 sccm) was used, yielding an L/D quotient of 7.2. Here the image has been

inverted to show the depth etched (the gas flux distribution) as a protrusion rather than as a recess.
The large amount of noise in the measurement is mainly due to height variations that exist between
photoresist elements after spinning, development, and baking. Profile measurements made on one
wafer processed like the others (including heating in the chamber to 600 °C), but which was not

exposed to ozone gas, revealed a random height variation even between adjacent

200 pm X 200 pum elements with a standard deviation in the height measurements of about
3.3 nm.
In order to average out some of the noise and enable a better comparison with the simulated

gas profiles, the data were replotted after replacing each data point with the average height value of

that point and the four nearest neighbor points. The data smoothed in this way are shown in

4
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Figs. 3 and 4 for the low flow rate (L/D =7.2) and the high flow rate (9.6x102 Torr-#/s,

L/D = 2.2) trials, respectively.

, Finally, in order to more directly compare the differences between the simulated and the
measured gas flux distributions for each of the two flow rate conditions, cross-sectional plots of the
radially symmetric simulated distributions were overlaid with a radial average of the measured data.
Comparisons are shown in Fig. 5. As can be seen, the averaged cross-sectional profiles of the
measured data match the simulated distributions within the experimental error (approximately
3.3 nm). Despite the significant noise in the raw data, the agreement with the predicted spatial
distribution of the gas flux is excellent. Indeed this photoresist thickness measuring technique was
able to discern the relatively small differences in the flux distributions due to a low flow rate and a
flow rate a factor of about 8 higher. The seemingly anomalous points in the center of the
experimental cross-sections are due to the fact that at the very center there is no radial averaging.

In summary, we have demonstrated that the distribution of gas emanating from a complex
nozzle constructed on the basis of the gas flow equations applicable to the molecular flow regime
agree with the expected distributions measured via the etching effect of ozone gas upon a
photoresist material. The resolution of the technique is limited by the ability to produce a uniform

thickness of the patterned photoresist layer. In the current study, thickness uniformity on the order

of + 3.3 nm was achieved.

This work was supported by the Office of Naval Research through contract

N00014-93-1-0512.
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FIGURE CAPTIONS

Calculated gas flux distribution for the ring-shaped nozzle for a throughput of 1.9 sccm
yielding a delivery efficiency upon a 1 cm? substrate of 19.5% and a pressure gain at the

substrate of 17.8 over the background pressure.

A plot of the measured gas flux distribution for a throughput of 1.0 sccm, resulting in

L/D =17.2.
A smoothed plot of the measured gas flux distribution shown in Fig. 2 (L/D =17.2).

A smoothed plot of the measured gas flux distribution for a throughput of 7.6 sccm,

resulting in L/D = 2.2.

Comparison of the simulated and radially-averaged measured cross-sectional gas
distribution profiles (normalized flux units) for (a) L/D = 7.2 (low flow rate); and (b)

L/D =2.2 (high flow rate).
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ABSTRACT

The evolution of the surface microstructure of sputtered c-axis oriented epitaxial
YBaCu307.5 films has been monitored by scanning tunneling microscopy (STM). The
results indicate that growth is dominated by the incorporation of depositing species at defect
sites. These defect sites, which provide energetically favorable positions for accommodating
the arriving species, are at ledges—either along growth spirals emanating from screw
dislocations, or due to the closely spaced surface steps arising from the macroscopic tilt of the
substrate. If the substrate is misoriented sufficiently, the depositing species may diffuse to and
be accommodated by these surface steps, without the supersaturation on the terraces attaining
a high enough level for two-dimensional nucleation to occur. Under these conditions, growth
occurs by step propagation. Otherwise, 2 high density of screw dislocations (=102 cm-2) is
nucleated during the initial stages of growth, which provides a continual supply of ledge
incorporation sites in the vicinity of the depositing species. The surface evolution reported
appears to be an intrinsic feature of c-axis oriented YBayCu3017.5 films for a wide range of
growth conditions, irrespective of the substrate material or vapor phase deposition method.

INTRODUCTION

Vapor phase deposition techniques have achieved immense success in preparing epitaxial
high temperature superconductor thin films with electrical properties superior to those made
by bulk synthesis techniques. Such high quality films are produced routinely by a variety of
vapor ‘phase deposition methods. Interestingly, these films contain numerous defects,
frequently including a high density of screw dislocations (108-1010:cm-2), which have been
observed in c-axis oriented YBapCu307.5 films grown by virtually all vapor deposition growth
methods on all of the common substrate materials. For example, high densities of screw
dislocations have been observed in films grown by sputtering [1-7], pulsed laser deposition [6-
10], thermal evaporation [11], chemical vapor deposition (CVD) [7], and molecular beam
epitaxy (MBE) [12,13] on SrTiOj3 {100} [1,2,5-7,12,13], MgO {100} [2,3,6,7,11,13],
LaAlO3 {100} [9], yttria-stabilized ZrOp {100} [8], NdGaOs (001) [4,13], and
Mg>TiO4 {100} [10]. These screw dislocations not only may be strong vortex pinning sites
which enhance the critical current densities of the thin films [14], but also reveal the film
growth mechanism [6,15]. Despite the widely varying growth conditions which accompany
these different growth methods, the specific conditions used by different research groups, and
the range of lattice match, crystal structure, substrate perfection, and surface preparation of
these substrates, definite similarities exist in the observed film surface morphologies. These
similarities may be readily explained by invoking a common growth mechanism, which will
be briefly described here and accounts for the observed microstructure. The present discussion
is limited to c-axis oriented YBayCu307.5 films in which the constituent species are co-
deposited; detailed studies on films grown by sequential deposition methods are needed to
ascertain how such growth conditions impact the film growth process. Efforts to understand
the growth mechanism of oxide superconductor films have substantially profited from STM
and AFM images of film surfaces; it was these techniques which first detected the presence of
numerous screw dislocations in oxide superconductor films {1,2].

* Work performed while at IBM Research Division, Zurich Research Laboratory, CH-8803 Riischlikon,
Switzerland, .

Mat. Res. Soc. Symp. Proc. Vol. 280. ©1993 Materlals Research Society




342

GROWTH MECHANISM

The presence of a high density of growth spirals emanating from screw dislocations in -
c-axis oriented YBa2Cu307.5 films [1-13,15] indicates that film growth takes place by
accommodating species along the spiral shaped step which emanates from each screw
dislocation. Surface steps are energetically favorable attachment sites [16]. As growth
proceeds, the growth spirals rotate around the screw dislocations at their centers, ascending
one layer higher with each rotation. In this manner screw dislocations produce self-
perpetuating (spiral-shaped) surface steps. This well-know growth mechanism, first proposed
by Frank [17], has been observed for the growth of other c-axis oriented layered micaceous
materials, and for the growth of the basal plane of many hexagonal materials [18-22].

The growth process of c-axis
oriented YBazCu307.5 films may

Nucleation
Barrler

be generally described as ledge 2D

growth, emphasizing the energetic 2.D Nucleation
preference of the depositing §_1 Nucleation

species to attach to existing 53

ledges (step edges), which £§

propagate laterally across the o2 Screw Dislocation
substrate surface. This process

and the various types of ledge 3 .

sites available for attachment are 3 N“["lset:“:“

schematically shown in Fig. 1. 3% __ 2

As the spacing between existing -'.5

ledges on the growth surface is %

increased, the concentration of &

adatoms on the terraces is also Time
increased. For sufficiently wide Nucleation Continted Growth

terraces the supersaturation at on Substrate

positions far from the ledges
becomes high enough for two-

- dimensional nucleation to occur.

However, such nucleation events
are unlikely when the depositing
species are in the vicinity of a
ledge. This is because the energy
barrier to two-dimensional
nucleation is large enough that the
species statistically are more
likely to have attached to the
existing ledge long before they
reach a sufficient supersaturation

FIGURE 1: Schematic representation of the ledge growth
process inferred from the growth of c-axis oriented
YBapCu301.5 films. The high nucleation barrier to
forming a new layer by two-dimensional nucleation
requires a high supersaturation to be reached for such
nucleation to take place. The presence of more
energetically favorable ledge attachment sites in the
vicinity of the depositing species (e.g., emanating from
screw dislocations or those present on vicinal substrates)
accommodates the depositing species and reduces the
supersaturation such that after the initial stages of growth,
two-dimensional nucleation is rare.

to nucleate a new layer. Thus, it is inferred that the presence of defect sites dramatically
affects the crystal growth process.

At the initiation of growth, the only available ledge sites on a perfect substrate are surface
steps. Indeed TEM studies show that the initial nucleation occurs predominantly there [23]. If
the substrate is sufficiently well oriented and the substrate temperature low enough that the
supersaturation on the terrace can reach the level required for two-dimensional nucleation,
growth will take place by the nucleation of new layers (two-dimensional nucleation) in regions
far from ledges. However, if a sufficient density of screw dislocations were to be generated
(possible mechanisms for which are described below), an endless supply of energetically
favorable ledge attachment sites would be available to accommodate the depositing species.
Since the observed surface morphologies indicate the presence of high densities of screw
dislocations in YBapCu307.5 films grown on well oriented substrates, screw dislocation
generation clearly has taken place. STM studies [1,6] have revealed the presence of a high
density of screw dislocations in films as thin as =120 A thick, indicating that the screw
dislocations are generated in the initial stages of film growth. .

When slightly misoriented from (100), the microscopic surface structure of commonly
used substrates consists of a sequence of steps separating (100) terraces. These surface steps
are favorable sites for nucleation and subsequent growth [16]. Although the substrate step




height does not match the layer height of 20 T T T T

YBayCu307.5, a sequence of steps develops,
separating (001) YBasCu3O7.§ terraces and
accommodating the macroscopic tilt of the substrate.
As growth proceeds by the incorporation of the
depositing species at these steps, the steps propagate
across the film surface. The amount of substrate tilt
necessary to achieve growth mainly by this step
propagation growth mechanism is presumably that
which causes the steps to be spaced sufficiently close
together that the depositing species diffuse 1o and are
accommodated by the existing ledges without
reaching a supersaturation on the terrace sufficient for
two-dimensional nucleation [24). Experimentally, a
cross-over from screw dislocation mediated growth to
step ‘propagation has been observed on vicinal
SrTiO3 (100) surfaces, and the amount of tilt

G:‘E 15 b o
B o _I +§ ]
;| 1
S st —— i
—— J
0o 1l Jz T3 4

0 (Degrees)
FIGURE 2: Screw dislocation

density (pscrew) as a function of

substrate misorientation angle (6) for
sputtered  1000-1500 thick

necessary decreases as the growth temperature is YB22Cu307.5 films grown at
increased [6]. This cross-ove% is shown iril) Fig. 2 for Tsub=750°C and a growth rate of
the sputtered growth of YBazCu307.5 on SrTiO3 ata 0.5-1.8 A/sec on nominally (100)
substrate block temperature of 750 °C [6]). Under oriented SrTiOj3 substrates [6].

these growth conditions, the transition occurs at about

6. = 2°, which implies an average terrace spacing of about 30 nm. Growth on less vicinal
substrates under the same growth conditions results in a comparable terrace spacing (=20 nm
[6]) between turns of the growth spirals, as is to be expected for this analogous defect-
mediated ledge growth process. With additional data (e.g., the surface free energy and the
concentration of adatoms at the ledges) the surface diffusion coefficient may be calculated
from this cross-over terrace spacing. However, this spacing alone is insufficient to make such
- a determination [24]. The influence of substrate orientation on the film growth mechanism

explains the apparently disparate results of several studies (in which substrate misorientations -

" were not reported) where nominally identical growth conditions yielded drastically different
growth morphologies {3,5]. o
Reflection high energy electron diffraction (RHEED) intensity oscillations are_not
expected to occur for growth occurring by the addition of species to established growth spirals
or to a propagating sequence of surface steps, since the surface step density is essentially time
independent for these growth modes. Indeed, the observation of RHEED intensity oscﬂlau_ons
has only been reported {25,26] to occur during the initial stages of groyth (for thickness

<200 A for YBa»Cu307.5 films) on bare substrates, indicative of the time necessary fm: a
steady state surface step density to become established. On thicker films, no RHEED intensity
oscillations are seen, even if the growth is briefly interrupted [25,26).

NUCLEATION OF SCREW DISLOCATIONS

An important but so far unresolved issue is the mechanism of nucleation of the screw
dislocations. Two likely mechanisms, which have been documented for the growth of other
layered micaceous materials [19-22], are (1) the coalescence of two separate growth fronts
having vertically offset and inclined surfaces with respect to each other, and (2) the
recombination of two branches of a single growth front which became offset in layer height
from each other during growth. The ability of YBayCu3O17.5 to flow over irregularities [27]
{which can lead to offsets in layer height between coalescing growth fronts and thus the
nucleation of screw dislocations) is facilitated by the ledge growth mechanism. The first
mechanism of screw dislocation nucleation is likely to occur during the coalescence of the
initial nuclei that form on the substrate surface. Obstacles leading to the second mechanism of
screw dislocation nucleation may include impurity particles or even steps on the substrate
surface. For example, nanometer-size Y203 precipitates with concentrations over wo orders
of magnitude higher than the surface screw dislocation density have been identified in
YBayCu307.5 films [28]. These precipitates are of appropriate size and density to give rise to
the “holes” observed in STM images {1,6] and to precipitates detected as hillocks in AFM




studies [29], which have been observed at positions around which the growth fronts have
developed branches. In-plane alignment of the coalescing nuclei is necessary for the first
nucleation mechanism to occur, and this is made possible by the epitaxial alignment of the
individual nuclei to the underlying substrate. TEM and STM images of ultra-thin
YBazCu307.5 films contain features suggestive of screw dislocation nucleation, consistent
with these two nucleation mechanisms [30,31].
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ABSTRACT

Using tabulated thermodynamic data, a comprehensive investigation of the thermodynamic
stability of binary oxides in contact with silicon at 1000 K was conducted. Reactions between
silicon and each binary oxide at 1000 K, including those involving ternary phases, were
considered. Sufficient thermodynamic data exists to conclude that all binary oxides except the
following are unstable in contact with silicon at 1000 K: LiO9, the alkaline earth oxides (BeO,
MgO, Ca0, Sr0, and Ba0), the column IIIB oxides (Sc203, Y203, and Rey03 where Re 1s a rare
earth), ThO2, ZrOy, HfOy, and Al;03. Of these remaining oxides, sufficient thermodynamic data
tlaglgas Itg conclude that MgO, Ca0, and ZrO; are thermodynamically stable in contact with silicon at

INTRODUCTION

The fabrication of oxide thin-film microstructures on silicon substrates offers tremendous .
opportunities for the future of microelectronic devices. Such microstructures would allow oxide
Iayers to be fully integrated with silicon circuitry and the broad variety of optical, electronic, and
magnetic properties of oxides to be utilized on-chip. If high dielectric -constant () oxides,
ferroelectric oxides, high transition temperature (T,) superconducting oxides, or magnetic oxides
could be combined with existing semiconductor technology, the materials properties available for
use in microelectronics would be drastically enhanced, allowing improved functionality and
performance to be realized. Unfortunately, direct growth of these oxides on silicon is frequently .
accompanied by extensive interdiffusion or chemical reactions that degrade the properties of the
oxide, the underlying silicon, or both.! Consequently, the focus of a great, deal of materials
research has been devoted to identifying compatible buffer layers for use betyeen silicon and the
desired oxide layers

Several factors must be considered in selecting materials for use as buffer layers between
silicon and a particular oxide: chemical reactions, interdiffusion, thermal expansion match, crystal
structure and lattice match are some of the most important? Extensive chemical reaction between
the buffer layer material and silicon or between the buffer layer material and the overlying oxide
can result in the formation of interfacial phases that often result in a loss of epitaxy. Interdiffusion
between silicon, the buffer layer, and the overlying oxide can severely degrade the desired
properties of these materials. For example, impurities diffusing into an oxide superconductor film
can lower the T,, reduce the temperature coefficient of resistivity, and increase the normal-state
resistivity. Impurities diffusing into the silicon substrate, especially those that produce deep levels

such as the yttrium, barium, and copper constituents of the YBa,Cu,0,, high T, superconductor,
dramatically alter carrier concentration profiles and lower carrier lifetimes in the silicon.! Thermal
expansion mismatch must be minimized to prevent cracking due to thermally-induced strains upon
cooling after growth, especially if these strains lead to a state of tension in the overgrown oxide
films, which is typically the case due to the low thermal expansion coefficient of silicon. In
addition, the crystal structure and lattice match between each of the layers must be considered when
epitaxy is desired. Ideally a buffer layer for the growth of an oxide on silicon should provide a
non-reactive diffusion barrier and a stable nucleation template for the epitaxial growth of the
desired oxide. '

This contribution addresses the issue of chemical reaction between silicon and binary oxide
buffer layers. Specifically the thermodynamic stability of binary oxides in contact with silicon for
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potential use as epitaxial buffer layers between silicon and oxide thin-films ‘'was examined at
1000 K, since this is a typical deposition temperature for the epitaxial growth of oxides. Most of
the binary oxides considered in this comprehensive study were determined to be unstable in contact
with silicon and consequently were eliminated. For a great deal of the remaining materials the
calculations were unable to be completed due to the lack of thermodynamic data for silicides,
ternary phases, or both. These materials could neither be eliminated nor determined to be stable.
Existing experimental results indicate that many of these remaining materials are stable in contact
with silicon; those that have not been reported warrant experimental investigation. Finally,
S};{ﬁcient data exists to conclude that MgO, CaO, and ZrO, are thermodynamically compatible with
silicon.

METHOD

In order to narrow down the list of binary oxides that could be stable in contact with silicon at
1000 K, possible reactions between each binary oxide and silicon, for which thermodynamic data
existed, were considered. Any reaction leading to a lowering of the Gibbs free energy of the
system (AG < 0) allowed the binary oxide to be eliminated from further consideration. This is not
to say that the reaction found was the most favorable of all possible reactions, but the identification
of any reaction products more stable than silicon in contact with the binary oxide imply that the
later interface is thermodynamically unstable. Identification of the most stable reaction products
was not our goal, and in many cases cannot be accomplished due to insufficient thermodynamic
data. The method employed is the same as that used by Beyers® to determine the M-Si-O phase
diagrams for M = Ti and Zr. Here it is applied to all elements of the periodic table in order to
identify prudent choices of silicon-compatible binary oxides for subsequent experimental studies.*

Although thére are many possible reactions, several key reactions can be identified by
considering the phase diagram of a M-Si-O system. This phase diagram contains silicon, the
binary oxide under consideration, MOQ,, and all the possible products of a reaction between silicon
and the binary oxide. In general this phase diagram will contain ternary M-Si-O phases, but due to
the lack of thermodynamic data for ternary phases we first consider the phase diagram of a M-Si-O
system free of ternary phases, as shown at the bottom of Fig. 1.* Ti-Si-O is an example of such a
system free of temary phases. For the binary oxide to be stable in contact with silicon, a tie-line
must exist between MO, and silicon. The existence of such a stable tie-lihe constrains the rest of
the phase diagram, since the crossing of tie-lines is forbidden (a consequence of the Gibbs phase
rule). There are only three possible types of M-Si-O phase diagrams. These are shown at the
bottom of Fig. 1 and referred to as “metal oxide dominant,” “SiO, dominant,” and “no phase
dominant,” following the work of Beyers.’ Note that if the M-Si-O system contains more than one
metal-silicide phase, there will be several phase diagram possibilities within the “no phase
dominant” type. In this study we are interested only in the metal oxide dominant-type, since it is
the only type having a tie-line between MO, and silicon. Thermodynamic data may be used to
determine which of these three types of phase diagrams a particular M-Si-O system belongs to. A
reaction flowchart allowing this determination is given in Fig. 1. For the purposes of the present
study, any system that fails a reaction along the path to the metal oxide dominant-type system can
be eliminated from further consideration. The (unbalanced) reactions along this path are:

Si+ MO, - M + SiO, v ¢))]

and
Si+MO, — MSi, + SiO,. )
It: an element has multiple silicides, the most silicon-rich silicide (MSi,) should be used in
€quation (2). Any system that fails (AG <0) equation (1) can be eliminated from further
consideration. Any system that passes equation (1), but fails (AG < 0) equation (2) can also be

eliminated. This conclusion is true even if the M-Si-O system contains ternary phases, because
failing equation (1) or (2) implies that silicon is unstable in contact with the binary oxide.

332




Si+MO; - M +8i0,

AG>0 AG<0
Si+ MOy —> MSi, + Si02 M+ 8i02 —)M0x+MSiy
AG>0 G<0 17 Y
MOy Si0, MOy 2 Si0,
M MSiy  MSi, Si M MSiy MSi; Si M MSly MSi, Si
metal oxide dominant no phase dominant S§i07 dominant

Figure 1. A reaction flowchart showing what two reactions (unbalanced as-shown) can be used to
determine which of the three types of phase diagrams a particular M-Si-O system belongs
to if the system contains no ternary phases (MSixoy).




If the M-Si-O system contains temary phases, then after passing equations (1) and (2), further
reactions involving ternary products must be tested. In general, the relevant reaction to test is that
at the crossing of two potential tie-lines. For the case at hand, the relevant crossing is between the
Sl-IV{Ox tie-line with one dictated by the location of the temary phase(s). If a ternary phase
(MSi,0,) which exists at 1000 K, lies on the tie-line between silicon and the binary oxide (MO,),
silicon will not be stable in contact with MO, and the system can be eliminated from further
consideration. No such examples were found. If all of the ternary phases existing at 1000 K are
only on one side or the other of the Si-MO, tie-line, the relevant reactions depend on which side
they occur as shown in Fig. 2. If all of the ternary phases lie above the Si-MO, tie-line (as shown
in Fig. 2a), the relevant reactions are

Si + MO, - MSi, + MSi 0, A3
and
Si+ MO, - M + MSi,0,, 4

whereas if all of the ternary phases lie below the Si-MO, tie-line (2s shown in Fig. 2b), the
relevant reaction is .

Si+ MO, - Si0, + MSi,0,. )

Equations (3) and (4) only need to be evaluated for those ternary oxides (MS$i,0,) that are
positioned such that the triangle MSi 0,—MO,—Si—MSi,0, does not contain any other ternary
oxides. Those ternary oxides satisfying this condition are shown as solid dots in Fig. 2a.
Equation (3) -only needs to be evaluated for the most silicon-rich silicide (MSi). Only if
equations (3) and (4) are passed (AG > 0) by all such ternary oxides, can the Si-MO, tie-line be
concluded to be thermodynamically stable. Similarly, equation (5) only needs to be evaluated for
those ternary oxides (MSi,0,) that are positioned such that the triangle MSi,0—MO,—Si—
MSi,0, does not contain any other temary oxides. The ternary oxides satisfying this condition are
shown’as solid dots in Fig. 2b. Only if equation (5) is passed (AG.30) by all such ternary
oxides, can the Si-MO, tie-line be concluded to be thermodynamically-stable. In this study, no
ternary phases of systems that passed equations (1) and (2) lay beneath the Si-MO, tie-line.

If the M-Si-O system contains ternary phases on both sides of the Si-MO, tie-line, the relevant
reaction to test is

Si+ MO, - MSi,0, + MSi,0,. ' ©)

However, none of the systems thz}t passed equations (1) and (2) were of this type.

DISCUSSION

All naturally occurring elements (M) that form binary oxides (MO,) listed in Ref. 5 were
considered in this comprehensive study. Of these, only nonradioactive oxides that exist as solids
at 1000 K were pertinent. The thermodynamic stability of each binary oxide in contact with -
silicon was evaluated using the method described in the previous section. The numerical results of
these thermodynamic calculations are given in Ref. 4; here we summarize those results.

Many binary oxides were eliminated from consideration from what limited thermodynamic
data exists.  Swufficient data exists to conclude that MgO, CaO, ZrQ,, and SiO, are
thermodynamically stable in contact with silicon at 1000 K. There is no thermodynamic data
available to show that Li,0, the alkaline earth oxides (BeO, MgO, Ca0, SrO, and BaO), the
column IIIB oxides (Sc,0;, ¥,0,, and Re,0; where Re is a rare earth), ThO,, ZrO,, HfO,, and
ALO; are not stable in contact with silicon. ‘The native oxide of silicon, SiO,, is the trivial case of
an oxide that is stable in contact with silicon. SiO, might seem like the obvious choice for
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Figure2. M-Si-O phase diagrams containing one or more ternary phases (MSi Oy,
at position of dots) located (a) above the Si-MOy tie-line and (b) beneath the Si-MOyx
tie-line. For case (a) equation (3) should be used to test the stability of the Si-MOy
tie-line with the bold-faced silicide (MSi,) and those ternary phases (MSixOy)
indicated by a solid dot. For case (b) equation (4) should be used with those terary
phases (MSixOy) indicated by a solid dot.
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integration of silicon with oxide overlayers, however, the amorphous nature of oilergrown SiO, or .
Si0, formed by the oxidation of silicon makes the growth of epitaxial oxide overlayers on SiO, a
formidable obstacle,

Comparison to Experimental Observat

The results of this study are remarkably consistent with experimental reports. With the
possible exception of CeQ,, RuO,, and In,0,, the only binary oxides found to be free of reaction
layers with silicon are all among the list of candidate materials identified in this study. A full
comparison between the observed results and these thermodynamic calculations is reported
elsewhere.® The RuO,/Si interfaces and In,0,/Si interfaces need to be characterized in more detail
(e.g., by cross-sectional TEM) before a meaningfu! comparison can be made. Although from 2
thermodynamic standpoint the calculations presented show that CeQ, is unstable in contact with
silicon, Ce,0, is potentially stable in contact with silicon. This apparent discrepancy between
experimental observation and the present thermodynamic calculations would be absent if at the
silicon interface the CeO, is locally reduced to Ce,0,, yielding a stable Si/Ce,0,/CeO, interface.
The integration of several of the candidate materials with silicon, i.e., Li,0, Sc,0,, most of the
Re;0, oxides, and HfO,, has not been experimentally reported and warrants investigation.

CONCLUSIONS

Thermodynamic data indicates that MgO, CaO, and ZrO, are thermodynamically stable in
contact with silicon at 1000 K. There is no thermodynamic data available to show that Li,0, the
alkaline earth oxides (BeO, MgO, Ca0, SrO, and Ba0), the column IIIB oxides (Sc,0,, Y,0;, and
Re,0; where Re is a rare earth), ThQ,, ZrO,, HfO,, and Al,0, are not stable in contact with
silicon. Of these materials, BeO, Mg0, Ca0, SrO, Ba0, Y,0,, Pr0,, Pr,0,, ThO,, ZrO,, and
ALO, have been integrated with silicon and appear to be fre¢ of reaction layers. The remaining
materials'(Li,0, Sc,0,, most of the Re,0, oxides, and HfO,) are candidates for future experimental
investigations. For the successful integration of oxide overlayers (e.g., high T, superconductors,
ferroelectrics, etc.) on top of the binary oxides identified in this study as being stable or potentially
stable in contact with silicon, compatibility between the overlayer and the binary oxide is also
necessary. Although such stability was not the subject of this study, the limited number of binary
oxides identified as being compatible or potentially compatible with silicon greadly limits the
pogsibilities for a single binary oxide interlayer between the desired overlayer and a silicon
substrate.
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ABSTRACT

Using tabulated thermodynamic data, a comprehensive investigation of the thermodynamic
stability of binary oxides in contact with silicon at 1000 K was conducted. Reactions between
silicon and each binary oxide at 1000 K, including those involving ternary phases, were
considered. Sufficient thermodynamic data exists to conclude that all binary oxides except the
following are unstable in contact with silicon at 1000 K: Li,0, the alkaline earth oxides (BeO,
MgO, Ca0, SrO, and BaO), the column IIIB oxides (Sc,0;, Y,0,, and Re,0, where Re is a rare
earth), ThO,, UO,, ZrO,, HfO,, and ALO,. Of these remaining oxides, sufficient thermodynamic
data exists to conclude that BeO, MgO, Ca0, and ZrO, are thermodynamically stable in contact
with silicon at 1000 K. Our results are consistent with reported investigations of silicon/binary
oxide interfaces and identify candidate materials for future investigations.

INTRODUCTION

The fabrication of microstructures containing oxide thin films on silicon substrates offers
tremendous opportunities for the future of microelectronic devices. Such microstructures would
allow oxide layers to be fully integrated with silicon circuitry and the broad variety of optical,
electronic, and magnetic properties of oxides to be utilized on-chip. Unfortunately, the direct
growth of oxides on silicon is frequently accompanied by extensive interdiffusion or chemical
reactions that degrade the properties of the oxide, the underlying silicon, or both.! Consequently,
the focus of a great deal of materials research has been devoted to identifying compatible buffer
layers for use between silicon and the desired oxide layers.'?

Several factors must be considered in selecting materials for use as buffer layers between
silicon and a particular oxide: chemical reactions, interdiffusion, and thermal expansion match are
some of the most important.”? In addition, when epitaxy is desired the crystal structure and lattice
match between must also be considered.” . .

This contribution addresses the issue of chemical reaction between silicon and binary oxide
buffer layers. Specifically the thermodynamic stability of binary oxides in contact with silicon for
potential use as epitaxial buffer layers between silicon and oxide thin films was examined at
1000 K, since this is a typical deposition temperature for the epitaxial growth of oxides.
Reactions involving gaseous species were not considered as it was desired to test the stability of
the interface between two solids (silicon and the binary oxide) and there is thus no free volume in
which a gas can exist. Most of the binary oxides considered in this comprehensive study were
determined to be unstable in contact with silicon and consequently were eliminated. For many of
the remaining materials the calculations were unable to be completed due to the lack of
thermodynamic data for silicides, ternary phases, or both. These materials could neither be
eliminated nor determined to be stable. Existing experimental results indicate that many of these
remaining materjals are stable in contact with silicon; those that have not been reported warrant
experimental investigation. Finally, sufficient data exists to conclude that BeO, MgO, CaO, and
Zr0, are thermodynamically stable in contact with silicon. v

METHOD

Details of the method employed may be found elsewhere.*® In brief, to narrow down the list
of binary oxides that could be stable in contact with silicon at 1000 K, possible reactions between
each binary oxide and silicon, for which thermodynamic data existed, were considered. _Any
reaction leading to a lowering of the Gibbs free energy of the system (AG < 0) allowed the binary
oxide to be eliminated from further consideration. This is not to say that the reaction found was the
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most favorable of all possible reactions, but the identification of any reaction products more stable
than silicon in contact with the binary oxide implies that the later interface is thermodynamically
unstable. Identification of the most stable reaction products was not our goal, and in many cases
cannot be accomplished due to insufficient thermodynamic data. :

RESULTS

) All naturally occurring elements, M (of which there are a total of 90), that form binary oxides,
MO,, listed in the CRC Handbook of Chemistry and Physics® were considered in this
comprehensive study. Of these, only nonradioactive oxides that exist as solids at 1000 K were
pertinent. This constraint led to the elimination of all of the binary oxides of 34 elements. Two
lscgy l(unbalanced) reactions led to the elimination of all of the binary oxides of 30 of the remaining

elements:

Si+MO_— M +Si0, ¢))

and

Si + MO, — MSi_ + SiO,, @

where MSi, is the most silicon-rich silicide of the element M. In addition to these reactions,
reactions involving multiple binary oxides and ternary phases were also considered. These led to
the elimination of additional binary oxides (but not to the elimination of all the binary oxides of any
additional elements) and allowed the stability of four binary oxides to be firmly established from
‘thermodynamic data: BeO, MgO, Ca0, and ZrO,. .For the remaining binary oxides, there is
-insufficient thermodynamic data to complete the calculations.’ » '

These results are graphically summarized on the periodic table shown in Fig. 1. 'Elements
having no suitable or potentiaily suitable binary oxides are shaded and the reason for their
elimination is given. An element is only shaded when all of its binary oxides have been eliminated.
For example, iron has three binary oxides that are solid at 1000 K: FeO, Fe,0,, and Fe,0,.¢ But
all of these fail (AG < 0) reaction (1) as shown by the following reactions:

% Si+FeO 4Gy =-37.714 keal/mol Fe+ _;_ si0,, - | 3)
2Si+Fe,0, —Jmy 203 £ 4 2 8i0,, and @)
%Si+Fe203 Ll ¢ =0T A ) o % Si0,. )

This indicates that all of these binary oxides are thermodynamically unstable in contact with silicon
and thus Fe appears shaded on the periodic table in Fig. 1. The specific binary oxides remaining
after the completion of our thermodynamic analysis are shown in Table I. An example of a binary
oxide for which there was sufficient thermodynamic data to complete our calculations and
demonstrate its thermodynamic stability in contact with silicon is CaO, as shown below:

 oox = +39.77T kealimol 1

% Si+Ca0—= Ca+Si0;, (6)

% Si+ CaO —Jenx =M1l gy +% Si0,, 0]

i+ CaQ —2Clmmy =930 kcslml i Casi, +§ Ca,Si0,, and @®
%Si+Ca0——-——————-—)AG;“”‘ =230 ksl %Ca+%Ca,SiO,. ©)

Numerical results of all of the thermodynamic calculations are given in Ref. 5.
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Figure 1: Summary of the results of the thermodynamic calculations.
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Table I: Summary of the remaining binary oxides that were not able to be eliminated on’
thermodynamic grounds. These are the only binary oxides that may be stable in contact
with silicon. Due to the lack of free energy data for relevant silicides, ternary phases, or
both, only for a limited number of binary oxides (shown in bold) could thermodynamic
stability with silicon be concluded.

4Gy 4Gy, AG;y, AG;,
Oxide per MO _for | per MO, for | per MO, for | per MO, for
Reaction 1 | Reaction 2! | Reaction 87 | Reaction 97
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Li,0 +24.298 + t Positive*
BeO +32.365 i t +14.394°
MgO +30.582 +23.385 +7.951% +11.589°
Ca0 +39.777 +17.582 +3.502° +12.380°
SrO +33.531 + ¥ Positive*
BaO +21.338 t t Positive*
Sc,0, +123.646 +91.297 .8 §
0, +116.823 t +8§ §
La,0, +91.206 +66.372 § §
Ce,0, +104.946 +17.896 § §
Pr,0, +105.768 t 1§ §
Nd,0, +102.313 +76.974 § §
Sm,0, +103.941 T 8§ §
Eu0O +33.238 t 18 §
Gd,0, +105.980 +88.582 - § §
Tb,0, +114.762 : t 1§ §
Dy,0, +112.435 f T8 §
Ho,0, +118.450 t t§ §
Er,0, +122.030 + 1§ §
Tm,0, +116.654 + +§ §
Yb,0, +103.830 t +§ §
Lu,0, +116.965 t 18§ . §
ThO,* +75.513 + . §
Uo,” +43.670 +12.066 § §
ZrO, +42.326 +5.914 +1.253° +19.459°
HfO, +48.557 t 8 §
ALO, +63.162 % i Positive*

¥ Reactions (balanced appropriately)
I:  Si+MO,—- M +SiO, at 1000K
2:  8i+ MO, -» MSi, + S10, at 1000 K
8  Si+MO, - MSi, + MSi,0, at 1000K
9 Si+MO,-> M +MSi0O, at 1000K
* Free energy data for the silicide(s) were unavailable.
* No known silicides.
¥ Free energy data for the relevant ternary phase(s) were unavailable.
¢ Free energy data for the relevant ternary phase(s) were not available. The free energy
change at 1000 K ( AG,) for each of the phases for which data were available was
positive. '
$ Free energy data for the relevant ternary phase(s) were available and reactions 8 and
9 were positive in all cases.
* Radioactive, but still considered since thermodynamic data exist.
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- Comparison to Experimental Observations

The results of this study are remarkably consistent with experimental reports. With the
possible exception of PrO, and IrQ,, for which detailed analysis of the interface with silicon is
lacking as described below, the only binary oxides found to be free of reaction layers with silicon
are all among the list of candidate materials identified in this study. Specifically, those that have
been experimentally shown to be stable in contact with silicon are BeO, MgO, Ca0, SrO, BaQ,
Y,0,, Ce,0,, Pr,0,, Nd,0,, ThO,, ZrO,, AL,O,, and SiO, (the trivial case of a binary oxide that is
stable in contact with silicon).> The integration of several of the candidate materials with silicon,
i, Li,0, Sc,0,, most of the Re,0, oxides, and HfO,, has not been experimentally reported and
warrants investigation.

Based on the reaction

 =~39.325 keal/mol

—;~Si +2 PO, — Pr,0, +% Sio, (10)

we concluded that PrO, is thermodynamically unstable in contact with silicon at 1000 K. Yet Fork
et al.” have grown epitaxial PrO, on silicon at substrate temperatures between 823 K and 923 K.
At these lower growth temperatures, AG® for equation (10) is still negative; in fact, it becomes
even more negative than it is at 1000 K. The reported results would be in complete agreement
with our thermodynamic analysis if during the initial stages of growth a stable PrO,/Pr,0./Si
interface is formed; such a situation is analogous to the unstable CeO,/Si interface at which
interfacial reaction occurs leading to the formation of a stable CeO,/CeQ, ,(or Ce,0,)/Si interface.®
Unfortunately, cross-sectional TEM studies of PrO,/Si interfaces have not been reported. .
Using secondary ion mass spectrometry (SIMS) and x-ray diffraction, Nakamura ef al.
recently concluded that the interface between polycrystalline silicon and polycrystalline IrO, is non-
reactive at processing temperatures up to 1073 K.” Our thermodynamic calculations lead to the
.opposite conclusion; IrQ, fails (AG < 0) equation (1) as shown below: .

Si+ 110, —Dumy =BT, 7, 1510, a1
Unfortunately, in the SIMS analysis presented by Nakamura et al.’ the “IrO,/Si” interface
occurred at about 0.6 im below the sample surface, lowering the resolution at which the interface
was chemically profiled. Further experimental investigation, e.g., high-resolution TEM, is needed
to resolve this discrepancy. . .

Relatively few examples of reactions of binary oxides with silicon have been reported. This
may at first seem surprising considering that the vast majority of binary oxides are unstable in
contact with silicon at 1000 K as indicated by Fig. 1, but a non-reactive barrier layer is clearly
more newsworthy than a reactive one. What few reports exist, are often relegated to brief rema}'ks
or footnotes in the description of an otherwise successful experiment. With the possible exception
of Gd,0,, all reported reactions (i.e., Gd,0;, SnO,, and PbO) are in accord with our
thermodynamic calculations.  Although we were unable to complete our thermodynamic
calculations for Gd,0, due to the lack of thermodynamic data, Gd,0, passed (AG >0) the two
reactions for which sufficient data was available (equations (1) and (2)). Tarsa et al? suggestqd
that Gd,0, reacts with silicon to form GdO,. Unfortunately, we were unable to assess if this
reaction is thermodynamically favored due to the absence of thermodynamic data for GdO,.

A thermodynamically equivalent means of showing that a MO,/Si interfaces is unstable is to
demonstrate the stability of another interface in the M-Si-O phase diagram that would necessarily
cross the Si-MO, tie-line. For example, a stable M/SiO, interface in a given M-§i-O system
implies that the MO,/Si interface in that system must be unstable, since the crossing of tie-lines is
forbidden (a consequence of the Gibbs phase rule). Experiments have shown that the metals Cr,
Mo, W, Mn, Fe, Co, Ni, Pd, Pt, and Cu and the silicides TiSi, TiSi,, V,Si, and TaSi, are all
stable in contact with SiO,. This signifies that the corresponding metal-oxides are all unstable in
contact with silicon. These results are all in agreement with our thermodynamic calculations.

A full comparison between the observed results and these thermodynamic calculations is
reported elsewhere.’
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~ CONCLUSIONS

Thermodynamic data indicates that BeO, MgO, CaO, and ZrO, are thermodynamically stable
in contact with silicon at 1000 K. There is no thermodynamic data available to show that Li,0, the
alkaline earth oxides (BeO, MgO, Ca0, St0, and Ba0), the column IIB oxides (Sc,0;, Y,0;, and
Re)O, where Re is a rare earth), ThO,, UO,, ZrO,, HfO,, and Al,O; are not stable in contact with
silicon. Of these materials, BeO, MgO, Ca0, StO, BaO, Y,0,, Pr,0;, Nd,0,, ThO,, ZrO,, and
ALO, have been integrated with silicon and appear to be free of reaction layers. The remaining
materials (Li,0, Sc,0;, most of the Re,0; oxides, and HfO,) are candidates for future experimental
investigations. An Important practical result of our calculations is that there are not any conducting
binary oxides that are thermodynamically stable in contact with silicon at 1000 K.

A rule of thumb for choosing potential ternary or higher multicomponent oxides for direct
integration with silicon is to choose those made of combinations of binary oxides that are all
thermodynamically compatible with silicon. Examples that follow this simple guide that have been
experimentally demonstrated to be compatible with silicon are yttria-stabilized cubic zirconia
(Y,0,—Zr0,), (Ba,Sr)0, LaAlO,, ZsSiO,, Al,BeO,, and MgALO,, whereas SrTiO, is not.’
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ABSTRACT

For the in situ growth of cuprate superconductors and related oxides by vacuum deposition
methods it is desired to achieve as high a flux of oxidizing species as possible at the growing
surface and as little as possible elsewhere within the reaction chamber. The well known gas flow
equations derived by Knudsen, Clausing, and others which apply to the molecular flow regime
were implemented in a computer algorithm to simulate the gas flow upon a substrate from
hypothetical nozzles of several different geometries. The optimal design for a particular MBE
chamber and substrate size was determined and such a nozzle was fabricated and characterized.
A dysprosium-coated quartz crystal monitor was used to determine the oxidant flux. The
measured result matches predictions of the computer model within a factor of three. The
computer algorithm was also used to model the spatial distribution of ozone gas through a nozzle
of another reported geometry, where measurements of the resulting flux had been made. The
shape of the calculated flux distribution agrees to within a few percent and the absolute values of
flux reported agree within a factor of two.

INTRODUCTION

The goals of this study are three-fold: (1) to develop an accurate computer simulation
allowing optimization of gas delivery in the MBE growth of oxides; (2) to design, using this
computer simulation, the optimal nozzle for our MBE chamber; and (3) to measure the flux
distribution and test the predictions of the computer simulation.

If there were no other constraints and it was simply desired that as large a percentage as
possible of a gas introduced into a vacuum chamber fell upon a substrate of known size, then a
tube with a cross-sectional area the same size as and nearly in contact with the substrate would
achieve essentially 100% efficiency. However, subject to the condition that the gas delivery tube
must lie outside of the line-of-sight path of a metal flux from an effusion cell (or other source),
then 100% efficiency cannot be achieved. In order to obtain the maximum gas delivery
efficiency it becomes necessary to use a directed, i.e., collimated, beam of oxidant gas, with the
orifice and associated plumbing lying outside the path of the metal flux(es).

The equations governing gas fluences from circular orifices for which the gas pressure is
sufficiently low that the gas molecules are far more likely to collide with the walls of the tubing
and vacuum chamber than with each other (molecular flow), are well known and were derived by
M. Knudsen' and P. Clausing.2 In our computer algorithm we make use of Clausing’s extension
of the earlier work of Knudsen to include the collimating effect of the length to diameter ratio of
a tube (for gas pressure in the molecular flow regime). Examples of the solutions to Clausing’s
equations for various length/diameter ratios are shown in Fig. 1. Note that this polar plot shows
the flux at any angle normalized to that which is projected at 0° (i.e., straight ahead from the
nozzle orifice.) Note also that the value of the length used for these calculations is not
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Figure 1. Polar plot showing solutions to Clausing's equations for various length/diameter ratios.

necessarily the total length of the tube, but only that portion of it for which the pressure is low
enough that molecular flow prevails.

Three simple geometries of nozzle orifices were considered: a cylindrical tube with a circular
orifice, a rectangular cross-section tube, and an annulus or ring-shaped tube. In each case
fluences from various sizes of the tubes were simulated. Also varied were the locations of these
hypothetical nozzles and especially the angle between the normal to the nozzle orifice and the -
substrate normal. The two constraints to the geometrical consideration of nozzle direction,
shape, size, and placement were that they (1) must not shadow the metal flux flux from our
effusion cell having a 3.8 cm diameter mouth located 12.9 cm away inclined 7° from the
substrate normal, and (2) cannot be located any nearer than 6 mm from the plane of the substrate.
The maximum effective length which determines the Clausing factor, i.e., the degree of
collimation of any of the tubes, is given by where inside the tube the nfean free path becomes
longer than the remaining distance to exit the tube, and thus is a function of the throughput of the
tube. All calculations done here are for a throughput of 1.9 sccm and a pumping speed of 1000
liters/second.

The calculation method involves discretizing both the nozzle orifice and the substrate surface
into a large number of elements. The Clausing equations are then applied in succession from
each nozzle element to each substrate element. The sum of the flux received by each substrate
element from all the nozzle elements is determined, and the total flux upon the elements in the
plane which make up a 1 cm? substrate is computed. This value is then compared to the values
found for hypothetical nozzles having other directions and locations until the maximum in the
total flux reaching a 1 cm? is determined. The geometry of the vector algebra definitions used in
this algorithm are shown below in Fig. 2. The equations used to calculate the Clausing factor are
given in the paper by B.B. Dayton.3

RESULTS AND DISCUSSION

Figures 3 and 4 present the calculated maximum possible flux distributions for a simple
cylindrical tube and a ring shaped orifice, respectively, given the aforementioned constraints.
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Figure 2. Vector algebra definitions used in the algorithm for flux calculations.

The maximum possible for a rectangular shaped orifice, was in all cases lower than that for a
simple cylindrical tube (except when the cross-sectional dimensions are approximately equal in
which case the result is little different from that of a tube with a circular cross-section). The
vertical scale for both Figs. 3 and 4 are for a throughput of 1.9 sccm and a pumping speed of
1000 liters/sec. The nozzle efficiency, defined as the fraction of all gas molecules to fall upon a
1 cm? region at the centers of Figs. 3 and 4, was calculated to be 12.5% for a simple cylindrical
tube and 19.5% for a ring-shaped nozzle. The lowest flux reaching any part of the 1 cm?
substrate was calculated to be 3.99 x 1016 cm2 sec-! for the tube and 1.13 x 1017 cm2 sec-! for
the ring. The ring-shaped nozzle used to generate Fig. 4 is really a portion of a cone with a 29°
angle of inclination, such that each orifice element is focussed nearly to the center of the
substrate. The overall diameter of the ring orifice is 2.0 cm and the center of the ring is 0.9 cm
from the center of the substrate. As this result gives both the highest flux possible upon our
substrate as well as a far more uniform distribution than that possible with a simple tube placed
to one side of the substrate, a nozzle corresponding to this geometry was fabricated. A cross-
sectional schematic of this ring-shaped nozzle is shown as Fig. 5.

The accuracy of the simulated flux distribution (Fig. 4) was tested for the ring-shaped nozzle
constructed using a quartz crystal monitor (QCM) technique developed by Matijasevic et al.4
Figure 6 shows the change in mass after introducing O, onto a QCM which had been freshly
coated with dysprosium metal. The initial slope is about 5.2 % 10-8 g/sec and is approximately
'62% of the value expected to fall upon the exposed area of the QCM from our computer
simulation. Because the position of the quartz crystal monitor in our chamber is not adjustable, it
was only possible to measure the flux in this way at the center position in the plane of the
substrate. Attempts will be made to measure the flux distribution over a larger area by another
technique in the future. The reason for the difference between the simulated value and the value
measured using the crystal monitor is not definitely known but may be largely due to the error
introduced by the exothermic reaction of metal and oxidant. We have observed during other
trials involving deposition of a metal with simultaneous exposure to an oxidizing gas, that more
than one hour is often necessary to achieve steady state, i.e., temperature equilibrium, with
significant observable (false) mass deviations until steady state is reached. Another limitation is
the small time interval over which the “initial” rate of mass change is measured.

We also calculated the expected flux distribution for a simple cylindrical tube 6.3 cm from a
substrate as had been constructed and characterized by Kucera et al.> Figure 7(a) shows the flux
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of ozone at a throughput of 1.9 sccm as measured by Kucera et al.5 upon a moveable QCM.
Figure 7(b) alongside shows the corresponding flux distribution expected from our computer
simulation. The agreement in shape is excellent, however, our calculation suggests that Kucera
et al.5 measured only about 60% of the flux expected at each point. The difference may be due,
in part, to the detection efficiency of the QCM technique for measuring ozone and the purity of
the ozone used. Kucera et al.5, reported that the area under the Gaussian curve drawn through
their data points represents only 26% of the total throughput assuming the gas was 100% Os.
The difference between our value (60%) and their reported value (26%) is partly due to their
assumption of a Gaussian shape; the tails of our simulated distribution are not Gaussian.

Another factor that may have influenced their measured fluxes is the exothermic reaction of
silver with ozone, leading to changes in the temperature and temperature gradient of the QCM.
These changes alter the oscillation frequency of the QCM and make the initial mass change
inaccurate. To overcome inaccuracies in initial-slope QCM measurements of oxidant flux
arrising from exothermic oxidation reactions, we will measure the oxidant flux using a steady
state method in which the metal and oxidant are codeposited. We have confirmed that the metal
flux from our effusion cell is sufficiently stable (stable to better than + 0.6% per hour after the
first two hours at temperature) to utilize this flux measurement method. This will enable us to
more accurately determine the oxidant flux passing through our nozzle. In addition, once we
establish the oxidant flux, we can pass ozone through this same nozzle to determine the purity of
the delivered ozone.

CONCLUSIONS

Using the gas flow equations applicable to the molecular flow regime, a ring shaped nozzle
was calculated to have the greatest efficiency given the geometric constraints of our system. The
optimized nozzle design was fabricated and the flux upon a QCM was measured to be within a
factor of about two of the expected (simulated) value. The predictions of our gas flow
simulations agree well with reported measurements both in magnitude and in shape.
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ABSTRACT

Epitaxial PbTiO, films have been grown on (100) SrTiO, substrates by pulsed laser deposition.
X-ray diffraction analysis indicates pure c-axis oriented PbTiO, films with a rocking curve FWHM
of 0.25° for the 002 reflection. Thicker films (~ 2000 A) grown on 4° miscut SrTiO, show mixed a-
axis and c-axis PbTiO, due to twinning along {011} planes. The [100] axis of the a-axis domains
are misoriented by 3.4° - 3.8° toward <001> substrate directions with respect to the substrate
normal. In contrast to growth on well-oriented (100) StTiO, surfaces where the four equivalent tilts
of the {100] axis of the a-axis domains are equally likely, on vicinal SrTiO, the a-axis domains are
preferentially oriented (~ 90 vol. %) in an uphill direction with respect to the miscut substrate.

INTRODUCTION

PbTiO, has become an extensively studied ferroelectric material. It has a variety of potential
applications including ultrasonic sensors, infrared detectors, and ferroelectric random access
memories." Growth of PbTiO, as been hampered by problems with lead volatility.>® However,
high quality films have been made by MOCVD,* laser ablation,’ sputtering,’ and through the use of
solution precursors, We have been able to grow PbTiO, films with excellent phase purity and
crystallinity by laser ablation using a lead-rich target. Paramount to the growth of well-oriented
PbTiO, has been careful control of the substrate temperature. The extreme volatility of lead has
given us a small (< 20° C) window where stoichiometric PbTiO, has been realized® On the cold
side of this window we see evidence of lead-rich phases (PbO, the litharge polymorph). On the
other hand, lead-poor phases are present (PbTi,0, and TiO,, the anatase polymorph) when a
stoichiometric PbTiO, target is employed. '

EXPERIMENTAL

PbTiO, targets (2.5 cm diameter) are synthesized in-house using a traditional ceramic
synthesis route. Powders of PbO and PbTiO, are ball milled in water for 36 hours using Darvan C
as a dispersant. The mixture is then dried and pressed in a uniaxial press to+1500 psi (10 MPa) in
order to achieve sufficient green strength to transport the pellet to a cold isostatic press. The pellet
is then cold isostatic pressed to 40,000 psi (276 MPa). Sintering occurs in a lead-rich atmosphere
(to prevent lead loss) at 770° C for 4 hours. Using this synthesis route we are able to achieve
densities in excess of 98% of theoretical while minimizing lead loss (< 0.5% by weight).

Figure 1 shows a schematic of our film deposition system. The rotating target is ablated by
a 248 nm KrF excimer laser. The substrate is radiatively heated by an alumina furnace with a
Kanthal®' A-1 heating element which surrounds the substrate and allows for easy switching
between off-axis and on-axis geometries. Typical deposition temperatures for PbTiO, are 630° C -
640° C using SrTiO, (100) and vicinal (100) StTiO, single crystal substrates. In a typical growth,
the substrate is located 6-7 cm from the target in an oxygen/ozone (~ 5% O,) ambient of
5-30 mTorr. The laser is focused to achieve an energy density of 2 J/cm? with a repetition
frequency of 20-30 Hz. '

The targets have a 60% to 40% molar ratio of PbTiO, to PbO, respectively. This excess
lead content enables us to grow stoichiometric PbTiO, by adjusting the temperature to achieve a
~ 1:1 ratio of Pb to Ti in the depositing films.®
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Fig. 1. A schematic of the laser ablation setup
RESULTS AND DISCUSSION

The presence of PbTiO, grains oriented with their a-axis perpendicular to the (100) SrTiO,
substrate (a-axis oriented PbTiO,) mixed with grains oriented with their c-axis perpendicular to the
substrate (c-axis oriented PbTiO,) have been seen in films grown from solution precursors,” and
grown by MOCVD?® and laser ablation.” Seifert ef al.? reported a relative tilt of 3.5° between the
{100] axis of a-oriented PbTiO, grains and the [001] axis of c-oriented PbTiO, grains caused by
twinning along {011} planes. Similarly, Li ef al.® saw a 3.0° tilt of the a-axis of a-oriented PbTiO,
grains away from the substrate normal. They reported that below a thickness of 150 nm, the x-ray
intensity associated with the g-axis oriented PbTiO, domains disappears® indicating that thinner
films are completely c-axis oriented. Films thicker than 150 nm grown ¢n (100) StTiO, display
mixed g-axis and c-axis orientation.® Hsu and Raj’ report a relative tilt of 2.65 £ 0.5° of the a-axis
of a-oriented PbTiO, grains away from the (100) StT10, substrate normal. This tilt angle remains
independent of thickness from 50 to 350 nm, and the volume fraction of a-oriented material
increases continuously as a function of thickness.” Below a thickness of 37 nm they report that
there are no longer a-oriented domains present based on x-ray diffraction analysis.” TEM studies of
the PbTiO,/substrate interface have shown that the domain boundaries begin at the interface and
extend into the film.**'%"" The importance of this observation will be discussed in conjunction
with the structure of thick PbTiO, on vicinal (4° miscut) (100) StTiO,. -

Figure 2 shows the x-ray diffraction pattern of a 400A thick PbTiO, film deposited on (100)
StTiO, by 90° off-axis PLD. Intense 00¢ peaks indicate that the film is pure c-axis oriented PbTiO,;
additional scans show that no other orientations are present. The rocking curve FWHM of the
PbTiO; 002 reflection is measured to be 0.25° showing excellent out-of-plane alignment. Figure 3
is an azmuthal scan (¢-scan) of the 101 reflections of this same film. The peaks show a
cube-on-cube orientation with a FWHM of 0.4° in ¢, indicating little variation in the in-plane
alignment. These peak widths are all comparable to the instrument resolution of our Picker 4-circle
diffractometer. This film contains no a-axis grains caused by {011} twin boundaries in agreement
with the findings for epitaxial PbTiO, films grown on (100) 8TiO, by MOCVD.®

Figure 4(a) shows the x-ray scan of 2 2000 A thick film of PbTiO, grown on a 4° miscut
SrTiQ, substrate using on-axis PLD. The vicinal (100) substrate was misoriented by 4° toward
[001). The c-axis is slightly, but resolvably (0.1°), misoriented from the substrate normal. The
scan shows good out-of-plane orientation with a rocking curve FWHM of 0.35° for the PbTiO, 002
reflection. The peaks at © = +3.4° and o = -3.8° in figure 4(b) show the presence of a-oriented
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PbTiO, grains. The offset in o is cause by ~90° domain boundaries along {011} planes.>® From
the integrated x-ray intensity it is evident that the a-axis PbTiO, domains have a smaller volume
fraction than the c-axis domains. The a-axis is preferentially tilted “uphill,” as defined by the ** -
macroscopic tilt of the substrate surface with respect to the (100) SrTiO, plane and schematically
indicated in Fig. 4(b). The tilt of the g-axis grains has been previously described as a geometrical
consequence of the large ~1.06 c/a ratio in PbTiO,.** Because SrTiO, has 4-fold rotational
symmetry, we see four directions of a-axis tilt following the four equivalent {011} twin planes.
Based on x-ray diffraction integrated intensity, 90 volume percent of the a-axis material is tilted
uphill, 4% tilts downhill, and 3% is tilted toward each of the non-tilted directions of the substrate

(toward [010] and [010]). This is in contrast to the equally likely (i.e., four peaks of equal
intensity) {011} twin boundaries previously reported in PbTiO, films grown on well-oriented (100)
SrTiO, substrates. ™

The preferential orientation of the a-axis PbTiO, domains can be explained by lattice
matching considerations. As the film growth temperature is well above the Curie temperature
(490° C for bulk PbTiO,), twinning of the PbTiO, must occur during cooling following film
growth. The <100> directions of the SrTiO; substrate — both the in-plane directions of the (100)
SiTiO, surface as well as those of the integral-unit cell high step edges ~— are much better lattice
matched to the g-axes of PbTiO, than to its c-axis. Consequently, as schematically depicted in
figure 5, it is energetically favorable for the regions of the PbTiO, film in contact with the {100}
SrTiO, surfaces to be (001) PbTiO, surfaces. Such an orjentational relationship provides excellent
lattice matching between the in-plane <100> StTiO, directions and the in-plane [100] and [010]
PbTiO, directions.

PbTiO, film

{011} twin boundary

3.5° from substrate
a \ _ : V normal ,

c
\ c
c-axis \\\ .
domai : a-axis
mam e T ¢ \ ¢ domain
\ b
\ a
\ .
g X ¢ NS .
2 ~
M N
A g ¢ c c T \N a step ed
e\z - \ \
* %\ ~ro01] siTio, \

Fig. 5. Schematic showing how the presence of step edges on a vicinal (100) SrTiO, substrate may
lead to the preferred nucleation of a (101) twin boundary. The arrows indicate the direction in
which the c-axis lies. The tetragonality of PbTiO, has been exaggerated for clarity.
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An interesting situation arises at the step edge. Here, the favorable lattice match of (001)
PbTiO; to both the SrTiO; terrace and to the SrTiO, step edge results in a (101) twin boundary.
Other workers have shown that the introduction of domain boundaries in PbTiO, films grown on
SrTiO, is favored to reduce strains that arise from the PbTiO, phase transition and differences in
thermal expansion between the film and substrate upon cooling.'>" Step edges are an energetically
favorable place for these twin boundaries to intersect the substrate.

On well-oriented (100) SrTiO, surfaces there is not a dominance of any step edge, and all
four types of {011} twin boundaries occur with equal likelihood. However, the vicinal (100)
SrTiO, surface contains a dominant step edge direction and the corresponding (101) twin boundary
dominates as is schematically shown in figure 5. The tetragonality of PbTiO, has been exaggerated
in this figure to clearly illustrate the geometrical cause of the 3.5° tilt of the a-axis of PbTiO, with
respect to the crystallographic normal. This explanation is consistent with our observation that a
preferred orientation of a-domains is found only on vicinal substrates. This indicates that the
phenomenon is related to a dominance in the direction of the steps on the SrTiO, substrate.

CONCLUSIONS

We have grown high quality epitaxial PbTiO, films on (100) SrTiO; and vicinal (100)
SrTiO, by pulsed laser deposition. A lead-rich target was employed to eliminate problems with lead
volatility. By locating a narrow temperature window where there exists a ~ 1:1 Pb to Ti ratio in
as-deposited films, we have grown thin (< 500 A) PbTiO, films that are completely ¢-axis oriented
and have narrow rocking curve widths. Similarly, high quality thick films (~ 2000 A) have been
grown on vicinal (4° miscut) (100) SrTiO, substrates with a-axis and c-axis PbTiO, domains
present. The a-axis PbTiO,; domains are preferentially oriented in an uphill direction with respect to
the miscut substrate. .

ACKNOWLEDGMENTS

We gratefully acknowledge Y. Hou at AT&T Bell Laboratories for the RBS composition
analysis and the financial support of the Office of Naval Research through grant N0O0014-94-1-
0690.

REFERENCES

1. J.F. Scott and D. A. Paz de Araujo, Science 246, 1400 (1989).

2. A. Seifert, F. F. Lange, and J. S. Speck, J. Mater. Res. 10, (1995).

3. K. lijima, I. Ueda, and K. Kugimiya, Jpn. J. Appl. Phys. 30, 2149 (1991).

4. g’s.-F. Chen, T. Yu, J.-X. Chen, L. Shun, P. Li, and N.-B. Ming, Appl. Phys. Lett. 66, 148
(1995).

5. H. Tabata, O. Murata, T Kawai, S, Kawai, and M. Okuyama, Appl. Phys. Lett. 64, 428
(1994). :
6. Although 4-circle x-ray diffraction indicates that these films are phase-pure PbTiO,, composition
analysis by Rutherford backscattering spectrometry (RBS) indicates that even such single-phase
films have a Pb/Ti ratio of 1.10 to 1.15.

7. Kanthal is a registered trademark of Kanthal AB, Sweden. :

8. Z.Li, C. M. Foster, D. Guo, H. Zhang, G. R. Bai, P. M. Baldo, and L. E. Rehn, Appl. Phys.
Lert. 65, 1106 (1994).

9. W.-Y. Hsu and R. Raj, Appl. Phys. Lett. 67, 792 (1995).

10. S. Stemmer, S. K. Streiffer, F. Emst, M. Ruhle, W.-Y. Hsu, and R. Raj, Solid State Ionics
75, 43 (1995). ' :

11. S. Stemmer, S. K. Streiffer, W.-Y. Hsu, F. Ernst, R. Raj, and M. Ruhle, J. Mater. Res. 10,
791 (1995).

12. J. 8. Speck and W. Pompe, J. Appl. Phys. 76, 466 (1994).

13. W. Pompe, X. Gong, Z. Suo, and J. S. Speck, J. Appl. Phys. 74, 6012 (1993).

176




in Ferrodleceic Thia Fiims X, vol. #33 (MRS, 1996) pp. 363-374
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Abstract

Ferroelectric thin films typically differ from bulk ceramics in terms of both the average
grain size and the degree of stress imposed on the film by the substrate. Studies on bulk ceramics
have demonstrated that the number of domain variants within grains depends on the grain size for
sizes <~lum. This can diminish the poling efficiency of the material. Since most thin films show
primary grain sizes well below a micron, similar effects should be observed in films. In addition,
since the perovskite ferroelectrics contain ferroelastic as well as ferroelectric domains, it seems
clear that stress in thin films may markedly alter the degree to which domain walls contribute to the
observed properties. In this paper, the relative importance of these factors are discussed for
several types of ferroelectric thin films. Films have been prepared by pulsed laser deposition,
magnetron sputtering, and by sol-gel processing. It has been found that epitaxial BaTiO3 films are
ferroelectric at 77K down to thicknesses as low as ~ 60nm. Data on the low and high field
electrical properties are reported as a function of temperature, the film crystallinity, and film
thickness for representative perovskite films.

INTRODUCTION

This paper discusses the role that size effects and domains have in contributing to the
properties of ferroelectric thin films. Here, size effect will be used to describe any change on the
properties of the ferroelectric associated with a decrease in dimension. The paper will be broken
down into 5 sections: 1) a review of size effects in bulk PZT materials, 2) a description of size
effects in laser-ablated BaTiO3 thin films, 3) a description of domains in PbTiO3 on miscut
substrates, 4) an introduction to the effect of in-plane stress on polycrystalline thin films, and
finally, 5) a review of phase switching PbZrOs3 films which may be useful in high strain actuators.

SIZE EFFECTS IN LEAD ZIRCONATE TITANATE CERAMICS'

In considering the role that size plays in controlling the properties of thin films, it is
important to examine what is known regarding the role of size in bulk ceramic materials. In
polycrystalline Pb(Zr).4Tix)O3 (PZT) ceramics, it is well known that in addition to the intrinsic
response of the material which would be expected for a single domain specimen, there is a
significant contribution to the observed dielectric constant, ¢, due to domain wall motion. As
described by Zhang et al.,! soft PZT compositions show a significant enhancement in the room
temperature dielectric constant due to mobile domain walls, over either hard PZTs or the
phenomenological prediction of properties (which includes no domain wall contributions). As the
temperature is decreased to OK, the domain wall motion is frozen out, and the properties of all the

PZTs converge. Similar behavior was shown for the piezoelectric coefficients,! where non 180°
twin walls were shown to contribute roughly one-half of the room temperature piezoelectric
properties of soft PZTs. Thus, in describing size effects in ferroelectrics, it is important to
consider the roles of both intrinsic and domain wall contributions to the properties.

An excellent example of this is discussed in the work of Kim et al. on grain size effects in

PZT ceramics.” In that work, fine-grained Nb-doped PZT ceramics were prepared by a reactive
calcination route combined with hot pressing. This resulted in ceramics with clean grain
boundaries and sharp phase transitions. With decreasing particle size, these materials showed a
decrease in the poled dielectric constant measured at 300K for grain sizes <~1pm, while tan$ rose.
On the other hand, much less size dependence was observed at 10K, where domain wall
contributions are largely frozen out. Thus, it appears that as grain size is decreased in PZT




ceramics, there is less domain wall contributions to the properties than is observed in larger grained
ceramics of the same composition. Two factors were investigated to account for this. Fig. 1
shows the changes in the lattice parameters of tetragonal PZT ceramics with grain size. It is clear
that both the unit cell volume and the tetragonality decrease at grain size below ~ 1 pum. Similar
behavior was observed in rhombohedral compositions. In contrast, fine powders with the same
particle sizes show no decrease in the spontaneous strain, implying that the three-dimensional
residual stresses in the polycrystalline ceramic are responsible for the size dependent changes.
Since the spontaneous polarization is tied to the distortion in the unit cell, this should result in some

size dependent properties. _ v S
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function of decreasing grain size.
This was attributed to a decrease in
domain wall mobility in the fine-
grained materials probably associated
with elastic constraints. (Note that for
these data on Nb-doped PZT, the
grain boundaries were shown to be
clean, so that the size-induced changes
were not determined by dilution with a
R non-ferroelectric  grain  boundary
Mean Grain Size (um) (Log scale) phase.). As a consequence of the
decrease in the remanent polarization,
the piezoelectric coefficients d,; and
d;, for these ceramics also dropped
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Fig. 1: Changes in the tetragonality of PZT ceramics as a
function of grain size. From?

for grain sizes < lum. Given these




data and the fact that thin films typically have grain sizes < 0.5 pm, it becomes a significant
question as to whether it will be possible to generate appreciable domain wall contributions to
dielectric or piezoelectric properties in thin films.

A second significant difference between ceramics and thin films is the stress state of the
materials. In bulk ceramics, the average stress on each particle is approximately hydrostatic,
whereas in thin films, the stress is largely biaxial. Since many ferroelectrics are ferroelastic as well
as ferroelectric, stresses should strongly influence the film properties (particularly through domain
wall mobilities) Consequently, size effects may be considerably different for ferroelectncs
experiencing different elastic or electrical boundary conditions. - -

Grain Boundary | SIZE EFFECTS IN BaT103 THIN FILMS

In order to investigate intrinsic size effects in
ferroelectrics, epitaxial (001) BaTiO3 thin films were
grown on a variety of substrates by pulsed laser

deposition (PLD)4 BaTiO3 has been shown
previously to be susceptible to size effects in
powder, ceramic, and single crystal forms. 56782101
A sintered BaTiO, target was ablated using a KrF
excimer laser. All films were grown in a 10%
ozone/oxygen ambient to improve the oxygen
stoichiometry. Typical background gas pressures
during deposition were ~100 mtorr. Substrates were
conductively heated to between 600 and 700°C
during deposition to enable epitaxial growth.
Depositing in the off-axis geometry resulted
in very little energetic bombardment of the film
during growth. As a result, the films were quite
close to stoichiometry (as measured by Rutherford
backscattering (RBS)), but multiple in-plane
orientations were always seen in ¢-scans taken with

Domain
Wall

Fig. 2: Schematic representation of twin
walls showing coupling across grain
boundaries in PZT ceramics, after
reference’.

the 4-circle X-ray diffractometer. On the other hand, epitaxy was easily achieved when films were
grown in the on-axis geometry, where the films experienced more bombardment by high energy
species during growth. The surface morphology of on and off-axis films followed predictions
from the structure zone model for growth under high and low adatom mobility conditions,
respectively.

It was found that excessive bombardment during growth resulted in anomalously large
lattice parameters, peak splitting, and Ba deficient films (See Fig. 3). These factors resulted in
poor film properties. Once the bombardment levels were reduced, BaTiO, films with lattice
parameters close to the bulk material could be deposited. Similar behavior was observed in the
epitaxial SrRuO, films used as bottom electrodes.

Using approprlate deposition conditions, epitaxial BaTiO, films between 60 and 200 nm in
thickness were deposited on ablated StRuQ, electrodes on pohshed LaAlO, and SrTiO, substrates.
Gold electrodes were then sputtered onto the top surface of the film through a shadow mask so that
through-the-thickness electrical property measurements could be made. Concentrated HF was
used to remove the BaTiO, in one region of the film to permit electrical contact to the bottom
electrode. The dielectric propertles were measured as a function of temperature at 10 kHz using an
HP 4276A LCR meter and a convection oven with a range of -175°C to 270°C. Hysteresis
measurements were made at both room temperature and 77K using an RT66A. Epitaxy was
confirmed using a Picker 4-circle X-ray diffractometer which had angular resolutions of 0.15°,
0.24°, 0.35°, and 1.8° in the 26, o, ¢, and y circles, respectively.

As expected on the basis of the lattice mismatch, the BaTiO, films in
BaTiO,/SrRuO,/SrTiO, (BSS) heterostructures showed lower full w1dth half max (FWHM) values
in all c1rcles than did ﬁ]ms of the same thickness, deposited under identical conditions, prepared on
LaAlQ, substrates (BSL series). This was reflected in a larger coherent diffraction region
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Fig. 3: 0 - 20 X-ray diffraction patterns of the BaTiO, 004 peak for epitaxial BaTiO, films as a
function of the bombardment during growth. All films were grown in the on-axis geometry. The

background pressure and the film-substrate distance are given in the legend. The degree of’
bombardment decreases from (a) to (b) to (¢).

Table 1: Crystallinity of PLD BaTiO, Films

"Sample 002 peak FWHM Coherence length calculated | Lattice parameters at 25°
| (°20) from 00/ reflections _
BSS-12 0.3 79 nm { ¢ =4.03A
a =4.00A
BSL-18 | 0.6 33 nm a =c=4.01A

calculated from the 001, 002, 003, and 004 peaks using the Hall-Williamson method'? for the film
on SrTiO, (See Table 1). In addition, the BSS film showed room temperature tetragonality,
implying the stabilization of the ferroelectric phase, while the film on LaAlO, was cubic, within the
resolution of our diffractometer. Both films were ~ 3 + 5% Ba-deficient as measured by RBS and
dc plasma emission spectroscopy. It is important to note, however, that no second phases were
observed by X-ray diffraction, even though Ba-deficient bulk materials show phase separation at
small nonstoichiometries. Thus, it appears that in these films, a composition outside of the normal

| solubility limits was stabilized by the epitaxial arrangement between the film and the substrate.

When the electrical properties of these two films were measured (see Fig. 4) it was clear
that the transition temperature depended on the film crystallinity, with the more perfect film
showing higher transition temperatures. Stress effects associated with the difference in thermal
expansion coefficients between the film and the substrate from the growth temperature to room
temperature cannot account for the observed transition temperature shifts.!*> Moreover, when the
high field properties of these films were measured, it was found that BSS-12 showed hysteresis in
the polarization at room temperature, where BSL-18 did not. This is consistent with the X-ray
measurements. Both films, when cooled down to 77K showed clear hysteresis loops with P,
values of ~3 pC/em?® and ~2 pC/cm?, respectively.




It was also noted that the decrease in the transition temperature was not as severe in 'off-ax_is
deposited films, perhaps as a result of those films being closer to the correct Ba/Ti stoichiometric
ratio. This is seen in Fig. 5, where data for the permittivity as a function of temperature is shown
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Fig. 4: ¢ and tan 6 of on-axis PLD BaTiO, films as a
function of temperature showing the importance of the
size of the coherent diffraction region in controlling the
transition temperature. The rise in €, tan & at elevated
temperatures is associated with conduction. Both films
were approximately 200 nm thick.

for a 60 nm thick BaTiO; film (Note
that as explained earlier, this film
showed extra in-plane orientations).
In this film, as in the off-axis films,
the dielectric maxima showed a diffuse
phase transition. The low dielectric -
loss values above 100°C shown by this
film permitted a Curie-Weiss analysis
of the data. It was found that the Curie
constant for this film  was
approximately an order of magnitude
below that of bulk BaTiO, ceramics
(1.6 x 10°%°C). The origin of this
behavior s currently  under
investigation. This film showed a
well-developed hysteresis loop at 77K
(P, ~ 5 nCl/cm’®) as well as breakdown
strength > 3 MV/cm at 77K.

From this data, it is clear that
transition temperature in ferroelectric
thin films is affected by the size of the
coherent diffraction region, even in
epitaxial films, where presumably the
“grain” - to - “grain” coupling should
be quite good.
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Fig. 5: (a) ¢, and tan & and (b) Curie-Weiss plot for a 60 nm thick off-axis BaTiO, film on

SrRuO,/LaAlO,

DOMAINS IN EPITAXIAL PbTiO, on SrTiO,

Because domain walls can make such a considerable contribution to the properties of
ferroelectric thin films, it is also important to examine the way in which domains behave in
epitaxial films. Some recent work in this area was recently carried out by Theis and Schlom of
Penn State for epitaxial PbTiO, on SrTiO,.'*!* As has been described by Pompe e al.,'® when




PbTiO, epitaxial films are cooled from the growth temperature, it is common for the films to show
primarily c-axis orientation, with some a domains which appear tilted from the PbTiO, c-axis in
each of four equivalent directions. To investigate some of the factors controlling the stability of
domain walls in this system, Theis and Schlom grew epitaxial PbTiO, films on well-oriented and
vicinal (001) SrTiO, susbtrates by PLD. As expected, films grown on normal cut SrTiO, showed
the expected four a domain orientations. However, as shown in Fig. 6, films grown on
misoriented SrTiO, showed that the a domains were preferentially oriented in the uphill | direction.
That is, the presence of aligned steps on the SrTiO, substrate led to preferential orientation in the
observed domain patterns for the films.. The degree of preferential alignment of .the a domains
.increased as the miscut angle of the substrate increased. It was also observed that on miscut
substrates, the ¢ axis of the PbTiO, film was tilted a small, but measurable, angle away from the
[001] SrTiO,.
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Fig. 6: Rocking curve of the SrTiO, 002 reflection for PbTiO, films on (a) normal cut and (b)
miscut (001) SrTiO; substrates. The satellite peaks correspond to PbTiO, 200 reflections. It is
clear from the log scale involved that misoriented substrates can lead to significant levels of
preferred orientation in the a domains.

This behavior was modeled as shown in Fig. 7. Since the a lattice parameter of PbTiO, has
a much better lattice match to the SrTiO, a axis than is the PbTiO, c-axis, when the film is cooled
from the growth temperature through the Curie temperature, it is reasonable to believe that at step
edges, the a lattice parameter will be elastically constrained by the substrate on both faces of the
step. This in turn, could force the nucleation of a domains in the film. Since in a miscut substrate,




the steps are faceted with {100} surfaces and are arranged to accomodate the macroscopic tilt of the
substrate (i.e. the steps are preferentially oriented in specific directions), this would explain the
observed partiality for a single a domain orientation.

Given this model, one of the key questions to consider is the mobility of such elastically
constrained domain walls. If in fact, the wall is pinned by the substrate, then it is not clear that
under reasonable applied fields that the twin wall will be mobile. That is, not only may it be
impossible to remove the 90° twins, it may also be difficult to generate appreciable lateral motion of
the domain wall. As a result, it is possible that such domain walls will not contribute in any
significant way to either the -dielectric or the electromechanical properties of ‘these ferroelectric

films. Since, as described above; twin wall motion accounts for ~ one half of the observed . -

piezoelectric coefﬂments of soft PZT ceramics, loss of twin wall mobility may significantly limit
the electromechanical response which can be generated in thin films. (Note that 180° domain
walls, which may be mobile, do not contribute to the piezoelectric response). This clearly has
significant consequences for the microelectromechanical systems (MEMS) community, where large
displacement thin film actuators are desired. It remains to be seen whether the ability to prepare
highly oriented or epitaxial PZT films will increase the piezoelectric coefficients enough over the
randomly oriented polycrystalline case to make up for much of this loss.
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Fig. 7: Schematic representation of the origin of preferred a domain orientations for PbTiO, films
on miscut (001) SrTiO, substrates. The tetragonality distortion of PbTiO, has been exaggerated.

CONTROLLED IN-PLANE STRESS EXPERIMENTS IN PZT THIN FILMS

In order to begin to examine the mobility of domain walls in PZT thin films, a series of
experiments has been initiated where the properties of the PZT films were measured while the film
was maintained in a state of controlled biaxial stress. This was done using a fixture which
supported the substrate at three equidistant points while pressing down on the top at the center.
Both load and displacement were monitored throughout the measurements.

The sol-gel PZT 52/48 films used were prepared usmg a_methoxyethanol solvent
following a modification of the Budd, Dey, and Payne procedure.” Multiple coatings of the
solution were spun onto Pt/Ti/SiO,/Si substrates, with an intermediate pyrolysis step between each
layer. The film was then crystalhzed using a rapid thermal annealer. Typically, these film had
primary grain sizes on the order of 50-100 nm. A corner of the bottom electrode was exposed by
etching the PZT with dilute HF solution. Sputtered gold top electrodes 1.5 mm in diameter were




used as top contacts. The low and high field electrical properties were then measured at fixed
biaxial stress levels using an HP 4192A impedance analyzer and an RT66A ferroelectrics tester,
respectively. :

Prior to exerting a controlled in-plane stress on the film, the initial stress state of both the
electrode and the PZT were measured using wafer curvature. As received, the sputtered Pt/Ti
electrode was in a state of compressive stress. However, as has been reported elsewhere,
following exposure to the PZT crystallization procedure, the room temperature stress was strongly
tensile. The final PZT stress state following crystallization was between 70 and 110 MPa tensile
for a 0.38um thick film. Similar stress states following heating were observed in electron beam
- evaporated electrodes. ‘ S ’

Several of these films were then exposed to additional tensile stress by flexing the
substrate. As can be seen in Fig. 8, the result was a drop in the capacitance; the dielectric loss of
the film remained unchanged. Similar results were reported by Garino and Harrington.'® This
change was coupled with a decrease in the remanent and saturation polarization values for films
under tensile loading conditions (See Fig. 9).

On unloading, the
Capacitance vs. Applied Load hysteresis remanent
2925 . : . : . : , T polarization was recovered
to its initial value. That is,
the change on loading and
i unloading was reversible
(See Fig. 10).  Exper-
iments are underway to
measure the piezo-electric
response of the films as a
function of the in-plane
stress level. This should
7 be quite useful in
describing the properties of
PZT films in MEMS
. ' applications, particularly in
o ) ) 3 4 5 p 7 " structures where it may not
Load (Ib be possible to design a low
oad (Ibs.) . | stress level into the PZT.
Fig. 8: Change in capacitance of a PZT 52/48 sol-gel film as a| This work should also help
function of applied load. For this measurement, the tangential stress| determine if it will be
on the film was ~ 2.5 times the radial stress. possible ~ to  generate
significant domain wall
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ANTIFERROELECTRIC PbZrO, THIN FILMS

Because it is not clear whether or not it will be possible to generate appreciable domain wall
contributions to the electromechanical properties of ferroelectric (FE) thin film actuators, one of the
important questions for MEMS applications is how to develop high displacement actuators. To
address this need, highly (111) onented (mdexed on the cubic unit cell) dc magnetron sputtered
PbZrO, thin films have been prepared Films were deposited at room temperature onto a
PYT 1/8102/81 target. In order to maintain reproducible film composition, the Pb target was current
controlled, while the Zr target was power controlled. Typical deposition conditions were 52 mA to
the Pb target, 250 W to Zr target, and a background gas pressure of 10 mtorr (90%Ar/10%0,).
Crystallization was performed using a rapid thermal annealer using annealing times of 700°C for 30
seconds.

These films show clear double hysteresis loops associated with the field-forced
antiferroelectric (AFE) phase transition (See Fig. 11). The field levels required to generate the
ferroelectric phase were on the order of 290 kV/cm, while the reverse transition occurred at 180
kV/cm. Saturation polarizations up to 70 pC/cm’ were obtained at room temperature. This is
considerably larger than the 40 uClem? that can be generated in polycrystalline ceramics due to the
high degree of orientation. In the low field properties, the PbZrO, films showed a broadened
phase transition with a transition temperature of 248°C, ~20°C hlgher than the transition in bulk
crystals, probably because of the stress in the film. On cooling to liquid nitrogen temperature, the
films showed an antiferroelectric-ferroelectric phase transition the first time the electric field was
applied. On releasing the field, the film developed a metastable ferroelectric phase and a
ferroelectric-ferroelectric phase transition on subsequent traverses of the hysteresis loop. The
stable ferroelectric phase could be restored by heating the ﬁlm to room temperature. This behavior
is comparable to that observed in PbZrO, single crystals,?' but is rarely observed in polycrystalline
ceramics.

The strain accompanying the antiferroelectric-ferroelectric phase transition in these films
was measured using a double beam interferometer with a displacement resolution of 102 A. In this
arrangement, light is reflected from both the front and back surface of the film, thus errors
associated with flexure of the substrate are minimized. For electrical contact, 1.5mm gold
electrodes were sputtered onto the front surface of the films through a shadow mask. Again, a
portion of the film was etched away to expose the bottom electrode. For these measurements, a dc
bias of 6.5 V was applied in order to put the film near the phase switching point. A 10 Hz
alternating field was then superimposed to force the phase transition. As shown in Fig. 12, these
films show appreciable electrically-induced strain, up to 0.25%. The onset of the strain is rather




gradual, possibly due to variations in the antiferroelectric-ferroelectric transition field level.
Because the breakdown strength of the films was quite high, it should be possible to use these
films as large strain actuators.
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Fig. 11: Polarization-electric pield hysteresis loop for an oriented PbZrO3 film showing the
antiferroelectric to ferroelectric transition -
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