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The c-axis oriented YBaCwO,_s 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 observed0and 45 in-plane rotations. We have investigated the origin

of this ~9° orientation usingn situ electron diffraction during growth anelx situ

4-circle x-ray diffraction. Our results indicate that th@°orientation provides the

most favorable lattice match between the interfacial (110)-oriented Ba&paxial

reaction layer, which forms between YE&s0,_s and the YSZ substrate. If epitaxy

occurs directly between YB&usO,_s and the YSZ substrate, i.e., before the BaZrO
epitaxial reaction layer is formed, thé @nd 43 domains have the most favorable lattice
match. However, growth conditions that favor the formation of the BaZegaction

layer prior to the nucleation of YB&wO;_; lead to an increase in9° 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)BiZLaAlO3. The YBaCwO;_5/YSZ

case involves epitaxial alignment betwednd {]z.z.0, and [110}sz, resulting in an

expected in-plane rotation of 12.8 9.7 for fully commensurate and for fully relaxed
(110),7:0, ON (001)sz, respectively.

I. INTRODUCTION orientation at specific locations into epitaxial oxide films

Controlling the types and locations of grain bounda-IS thus very importa_nt for microelectronic_applications_.
ries between single crystals is not only useful for devel-ON€ €xample of grain boundary engineering is the “bi-
oping a detailed understanding of the effects of grairffPit@Xy” process used to introduce4g¥ain boundaries

boundaries on the physical properties of a materialM© epitaxial oxide superconductor filmd8.This process

but in many instances it is useful for device purposes,has been utilized to make superconducting quantum-
terference devices (SQUID’S).

Grain boundaries lie at the heart of many electroceramit A . he | . d
devices, e.g., varistors, positive temperature coefficient . JUSt @s it is important to engineer the location an

(PTC) thermistors and internal-barrier-layer capacitors, Ofiéntation of introduced-grain boundaries, it is vital for
They influence the motion of domain boundaries inMany device applications to have the remaining regions

ferroelectrics and disrupt superconductivity in oxide su-T€€ Of grain boundaries. It is for these reasons that we

perconductors, causing “weak links” and Josephson juncstudied the origin of thep ~ 9° peaks observéd™ in

tions. The ability to introduce grain boundaries of chosen<"@y diffraction studies of epitaxial films of YB&us-
O,_s grown with their c-axis aligned normal to the

plane of the (001) yttria-stabilized cubic zirconia (YSZ)

apresent address: Department of Mechanical Engineering and Materﬁ!JbStrateS C('E}Xis o_rienFed YBgCusO;-5 films). F(_)Uf'
als Science, Duke University, Durham, North Carolina 27708-0300circle x-ray diffraction is often used to characterize the
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in-plane orientation of films. X-ray diffraction peaks at YSZ substrate$3>'1141%20The most common orienta-
¢ ~ 9° signify grain boundaries that, in their presenttions observed are rotated &nd 45 from the cube-on-
uncontrolled state, are unwanted as they degrade thmube orientation relationship. Specifically, tHai®-plane
critical current density and microwave surface resistanceotation from cube-on-cube refers to

of the superconducting YBE&WO;_s film.6:912-14 |f

understood and controllable, thes®° boundaries (and (001)yBa,cus0, 5 Il (001)ys

45° — 9° = 36° grain boundaries) would be a signi- and [100]yg,,cu,0,, | [100]ysz
ficant improvement over 45bi-epitaxy boundaries for . .

many applications because of the higher critical currengnd the 43 in-plane rotation denotes

densities of the Josephson junctions formed at thes&)m)YBazCu}OH Il (001)ysy

lower-angle boundaries.
9 and [110]yse,cai0,, | [100]ysz -

II. BACKGROUND 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
temperature3®’ 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 mismatéh of about—5.7% with a near-
coincident site surface mesh cell area of 0.14 nfihe

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 hiMence, under
growth conditions where there is sufficient surface
mobility (e.g., high substrate temperature), the dominant
orientation relationship observed is the&, @ube-on-

To clarify the lattice match discussions that fo
low, the crystal structures of YB&wO,;_5, YSZ, and
BaZrO; are shown in Fig. 1 and their lattice parame-
ters are given in Table I. YB&uO,_s has a layered
perovskite-related structure, YSZ has the fluorite struc
ture, and BaZr@is a simple-cubic perovskite.

Multiple in-plane orientations have been reported
in c-axis oriented YBgCusO,_s films grown on (001)

rE ”.H cube, orientation relationship because of its lower lattic
B L.tl li-.-%l mismatch. Similarly, under conditions of low surface
s= =4 ¢ mobility, the 45 in-plane rotation is dominant. In
.fga Y,0,—7r0, BaZrO; YBa,Cu;0,,  addition, nucleation at surface steps on (001) YSZ
g (Y582 ' o substrates has been found to favor the’ 4%plane
=0 ‘ ‘—l 4‘\4(( rotation} an example of graphoepitaxy.
o) B [ ]

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 repoftof the ¢ ~ 9°
peaks was accompanied by a possible explanation
FIG. 1. The crystal structures of YSZ, BaZand YBaCusO;_s. for their occurrence involving a near-coincident site
Two equivalent representations of these crystal structures are showfattice model’®1! However, no experimental evidence
the atomic positions (above) and the coo_rdmaﬂon polyhed_ra (_befOr such a mechanism has been reported, and our
low). The oxygen atoms occupy the vertices of the coordination. .. . .
polyhedra. The relative sizes of the atoms reflect their relative ionic'nveSUga_tlon of t.hIS _phenom_enon SuPportS_‘ an alternative
radii, as given by Ref. 15. The origins of the unit cells have been€Xplanation, which is described belWThis alternate
chosen to illustrate the similarities between the structures. explanation was also independently proposed by Boikov

!. -

TABLE I. Lattice constants of YSZ, BaZr§) and YBaCuwO;—5s.

Material Lattice constant(s) as °C (A) Space group Reference
(Y203),(Zr0,),_, (YSZ) a = 5.140 Fm3m 16
(x = 0.095)
BazrG; a=4.193 Pm3m 17
YBa,Cuz07_5 a = 3.820 Pmmm 18
(6 =0 b = 3.885
c = 11.68
YBa,CuzO07-5 a = 3.857 P4/mmm 18
(6=1 c=1182
J. Mater. Res., Vol. 11, No. 6, Jun 1996 1337
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et al,° although beyond suggesting this mechanisnor
no supporting data was given. Here we presergitu
characterization demonstrating the formation of a(110)Bazco, I (001)vsz
~9° in-plane-rotated (110)-oriented BaZsGepitaxial and  [001],7.0, Il [100]ysz "'
reaction layer at the surfaces of (001) YSZ and (110
YSZ substrates exposed to BaO, and demonstrate th
~9° in-plane rotations of YBZCusO,_s grains occur .
on both of these YSZ substrate orientations at high45
substrate temperatures in agreement with or model.
The formation of ~9° in-plane-rotated domains in . EXPERIMENTAL
c-axis oriented YBgCwO;_; films grown on (001) YSZ Two orientations of YSZ substrates, (001)
and (110) YSZ are examples of a general phenomenand (110), both containing 9.5 mol % ,®; [i.e.,
examples of this same phenomena in the heteroepitaxid¥ ,03).005(Zr0>)0.009 Were used in this studip. Prior
growth of other materials are also presented. to growth the substrates were chem-mechanically
It has been widely shown that YBAusO,_s reacts polished®® degreased in acetone and alcohol, and
with YSZ to form BaZrQ,>*?® and thin interfacial mounted onto a substrate holder using silver paint
layers of BaZrQ are routinely observed between for the sputtered samples or indium for the samples
epitaxial YBaCuO,_s films and the underlying prepared by molecular beam epitaxy (MBE). The
YSZ substrate$l4192%-34 For the case ofc-axis samples grown by off-axis pulsed laser deposition
oriented YBaCwO;-5 films on (001) YSZ, both (001)- (PLD) were radiatively heated and loosely held by their
814193334 and (110)-orientetf®2°3! BaZrQ; reaction  sides, allowing both sides to be coated simultaneously.
layers have been seen at the ¥B&O,_5/YSZ The YBaCu;O, 5 layers were grown by dc hollow-
interface by cross-sectional transmission electron microcathode magnetron sputteriigand off-axis PLD®
scopy (TEM). The sputtered YB&uO,_5 films were grown at a
In previous studies of Vand 45 in-plane-rotated substrate heater block temperature of 750-780
YBa,CusO;-5 films grown on (001) YSZ substrates in a total pressure (AO, = 2:1) of 650 mTorr, and
which a BaZrQ epitaxial reaction layer has been seen,an after-growth cooldown in~0.5 bar Q lasting
the researchers concluded that the BaZidyer formed ~1 h. Additional YBaCuwO;_; films were grown by
afterthe orientation of the overlying YB&u;O,_5 layer  off-axis PLD at a substrate temperature of 780in
was establishet?** In this paper we show that if the 20 mTorr oxygen/ozone mixture~6% ;) and an
growth conditions are such that a BaZr@pitaxial- after-growth cooldown in 1 bar QOlasting ~1 h. The
reaction layer formsefore the nucleation of the over- BaO and (Ba, K)BiQ layers were grown by MBE at
lying YBa,CwO;_s layer, ~9° in-plane rotations of the substrate temperatures of 660—6&Dand 270—-280C,
overlying YBaCwO,_5 layer are favored. respectively. An oxygen plasma generated in a tube
The orientation of the BazZrDlayers formed by (20 W rf power and an oxygen pressure of 90 mTorr)
epitaxial reaction is different depending on whether theflowed into the MBE system, resulting in a background
BaZrQ; is formed before or after the nucleation of the pressure of X 1073 to 10* Torr during growth®® The
overlying YBaCwO;_;s layer. In the former uncon- crystalline structure of the film surface was monitored
strained case, the BaZs@ oriented (as we demonstrate by in situ reflection high-energy electron diffraction
below) with (RHEED) during growth. The BaZrgXilms were grown
by 90 off-axis magnetron sputtering at a substrate
(110)gazc0, Il (001)ys; and [111l]guzc0, Il [110]ysz , Eirp/rziraiur; (;I;I?C'):')OC and a total pressure of 100 mTorr
The orientation relationships between the
YBa,Cw;O,_5 films and YSZ substrates were deter-
mined using 4-circle x-ray diffraction in the
Bragg—Brentano geometry and radiation from a copper
(001)g, 7,0, Il (001)ysz x-ray tube. A schematic of the 4-circle geometry used is
and [100]gaz0, || [100]ysz >33 shown in Fig. 2.0-26 scans with the diffraction vector
normal to the wafer surface were first used to establish
which plane of the YBzCw 0,5 film lay parallel to the
(001) YSZ substrate. This was the (001) Y:BasO;_s
plane for all of the growths discussed here (i.e., all are
(001)Bazo, Il (001)ysz c-axis oriented YBgCw;0;_; films). Then ¢-scans of
and [110]gazi0, Il [100]ysz .*'*  YBa,CusO,-5 103 reflections were used to establish the

e unconstrained orientation leads to in-plane rotations
of ~9°, while the constrained orientations lead toabid
in-plane-rotated YBg&Cu;0,_5 grains.

whereas in the latter constrained case the BaZiO
oriented with

or
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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.

We then show that at high substrate temperatures
c-axis oriented YBgCu;O,_5 films grown on both
(001) YSZ and (110) YSZ contain~9° in-plane-
rotated YBaCuwO;-5s domains. This implies that the
~9° rotation of the YBaCu;O,_s 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 the9°-
rotated BaZrQ@ reaction layer prior to the nucleation
of the overlying YBaCu;O,_s lead to an increase in
~9°-rotated YBaCwO,_s domains.

Finally, we consider the underlying general mech-
anism leading to this in-plane rotation. Ideal lattice

(D constant ratios where this in-plane rotation provides the
most favorable lattice match to a heteroepitaxial system
e are given and two additional examples of this general

phenomenon, (110) (Ba, K)B¥)X001) YSZ and (110)
(Ba, K)BiO3/(001) LaAlG;, are presented.

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

A. Epitaxial reaction between BaO and YSZ

+ Due to the dramatic ability of a thin BaO buffer
dayer to cause-9° in-plane rotations in the overgrown

in-plane orientation relationship of the films with respec
to the underlying substrate. As this is an inclined plan

7
(asymmetric reflection), a component of the diffraction Y B&COr-; layer, as demonstrated by Foi al,
vector lies in the plane of the substrate. For all scand/€ Pegan by examining the effect of such a thin BaO

6 = 0° was set parallel to the [100] YSZ direction Y€r On tht_e surface structure of (001) YSZ usingsitu
for (001) YSZ substrates and parallel to the [001]RHEED. Figure 3 shows the RHEED pattern observed

YSZ direction for (110) YSZ substrates. This in-plane& & ~9° in-plane rotation offn"%t;e [100] YSZ azimuth
direction (b = 0°) was ascertained from the location &t€r the deposition of-1.4 nnt* of BaO on a (001)

of the 011 YSZ reflection for (001) YSZ substrates YSZ Substrate atly, ~ 665 °C. The pattern cannot
and from the 100 YSZ reflection for (110) ysz Pe indexed by BaO or YSZ reflections, but it can be
substrates. No distinction is made between the [100pY BaZrQs reflections. The RHEED pattern indicates
YBa,Cu,0;. 5 and [010] YBaCu,O,_ 5 directions in the he presence of a (110)-oriented Bagr€pitaxial re-

x-ray scans nor in the deduced orientation relationship@Ction layer with two different in-plane orientations:
110] 5, 7,0, @and[001]g, .0, parallel to the~9° off [100]

because the in-plane alignment of the [100] and [010 ; ! .
YBa,Cu,O,_5 directions is determined during growth SZ azimuth. An identical RHEED patterns is observed

while the YBaCusO,_; is tetragonal and the [100] and at an in—plant_a rotation of~9° the othoer way from the
[010] YBaCusO,_; directions are equivalent. [100] YS.Z az|muth as V\.’e” as at+9° from the [010]
YSZ azimuth. This indicates the presence of a total

of four equivalent in-plane (110) BaZgQorientations,

IV. RESULTS as shown in Fig. 4(a). The lattice mismatch of these

In order to determine the origin of thé ~ *=9°  four equivalent orientation relationships is abet0.1%
peaks in YBaCus0;_5 films grown on YSZ substrates, along the[111]g.z0, Il [110]ysz edge and 6.0% along
we begin by examining in detail the observation ofthe [112]g.z0, Il [110]ys; edge of the near-coincident
Fork et al! that the deposition of a thin~0.3 nm) site surface mesh cell with area 0.77 %ras shown for
BaO buffer layer prior to YBs8CwO;_5 deposition leads one of these equivalent orientations in Fig. 4(b). The
to a dominance of-9° in-plane-rotated YBECwO;-5 observed orientation relationship between (110) BaZrO
grains. We preserm situ RHEED characterization show- and (001) YSZ has the most favorable lattice match of
ing that the deposited BaO reacts with the YSZ sub-all possible near-coincident surface mesh cells of equal
strate to form a~9° in-plane-rotated (110)-oriented or smaller area.
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° [010]ygz ®

L] 100] YSZ.

FIG. 3. RHEED pattern observed9° off the [100] YSZ azimuth af-
ter the deposition of 1.4 nm of BaO on (001) YSZTg§, ~ 665 °C. A
superposition of two (110) BaZelorientations[110]z,7,0, BaZrOs
azimuth {) and [001] BaZrQ@ azimuth &), are indexed.

The in-plane rotation angleg, expected for
these orientations was calculated from the lattice
parameters of BaZrQ and YSZ for two limiting
cases: (i) where the BaZgOlayer is strained to
be fully commensurate with the underlying YSZ
substrate and (i) where the BaZyQayer has fully
relaxed. The result isp values of =11.3° for fully
commensurate and:9.7° for fully relaxed BazZrQ
layers. As described below, it is this-9° in-plane
rotation of the (110) BaZr@layers that leads to the9°
in-plane rotation of the overgrown YB@uwO,_5 layers.
Note that this angular value depends on the lattice
constant of BaZr@ As significant (-10%) variations
in the lattice constant of (110) BaZg@pitaxial reaction
layers on YSZ have been obsen®dthe peaks at
~ +9° observed in¢-scans of YBaCwO, 5 are in (b)
qualitatively good agreement with our expectationsriG. 4. Epitaxial relationship between (110) Bazrand (001) YSZ
based on this orientation relationship. showing (a) the four equivalent domains With 1]g,z.0, Il [110]vsz

The orientation relationship shown in Fig. 4 and (b) the near-coincident site surface mesh cell (dashed) and its

. s . . attice match for one of the four equivalent orientations. The rectangles
involves the epitaxial alignment between the dlagona'ndicate the relaxed dimensions of the (110) BaZiirface mesh

of a square surface net and the diagonal of a rectangul@ji respect to the (001) YSZ substrate surface mesh (dots).
surface net (specifically the epitaxial alignment between
(111)azi0, and (110)ysz). To test the generality of |ayer on (110) YSZ are shown in Fig. 5(a). As shown
this epitaxial alignment, we also performed experimentgor one of these equivalent orientations in Fig. 5(b),
on another orientation of YSZ containing an in-planethe lattice mismatch of these orientation relationships is
(110)-type direction: (110) YSZ. In analogy to our about—0.1% along both edges of the near-coincident
results on (001) YSZ, we would expect the depositionsite surface mesh cell with area 0.75%rThis lattice
of BaO on (110) YSZ to result in the formation of a match is even more favorable than that for (110)
(110)-oriented BaZr@epitaxial reaction layer with BaZrO; on (001) YSZ and is also the most favorable
T T lattice match of all possible near-coincident surface
(110)pazc0, Il (110)ysz and [T11] 5,56, Il [T10]vsz - mesh cells of equal or smaller area. This excellent
The two equivalent ways in whick111)g,z,0, can lattice match results in the expected in-plane rotation
align with (110)ysz in the nucleation of a (110) BaZgO angle, ¢, between [001] BaZr@and [001] YSZ to be
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® @ ° ® @
[001]ygz
L ] [ ] = [ ] ®
[ 11 0]YSZ ° [ ® ° °
(@) (b)

FIG. 5. Epitaxial relationship between (110) Bazrénd (110) YSZ showing (a) the two equivalent domains Withl Iz, 7,0, 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) Bajr8urface mesh with respect to the (110) YSZ substrate surface mesh (dots).

+35.3 regardless of whether the (110) Bazr@yer \
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 YS7Z
(110) YSZ atTy,, ~ 665 °C is shown in Fig. 6. When (110)
viewed along the [001] BaZrQazimuth =*35° off BaZ:0,0

the [001] YSZ azimuth) or thelflO] BaZrQ azimuth (110)
(~=*125 off the [001] YSZ azimuth), the RHEED

pattern looked identical to the corresponding BazZrO
azimuths shown superimposed in Fig. 3. The observe:
RHEED patterns are consistent with the orientation”
relationship shown in Fig. 5. Note that for the growth of
(110) BaZrQ 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-planc
orientations on a (001) YSZ substrate. :

B. ~ 9° peaks in YBa ,Cu3z07-5 on (001) YSZ
4 ] P ) 2eEsT 6_ ( ) FIG. 6. RHEED pattern observed along the [001] YSZ azimuth after
Having determined how a thin BaO buffer layer the deposition of 1.4 nm of BaO on (110) YSZ &y, ~665 °C.

dramatically alters the surface structure of (001) Y SZAlong this azimuth, both of the equivalent (110) BaZr@ientations

and (110) YSZ substrates, Yielding-89°-rotated (110) shown in _Fig. 5 give rise to the same set of spots. These BaZrO

BaZrO; Iayer, we now consider the origin of the9® spots are indexed, as well as two spots due to the YSZ substrate.

rotations observed in YB&wO;_5 films grown on

these substrates. films grown at high substrate temperatures. With in-
In agreement with previous repoffsi! we found creasing substrate temperature, the reaction between

¢ ~ 9° peaks to be most prevalent in YB2u;0,_5 YBa,Cu;0,-5 and YSZ occurs more rapidly, until at
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0=0° along YSZ[100] This orientation relationship is not the same as that in-
c=1171+£0.02A, a=385£003 A ferred from the in-plane orientation of the9° domains
10° — -45° o in c-axis YBaCuw;0;-_; films grown on (001) YSZ. The

above orientation relationship would be manifested by

peaks alp ~ 36° and equivalent angles, rather than the
o observed peaks ap ~ 9°. Our in situ observations of

102 L ‘ !\ ] the in-plane orientation of (110) BaZg@n (001) YSZ
\ MJ together with the observation of peaks at~ 9° and

T ~780°C
sub

symmetrically equivalent angles indicate that the orien-
tation relationship between unconstrained (110)-oriented

10" | BaZrQ; andc-axis oriented YBaCuwsO;—5 is

Intensity (arbitrary units)

! 1 I

(OOI)YBazCU3O7,5 ” (llo)BaZr03
and [IOO]YBaszOpg ” [001]B32r03

o on (001) YSZ substrates. Interestingly, both of these
sgzé'%%f_cfr}”ﬂ glrgsvanfc(Bbgl)'i(sp; zkriwf ‘;j‘XSLSr'ijbd variants havedentical lattice match®(2.6% and 8.8%
~ 780 °C. mismatch along the surface mesh cell edge directions),
as shown in Fig. 8. The near-coincident site surface mesh
some point the BaZrQreaction layer formsprior to  cell area is 0.94 nifor the former orientation relation-
the nucleation of the YBLwO,_ 5. The same event ship and half this for the latter orientation relationship.
will occur at a fixed growth temperature as the growthBecause of its smaller aré&the latter orientation re-
rate is lowered, since the reaction then has more timétionship (indicated by peaks at ~ 9°, rather than
to transpire. Such an event will lead te9° in-plane ¢ ~ 36°) is dominant, as expected. As described be-
rotations of (110) BaZr@grains; the epitaxial sequence low, sometimes both variants are seen in the same film,
is identical to theBaO + YSZ case described above. yielding not only peaks at ~ 9°, but also peaks at
Of course, microscopically there may be regions wherep ~ (45° — 9°) = 36°.
the YBaCuwO;_s nucleates prior to the formation of )
BazrO; and regions where BaZeOnucleates prior to C- ¢ ~ 9° peaks in YBa ,Cu30;-5 on (110) YSZ
the YBaCuwO,_5. In such cases, a mixture of,045°, In our model the origin of~9° in-plane-rotated
and ~9° in-plane rotations can be expected to occurYBa,Cu;O;-5 domains is due to a-9°-rotated (110)
This is the typical observation for YBEwO,_, films  BazZrQ; epitaxial reaction layer. As shown above
grown on (001) YSZ substrates at high temperatures, a(Fig. 5), a~9° in-plane-rotated (110) BaZrQayer also
example of which is shown in Fig. 7. occurs on (110) YSZ substrates. We thus investigated
The results of Forlet al” on how thin BaO buffer the growth of (001) YBgCwO; s on (110) YSZ to
layers deposited on YSZ (001) lead to a dramatic insee if, at growth conditions favoring the formation
crease in~9° in-plane-rotated YB#Cu;0, 5 grains, of a BaZrQ reaction layer prior to the nucleation of
together with the aboven situ observations of the the overlying YBaCu;O,_ s, in-plane rotation of the
ensuing epitaxial reaction, indicate the full orientation re-YBa,Cu;O,_s; domains would also be observed, as
lationship between the-axis oriented YBagCu;O; -5, the  predicted by our model.
(110) BaZrQ epitaxial reaction layer, and the underlying The growth of c-axis oriented YBaCusO;_s

0 90 180 270 360
¢ (degrees)

(001) YSZ substrate is films has been reported on (001)-, (110)-, and (111)-
oriented YSZ substrates as well as on misoriented YSZ
(001)yBa,cu,0,5 Il (110)azc0, Il (001)ysz, substrate&20:303244 However, the in-plane orientation
[100)yga,cus0, 5 Il [001]5.72:0,5 of YBa,Cu;0,_s deposited on (110) YSZ substrates
and [Tll]BaZrO3 I [110]ys;.  has not been previously reported. As shown in Figs. 9

and 10, YBaCwO,;_s grows c-axis oriented with
Cross-sectional TEM studies have shown that conin-plane rotations of @ ~9°, and 45 on (110) YSZ. The
strained (110)-oriented BaZgQi.e., BaZrQ formed relative fraction of these in-plane orientations depends
after the epitaxial alignment between YBaw;O;_5;  on the substrate temperature during growth. At lower
and YSZ is established, epitaxially aligns withaxis temperature, Fig. 10(a), thé = 0° peaks dominate;

oriented YBaCuwO;_; in the following mannéf-3%; at higher substrate temperature, Fig. 10(b), peaks at
~9° and 45 are also observed. The® @nd 45 in-
(001)vBa,cus0,-5 Il (110)gazi0, plane rotations are the orientations expected from lattice
and [110lyg,,cu0, , I [001].z:0,.  match considerations when YB2us;0,-5 nucleates
1342 J. Mater. Res., Vol. 11, No. 6, Jun 1996
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(@) (b)

FIG. 8. Epitaxial relationship between (001) Y&a0;-s and (110) BaZr@ showing the near-coincident site surface mesh cell (dashed) and
its lattice match for (a)010]ypa,cus0,_5 Il [001]8azr05, @and (B)[110]ypaycus0,_5 I [001]5azs05. The squares indicate the relaxed dimensions of
the (001) YBaCusO;- s surface mesh with respect to the (110) BaZsDrface mesh (rectangles) on the (001) YSZ substrate surface mesh (dots).

directly on (110) YSZ. As shown in Fig. 11, the’ 0

_ _ _ _ T, ~780°C A® = 0.5° from
relationship has a lattice mismatch ef5.7% along @ c= 1168 +0.02 A ,  Substrate Alignment
the [100]yg,,cus0, , Il [110]ysz edge and a mismatch ‘g g g 3
of 0.1% along the[010]yg.,cus0, , Il [001]ysz edge i 103 o < |
of a near-coincident site surface mesh cell with are¢ = 7 R
0.58 nnt. The 48 relationship has the identical lattice S T S
mismatch and near-coincident site surface mesh ce® g j S
area:—5.7% along thg110]yg,,cu,0, , I [001]ysz edge, \2 102 L J T |
0.1% along thg110]yp,,cy,0, , II [110]ys, edge, andan & | ) 2
area of 0.58 nrh However, if only the oxygen sublattice g l ;J h J
is considered, the°Qorientation relationship has a near- & y W« Wbk
coincident site surface mesh cell area half the siz¢ 10! , . . . , . .
(0.29 nn?) of the 45 orientation relationship, explaining

. . 0 20 40 60 80
the dominance of the°(peaks compared to the %peaks
in the ¢-scans. The observation of mored° peaks at 20 (degrees)

higher substrate temperature is analogous to the growifig. 9. 9-2¢ scan of ac-axis oriented YBaCusO;_5 film grown on
of YBa,CwO;_5 on (001) YSZ and expected from the (110) YSZ by sputtering afsy, ~ 780 °C. This scan was made after

increased likelihood of (110) BaZgCformation before rocking 0.5 in omega off alignment to the (110) YSZ substrate.
nucleation of the overlying YBELwWwO;_5.

Combining the RHEED results indicating the epi- the following orientation relationship is implied between
taxial orientation of the (110) BaZrOlayer on (110) the c-axis oriented YBaCuwO,_5, the (110) BaZr@
YSZ (see Fig. 5) with theb-scan results [see Fig. 10(b)], epitaxial reaction layer, and the underlying (110) YSZ
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FIG. 10. ¢-scans of 103 YBgZuwO;-s peaks of c-axis oriented
YBa,CusO,_5 films grown on (110) YSZ by sputtering at (3 °

~ 750°C and (b)Teu ~ 780 °C.

substrate: [001]ygy

(OOI)YBaZCU3O7,5 ” (llo)BaZrO3 ” (110)Y527
[llo]YBazCugopg ” [OOIJBaZrO37

e [ ]
_ [110]ys
and [T11]5.5.0, | [T10]ysz - sz

(b)

Note that the in-plane orientation between ¥B&O;,-s  FiG. 11. Epitaxial relationship between (001) YBxO, ; and
and BazrQ differs by a 45 in-plane rotation from that (110) YSz showing the near-coincident site surface mesh cell
observed on (001) YSZ. Although the lattice mismatch(dashed) and its lattice match for (B)10]ypa,cus0; 5 II [001]ysz

is identical for both of these orientation relationships, the2d (O)[110)yga,cus0,; Il [001]ysz. The squares indicate the relaxed

reason for the preference of the variant with the Iargeﬂ?‘iﬁ&"ﬁé’;tzﬁbg?;)e\;%ﬁ;zgﬁe sﬁrzgngTeSh with respect to
near-coincident site surface mesh cell &tean (110)

YSZ is unclear. In both cases, (001) YBaxO,_s is  the underlying YSZ substrate orientation, is responsible
nucleating on (110) BaZr9 The clear dependence of for the dominance of one orientation relationship over
the orientation relationship on the layer underlying thethe other. The importance of graphoepitaxy on thé 45
(110) BazrQ [i.e., (001) YSZ or (110) YSZ] leads us in-plane orientation of (001) YB&wO,_s on (001)

to speculate that the step structure of the (110) BaZrOYSZ has been notetiWe believe that graphoepitaxy is
layer, which is in turn dependent on the step structure oélso playing a role in the-9° in-plane orientation.

1344 J. Mater. Res., Vol. 11, No. 6, Jun 1996

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 11 Jul 2017 at 14:18:27, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.
https://doi.org/10.1557//JMR.1996.0170


https://doi.org/10.1557/JMR.1996.0170
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

D. G. Schlom et al.: Origin of the ¢ ~ *£9° peaks in YBayCu3zO;—5 films grown on cubic zirconia substrates

The in-plane orientation observations are in accordrthogonal directions at the same time (i.e., perfect
with our model and difficult to explain by other means. lattice match) whenagm = /2/3rce sy, OF dpim =
For example, just as a near-coincident site lattice mode&).816 a;.. .. As Fig. 5(b) shows, (110) BaZe®n (110)
between (001) YBg&CwO;s and (001) YSZ [i.e., with- YSZ is nearly this ideal casels;im/dsccan = 0.816 (at
out the prior formation of an intermediate (110) BaZrO room temperature). Alternatively, if the (110)-oriented
reaction layer] was inadequate to explain the occurrencgubstrate has a simple cubic lattice, the ideal value is
of the ~9° orientation it is also incapable of predicting ag;;,, = (2/+/3)asw, OF dsim = 1.155 agp.
~9° domains in (001) YBzCwO,_;5 on (110) YSZ. The From the above discussion, the ideal lattice
low-mismatch, low2 criterion used to select favorable parameter of a (110)-oriented simple cubic material
orientations from near-coincident site lattices and meshefer growth on (001) YSZ in order to observe this
leads to the prediction that other orientations that are ngthenomenon is 4.318. Ba,_,K,BiO; has a lattice
seen should be observed, rather than the obser@d constant of 4.322 to 4.287A over the composition
in-plane-rotated orientation. range where its structure is simple culfitl < x <
0.4).4546 In hopes of observing another example of
this phenomenon, involving the epitaxial alignment

The formation of~9° in-plane-rotated domains in petween the diagonal of a square surface mesh and
c-axis oriented YBaCU;O, -5 films grown on (001) YSZ  the diagonal of a rectangular surface mesh, (110)
and (110) YSZ are just two examples of a generalga K)BiO; was grown on (001) YSZ. This growth
heteroepitaxial phenomenon. This phenomenon, involvyas initiated atT.;, ~ 550 °C with the nucleation of
ing the epitaxial alignment between the diagonal of 8BaBi,0, (x ~ 1) for 5 min (~10 nm)3%4". Then the
square surface mesh and the diagonal of a rectangulg(ipstrate temperature was lowered 4270 °C and
surface mesh, is a general method for producing in(Ba, K)BiO; was grown. As expected, sharp peaks
plane misorientations. Here we describe the ideal latticg ¢ ~ +9° were observed [see Fig. 12(a)]. Note,
constant ratios where this phenomenon is expected towever, that the lattice parameter of (Ba, K)Bi®
occur for a (110)(001) interface between two cubic guite close to that of Bazr§)(4.193 A).17 Although no
structures. Extension of this epitaxial alignment concepk-ray diffraction peaks arising from (110) BaZs@ere
to the relevant surface meshes of other planes angetected, it is possible that an epitaxial reaction occurred
lattices is straightforward. Additional examples of this petween (Ba, K)Bi@ and YSZ forming a thin (110)

D. Other examples of general phenomenon

phenomenon are then presented. _ BazrO; reaction layer, upon which the (Ba,K)BiO
For a (110)-oriented film of a material with a simple layer subsequently grew.
cubic lattice with lattice ConStanhfﬂm on a (001)- An example of this same ep|tax|a| phenomena be-

oriented substrate having a face-centered cubic (fcqveen a simple cubic substrate and simple cubic film
lattice with lattice constanty.. s, this match along the g (110) (Ba, K)BiQ on (001) LaAlQ,*® as shown in
diagonals occurs whe3asiim = v2dsee wh, OF arim = Fig. 12(b). Although the epitaxial alignment giving rise
0.816 afec - FOr comparison, theyiim/arccs ratio for — to the in-plane rotation is the same as that shown for
(110) BaZrQ on (001) YSZ is 0.816 (at room tem- YSz in Fig. 4, here the peaks occurdét~ (45 — 9) =
perature). However, minimizing the mismatch along the3g° pecause the LaAlQsurface mesh is not centered,
diagonal does not minimize the lattice mismatch of theresulting in a 48 rotation of the in_plane axes Compared
near-coincident site surface mesh. To minimize the lattelo the (001) YSZ surface mesh. Thg ., /a.w, ratio for

it is desired to minimize the lattice mismatch along two(110) (Ba, K)BiQ; on (001) LaAlQ is 1.13, compared

orthogonal directions, as can be seen from Fig. 4(b)o the ideal value of 1.189 discussed above.
The ideal lattice constant of the film (that minimizes

the lattice match along two orthogonal directions) is

attained Whemmm = 2\/5(3\/5 - 4)afccsub, or atiijm = V. DISCUSSION

0.841 asec op- Alternatively, if the (001)-oriented sub- Having investigated the origin of the ~ *=9°

strate has a simple cubic lattice with lattice constait ~ peaks, we reexamine the results presented by others

the corresponding value &im = 4v/3(3 — 2v/2)aq,  related to ~9° peaks in (001) YB#&wO, 5 films

or ariim = 1.189 ayy,. In both of these cases, the mini- deposited on (001) YSZ. Our explanation, involving

mized lattice mismatch is 2.9%+-@.9% in one direction the epitaxial alignment between the diagonal of a square

and —2.9% in the perpendicular direction). surface mesh and the diagonal of a rectangular surface
A more favorable lattice match can be achievedmesh, is consistent with prior results and clarifies

along two orthogonal directions when this phenome-unexplained and previously unexpected observations.

non occurs between a (110)-oriented film and a (110)For example, Forket al! showed that the in-plane

oriented substrate of two cubic materials. In this casegrientation of overlying YBagCusO,_s layers was

the ideal lattice constant of the film is attained in two sensitively dependent on the deposition of extremely thin
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' o . ' o ' contains a very wide solid solution region (up to
(Ba’K)BT?;(j;%/%SZ @0 e=0done vszi001 | 40 mo 9 Y,0,), but the only intermediate compouftl,
9o -9° Zr3Y 4,015, forms so sluggishly that single-phase YSZ
films with up to 78 mol % ¥O; have been reported.
Thus, of the thin layers deposited by Foek al,” an
interfacial reaction layer is expected only for the case
10° L of BaO. The resultant (110)-oriented Bazr@eaction
layer subsequently leads to the dominar®°® in-plane
rotation observed in the overgrown YEauz0,_5 film.
10° | Given the strong influence of the (110) BazrO
interfacial reaction layer on the resulting in-plane orien-
10! i . tation of the YBaCwO,_;, it may seem surprising that
the thin BaZrQ layer deposited in the aforementioned
study did not also lead to YB&Lu;0,_s domains with
¢ (degrees) a ~9° in-plane rotation. We attribute this to the growth
(@) of a non-(110) oriented BazrQOayer. Forket al.” did
not report the orientation of their thin BaZgQayers.
10% , , i , However, we found that BaZrQilms depositedn (001)
(BaK)BiO, (110)/LaAlO, (001) ¢ = 0° along LaAlO, [001] YSZ were mainly oriented in the cube-on-cube orien-
T =275°C a=42850.02A tation, i.e., with (001) BaZr@ parallel to (001) YSZ,
A 1 in contrast to the (110) BaZrOorientation formed by

10° L

Intensity (arbitrary units)

36 epitaxial reaction. Others have reported (110)-oriented
BazrQ; films deposited on (001) YS¥? but they
4 also report that the inverted interface, i.e., (001) YSZ
deposited on (001) BaZrDgrows cube-on-cubeAs the
epitaxial relationship obtained for the growth of BaZrO

| : on (001) YSZ and vice versa varies significantly with
W ? deposition conditions, it would appear from the absence

Intensity (arbitrary units)

of ~9° domains in the YBsCu;O;_;5 films grown on
: ' top of a BazZrQ buffer layer by Forket al.” that their
180 270 360  BazrQ; layer was not (110)-oriented.

0 (degrees) The predominant 45in-plane rotation observed
by Fork et al’” for YBa,Cu;0,_ films grown on (001)
(b) YSZ substrates with homoepitaxial YSZ buffer layers

FIG. 12. ¢-scans of 200 (Ba,K)Bi® peaks of (110)-oriented is consistent with the work of Brorssaet al® Brorsson
(Ba, K)BiOsfilms grown by MBE on (a) (001) YSZ dw, ~ 270 °C et a]® showed that homoepitaxial YSZ layers, grown
and (b) (001) LaAIQ at T, ~ 275 °C. under conditions similar to those used by Farkal.,’
have an increased surface step density compared to the
layers (~0.3 nm) of BaO, CuO, ¥Os, or BaZrQ; on  underlying YSZ substrate. They found that an increased
(001) YSZ substrates, or on (001) YSZ substrates upostep density on the surface of (001) YSZ, regardless
which a homoepitaxial YSZ layer was grown. The thinof whether it was from a homoepitaxial YSZ film or
CuO, Y203, and BazrQ layers and the homoepitaxial a result of high temperature annealing of the substrate,
YSZ layer favored the 45n-plane rotation, whereas the led to an increased fraction of #5n-plane-rotated
BaO layer led to the~9° in-plane rotation. Although YBa,CwO;_5 grains in the overlying film. Brorsson
this previous study lackedn situ characterization et al® interpreted this result to imply that step edges on
during the deposition of these thin layers, aarsitu  (001) YSZ substrates act as favorable nucleation sites
RHEED observations indicate the reason for the extreméor 45°-oriented YBaCuwO,_5.° Since no reactions
sensitivity of the in-plane orientation to BaO deposition:between the thin £0.3 nm) CuO and ¥Os; layers
it leads to a~9° rotated (110) BaZr@ epitaxial deposited by Forlet al.” on (001) YSZ are expected,
reaction layer, which subsequently determines the inan analogous surface roughening and graphoepitaxial
plane orientation of the YB&£uO,_s overlayer. We mechanism may take place, leading to the observed
have not studied the interfacial reactions of CuO orincrease in 45 in-plane-rotated YBgCuwO,_s grains
Y .03 overlayers, but in contrast to the BaO—2r€ase, for these buffer layers as well.
the CuO-ZrQ phase diagrafi is free of intermediate Similar to the growth temperature effect reported
phases and the ;0;—ZrO, phase diagrafi not only for the growth of YBaCu;O, s on (001) YSZz©oit
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in our growths on (110) YSZ substrates, tlle~ 9°  rotations in the YBgCuO,_; films of Skofronick
domains were observed at higher growth temperaturest al,!* in contrast to the more frequent observa-
This is consistent with the epitaxial relationship of thetion of solely ¢ ~ 9° peaks, provides further evi-
YBa,CusO;-_5 layer being established after the formationdence that an influencing factor other than lattice
of the BaZrQ interfacial layer. Lower growth tempera- match alone is active. The more frequent ob-
tures were free ofp ~ 9° domains, consistent with the servation of the ¢ ~ 9° peaks compared to the
epitaxial relationship of the YB&w;O,_;5 layer being ¢ ~ 37° (or 45° — 9° = 36°) peaks indicates that the
established before the formation of the Bagi@yer. [100]yBa,cu;0, 5 Il [001]gaz0, Orientation is dominant
Wen et al® present a cross-sectional TEM imagefor the growth conditions most frequently used to
(Fig. 6 in Ref. 8) of a BaZr@epitaxial in-plane reaction deposit (001) YBa&CuwO;-5 on (001) YSZ.
product between (001) YBEwO,_s and (001) YSZ
that appears to be close to the9° rotation that we VI. CONCLUSIONS
have seen by RHEED. Their cross-sectional TEM image
is along the [100] YSZ zone axis, and they state thagqu
this substrate zone-axis is approximately parallel to th
[331] direction of the BaZr@ layer. This is within 3.8
of the (irrational) direction in BaZr@that lies parallel
to [100] YSZ (see Fig. 4) for fully relaxed BaZgO
Unfortunately, Weret al® do not indicate if the BazZr®
layer is (110)-oriented. However, it is clear that it must
be different than the (001)-oriented Bazr@yers that
are present in the remainder of their TEM images a

{00Z; cannot be perpendiquIrar too [331]. technique could provide a significant advantage in grain
Recently peaks at ~ +37° have also been re- pqnqary engineering over the bi-epitaxy process for the

ported inc—a>§is _orie_nted YBaCwO,_s films grown on growth of YBaCusO,_,-based and (Ba, K)Bigbased
(001) YSZ, indicating the presence of YRasO, s Josephson junctions.

grains with in-plane rotations of about 3% These peaks
are observed in films grown under conditions similar to

those in which peaks ap ~ 9° occur (i.e., high sub- ACKNOWLEDGMENTS . . )
strate temperatures). In fact, both tihe~ 9° peaks and We gratefully acknowledge helpful interactions with
the ¢ ~ 37° peaks were observed in the same film byJ: Stobel, G.L. Skofronick, and_A.H. Carim, a}nd Joe
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grains.c-axis oriented YBaCu0;_5 is known to align  Support of ONR through Contract N00014-93-1-0512.
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The epitaxial alignment between the diagonal of a
are surface mesh and the diagonal of a rectangular
Qurface 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 YBgCwO,;-5s grown on (001) YSZ
as well as on (110) YSZ substrates, and has been used
to select other epitaxial systems to demonstrate this
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