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The mechanism of sputter-induced epitaxy modification
in YBCO (001) films grown on MgO (001) substrates
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The sputter-induced epitaxy change of in-plane orientation occurring inGB&,_,

(001) thin films grown on MgO (001) substrates by pulsed organo-metallic beam epitaxy
(POMBE) is investigated by a series of film growth and characterization experiments,
including RBS and TEM. The factors influencing the orientation change are systematically
studied. The experimental results suggest that the substrate surface morphology change
caused by the ion sputtering and the Ar ion implantation in the substrate surface layer
are not the major factors that affect the orientation change. Instead, the implantation of
W ions, which come from the hot filament of the ion gun, and the initial Ba deposition
layer in the YBCO film growth play the most important roles in controlling the epitaxy
orientation change. Microstructure studies show that &V, O buffer layer is formed

on top of the sputtered substrate surface due to Ba diffusion into the W implanted layer. It
is believed that the formation of this buffer layer relieves the large lattice mismatch and
changes the YBCO film from the 4%riented growth to the Ooriented growth.

. INTRODUCTION rotation on sputtered substrates. It should be noted that
Grain boundary junctions in highiz superconductor Chewet al. were not able to reproduce their results after
materials have attracted much attention in recent yearsnaking variations to their processing chambafuchic
Many methods have been developed to fabricate graiet all® observed the same type of orientation change in
boundary junctions (GBJ’s). Among others, the step edgéhe YBCO films grown on MgO (001) by pulsed organo-
method}? bicrystal method;® and biepitaxy methdd  metallic beam epitaxy (POMBE). Using the sputter-
have been extensively studied. Junctions made by thiaduced epitaxial rotation Vuchiet al. fabricated 45
bicrystal method are presently being used in commerciabBJ’s and systematically investigated the microstructure
devices. The disadvantage of these fabrication processasd electrical properties of the junctiots?
is that they are all quite complex and/or expensive. To be concise, hereafter we refer to the in-plane ori-
Therefore there is a need for simpler and inexpensiventation relations by the angle between the YBCO [100]
procedures. The method to be discussed in this papend MgO [100]. Hence, in this notation the orientation
is similar to but much simpler than the biepitaxy tech-relation [100}gco//[100]ugo (SOmetimes called cube-
nique. This method uses low-energy ion sputtering tan-cube) is a “0 orientation” and [110]zco//[100]ugo
selectively treat the substrates. Under specific synthesis a “45° orientation.”
conditions the superconductor films grow with different Relative to these early observations, Buchtetlal.
in-plane orientations on the sputtered and nonsputterecently reported different YBCMgO orientation re-
substrate areas and thus form GBJ's between the twiations in films grown by the POMBE method: Under
areas. The change of epitaxy orientation by ion sputteringtandard synthesis conditions the YBCO films on the
will be termed “sputter-induced epitaxy modification” nonsputtered MgO regions are “46riented and those
(SIEM) and the method to form GBJ's by this change,on the sputtered regions areé Oriented!® The result
the SIEM method. is verified by several experimental methods and can be
The SIEM phenomenon was first observed by Chewoutinely reproduced. It is believed that the difference
et al® They grewc-axis normal YBaCu;O,_, (YBCO)  from previous results was caused by some unknown
films on MgO (001) substrates by the coevaporatiorchanges in the processing chamber and by paying par-
method. On nonsputtered substrates they observed the itieular attention to the deposition of the initial atomic
plane orientation relation to be [10@Fo//[100]ugo, but  layers. It is evident that the factors that affect the YBCO
on substrate sputtered by low energy Ar ions-200 °C,  growth orientation on MgO (100) are quite complex and
the orientation relation became [118o//[100]ugo.  the task for controlling the orientation by ion sputtering
Thus, the YBCO film assumed a 4fotation of in-plane is not simple. In order to understand the factors involved
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and reproducibly control the growth orientation it is 3%. For example, at the 4®rientation a lattice misfit
essential to know the mechanism of the sputter-inducedf 2.9% is obtained by matching four MgO (200) lattice
epitaxy modification. This is important not only for planes with three YBCO (110) planes. To accommodate
further improvement of the GBJ quality, but also for ex- the different number of the matched planes, interface dis-
tension of the SIEM method to other systems of differenocations should be formed between the YBCO and MgO
film/substrate combinations and/or synthesis routes. lattices. The small lattice mismatch and formation of the
Before we discuss the mechanism of SIEM, a briefinterface dislocations that relieve strain should result in a
review of the previous studies on YBCO growth onsmaller strain energy at the 48riented interface than at
MgO is helpful. Many efforts have been made to growthe @ interface. These interface dislocations have been
YBCO films on MgO (001) substrates and to studyobserved in polycrystal filmt$2” and single-crystal-like
the orientation relation, film/substrate interfaces, andilms obtained with the SIEM methdd3’ In brief, pre-
YBCO grain boundarie¥~34 A variety of film growth  vious workers made considerable efforts to obtain single
methods, different growth conditions (substrate temperaerystal YBCO films and control their orientation on
ture, oxygen partial pressure, growth rate, etc.), andigO, but no systematic investigations have been carried
substrate treatments (polishing, acid-etching, annealingut to study the mechanism of the orientation control.
ion-sputtering, etc.) have been used. In most casseds Regarding the ion-sputter-induced orientation
oriented films were obtained becauseaxis films are change, many processes occur during the low-energy
thermodynamically more favorable and the growth ratdon bombardment of the surface. Among them the
is much higher in a-b direction than in c-direction. Many most important effects are surface topology change,
of the early films were polycrystalline and containedion implantation and modification of surface structure,
grains with their a-b axes rotated from the substrateand chemistry. These effects have been discussed by
[100] direction by several preferred angles. Among thos&/uchic et al}? and Buchholzt al3¢ and will be further
angles, 0 and 45 are most frequently observed. The investigated in this work with detailed analysis of
initial stage of the film growth has been studied bynew experimental results. The effects of the different
several author&29313The growth mode was identi- sputtering conditions are explored by a series of film
fied as true 3-D island grow##$?® The YBCO'MgO  growth experiments.
interface under the “0Oand 453 oriented grains and the
45° tilt boundary between these two kinds of grains
were extensively studied:?228 In recent years, single- !I- EXPERIMENTAL
crystal-like YBCO films on MgO (001) substrates with The substrates used in this work are polished MgO
their a-b axes locked in two perpendicular directions(100) chips of epitaxial quality obtained from Coating
were obtained. It was reported that the films with in-and Crystal, Inc. The ion source for the sputter treatment
plane orientation of 0" or 453 were obtained by is a low-voltage (50—1200 V) 3 cm diameter Kaufman-
pulsed laser ablation and magnetron sputtering, respetype ion gun with graphite accelerating grids and a tung-
tively. Some authors were able to obtain bothahd sten filament, made by lonTech, Inc. The base vacuum
45° oriented films under different substrate treatmentsf the sputtering chamber is better thank 107 Torr.
and growth conditions by pulsed laser ablatfoand During ion sputtering, an Ar flow of 2.5 sccm is fed into
coevaporatioi.By using the POMBE method, combined the gun and the vacuum in the chamber is atibxt
with the selective ion-sputtering treatment of the sub-10~* Torr. A typical ion sputtering condition is 500 eV
strate surface, the present authors were able to obtain ®n beam at 90incidence for 4 min with a beam current
and 45 oriented YBCO films at pre-selected substratedensity of about 1 mAcn?. Different ion energies,
regions simultaneoushy: incident angles, and milling times are also used to study
The structure of YBC@MgO interfaces is often the effect of these parameters on the resulting film
studied to provide insight into the reasons for the dif-epitaxy. An ion gun which employs an rf field to ionize
ferent orientation relations. Near coincident site latticethe Ar gas, as opposed to the hot tungsten filament, is
(NCSL) theory has been used to model the inter-also used to isolate the effect of the tungsten filament.
facel”?832and to rationalize the observed orientation an-  To fabricate 45tilt grain boundaries, the substrate is
gles. In these studies the lattice misfits for those observepatterned with a standard photolithography procedure to
angles were calculated. It is found that ihdrientation  define the regions to be sputtered. YBCO films are then
the lattice misfit between YBCO and MgO is quite largegrown on the substrates. The°48t grain boundaries are
(8.2—-10.2%). This may lead to a high strain energy aformed between the sputtered and nonsputtered regions.
the interface. The existence 0f00) steps on the MgO The details of the POMBE method and the setup
surface has been proposed as a reason why the large misf the YBCO thin film growth have been reported
fit 0° orientation is still preserft:?® At all the observed elsewhere?® Briefly, the precursors are pulsed onto the
angles other than°Ghe lattice misfits are smaller than substrates via a set of computer controlled valves. The
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pulse sequence and length are programmed into the corprocedures has been reported elsewfemBriefly, an
puter. This allows very fine control over the type andarray of alternate sputtered and nonsputtered rectangular
amount of the precursors delivered to the substrateegions, 10um wide, are created on the MgO substrate.
The organo-metallic source materials used are Y(dmp) The long edge of the rectangular regions is along one of
Ba(hfa)(tet), and Cu(dpm)for the deposition of Y, Ba, the MgO(100) directions. When YBCO films are grown
and Cu, respectively. Usually, the precursors are pulsedn this substrate an array of boundaries along the MgO
in the sequence of Ba—(Cu-Y-Cu—Ba—Cu—Ba-) (100) direction with 10um spacing are formed. This
wheren is the number of times the sequence in the parenpattern geometry guarantees that many boundaries will
theses is repeated. The reason for the initial Ba pulsbe present for observation in the completed TEM sample.
is to form a “seed layer” on the sputtered region. OnlyThe junction array is then cross-sectioned, mechanically
when the initial amount of Ba is kept within a certain polished to foils about 1@:m thick, and ion milled to
range can one create the desired orientation relations amdectron transparency. To minimize the damage caused
form 45 boundaries. The details concerning the effectby possible elevated temperature the samples are cooled
of this first Ba layer have been reported elsewh&fe to liquid-nitrogen temperature during the ion milling.
and will be discussed further in the next section. DuringSince many boundaries are formed in the sample and the
film growth the substrates are heated to a temperatunghole width of the cross section is thinned to electron
of 670 °C to 685°C. The deposition ambient is a water- transparency, many boundaries can be observed in a
doped oxygen plasma that can be controlled by adjustingingle sample.
microwave power and oxygen partial pressure. The high resolution microscopy in this work is
The in-plane film orientation is determined by sev-done on a JEOL-4000EXII and a Hitachi H-9000. A
eral methods, including four-circle x-ray diffractometer Philips CM-30 and a Hitachi HF-2000 are used for
(¢ scan), electron backscattering patterns (EBSP), anchicroanalysis. The latter has a field emission electron
selected area diffraction (SAD) in TEM, depending ongun, a Link system EDX analyzer, and an EMiSCAN
the size of the areas to be examined. system that allows easy acquisition of the elemental line
RBS is used to analyze the surface compositiorprofile data. When acquiring the line profile, a beam
of the sputtered substrates and the initial stage of filnsize of 2 nm is used, giving a spatial resolution of the
growth. The RBS experiments are done at the 2 MeMnicroanalysis better than 2 nm. Typically, a spectrum
Tandem National Electrostatics ion accelerator facilityprofile is obtained in the acquisition and the elemental
at Argonne National Laboratory. The energy of theprofiles are obtained by processing the data after the
He ion beam used in the experiments is 1.6 MeV.acquisition.
The angle between the beam axis and the sample
normal is 10. An Au-Si surface barrier detector with |||. RESULTS AND DISCUSSION
an energy resolution of 16.5 keV (FWHM) is used to

detect the backscattered ions. The detector is positioned Und_er favorable_ grpwth qondmc_)ns g_ood_ single-
i . . crystal-like YBCO thin films with theirc-axis aligned
at 135 with respect to the beam axis. To simulate a

RBS spectrum the spatial distribution of the elementsWlth the.substrate ;urface normal (MgO[OQl]) and their
b-axis locked in two perpendicular directions can

in the surface layer of the sample should be taken int@é readily obtained. The in-plane orientation of the
account. In the experiments concerning the initial Stag‘?ilms with respect tc; the substrate, are different in the
of film growth, the deposited layer is assumed to benons’puttered and sputtered regions’ As showibscan
directly at the sample surface. In the case of sputterin%(_ray diffraction, the in-plane orieniations of the films
a spatial distribution calculated from th&im program are [110}sco// flOO] (45° orientation) for the non-

is used. The concentrations of the elements are theh BCO MgO

determined by an interactive procedure fitting the>Pultered substrate and [108}o // [100Jwgo (0° orien-

simulated RBS spectra to the experimental spectra. tation) for the sputtered substrate. In some unfavorable

conditions mixed orientations occur. In those situations
The surface morphology of the sputtered and non; . . .

) . ; .~ the fraction of area for each orientation over the total
sputtered substrates is examined by atomic force micros-

) . surface can be determined from the x-ray diffraction
copy .(AFM) and high .reso_lunon T.EM (HREM). The data. The accuracy of the x-ray data allows detection
AFM instrument used in this work is a Nanoscope llI,

) . . . 0
made by Digital Instruments, Inc. The resolution of theOf minor orientation occupying less than 1% of the total

AFM is about 10 nm. For details smaller than 10 nm’surface area.
HREM cross-section images are taken.

Conventional and high resolution TEM are em-
ployed to examine the composition and microstructure  The effects of the three most important sputtering
of the YBCO/MgO interfaces and the boundary betweenparameters on the occurrence of SIEM are explored by
the O and 45 oriented areas. The sample preparatiorfilm growth experiments. lon beam energy, ion incident

A. Effect of surface morphology change
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angle, and sputtering time are varied, followed by exdayer at low angle ion sputtering will, however, also
amination of the YBCO films grown on the sputtered effect ion implantation into the substrate surface. This
MgO substrates. In the incident-angle experiment theffect will be discussed in greater depth in Sec. Ill. B.
sample is put at a random azimuth during sputtering The actual surface morphology changes caused by
to avoid possible channeling effects. The results of théon sputtering were examined by AFM and cross-section
experiments are compiled in Table I. The “Yes” in the TEM. The AFM results are shown in Fig. 1. The image
fourth column of the table means that YBCO films arein Fig. 1(a) shows the surface of the as-polished MgO,
grown in O orientation on at least 97% of the sputteredwhich is very flat with the height fluctuation on the
substrate surface. surface smaller than 1 nm. After ion sputtering the
It is easy to see from Table | that SIEM does notsubstrate becomes much rougher with height fluctuation
occur under the following conditions: when the ion as large as 5—10 nm [Fig. 1(b)]. This difference between
energy is smaller than 100 eV; when the incident anglenonsputtered and sputtered surfaces, however, is largely
is smaller than 69 or when the sputtering time is equal diminished by a 30 min annealing in an oxygen plasma
to or shorter than 2 min. The thresholds in ion energyat ~670 °C that is routinely performed before YBCO
and sputtering time are easy to understand: when the iofiilm growth. After the annealing both nonsputtered and
energy is very low and/or the sputtering time is verysputtered substrates have similar surface morphology of
short, the effect of the ion beam on the substrate is tocelatively larger bumps 0.1-0.am in size [Figs. 1(c)
small to give rise to any major change on the substratand 1(d)]. The only difference is the bump height. The
surface and hence SIEM does not occur. The reason foraverage bump height is about 6 nm on the nonsputtered
threshold in the ion beam incident angle, however, is nosubstrates and about twice this value on the sputtered
as straightforward. It is well known that ion sputtering substrates.
removes materials much faster at incident angles of Since the lateral resolution of AFM is relatively
20-40 than at perpendicular incidence. In other words,poor, the cross-sectional TEM is used to examine the
there should be a larger surface change at those shallowfiner detail in the surface morphology change. No sig-
incident angles than at 90ncidence. Therefore, the nificant difference regarding atomic-scale features can
fact that SIEM does not occur at incident angles lesbe seen between these two substrates, except that the
than 43 seems to imply that the surface morphologylong-range 100 nm) height fluctuation is larger on
change is not a major factor that causes SIEM: if surfacéhe sputtered surfaces than on the nonsputtered surfaces.
morphology changes, such as formation of steps, ledgeSince the initial growth of the YBCO films is an atomic-
and facets, were controlling the SIEM mechanism, SIEMscale process, the surface morphology features which
would occur more easily on the surface sputtered aaffect the film orientation must be on the atomic scale.
intermediate angles. The greater removal of the surfac€herefore, the fact that TEM observation shows no
significant difference in the atomic-scale surface mor-
phology reinforces the conclusion reached above that the
surface morphology change caused by ion sputtering is
lon energy (eV)  Incident angle  Time (min)  SIEM (yes/no) not an important factor in SIEM.

TABLE I. Occurrence of sputter-induced epitaxy modification in
YBCO films on MgO (001) substrate at different sputtering conditions.

128 '\\‘( B. The surface composition change induced by
200 v ion sputtering
300 ®° 3 Y The composition change of the substrate surface
400 Y layer during ion sputtering was examined by RBS. Fig-
288 J ure 2(a) shows a typical RBS spectrum of the MgO
substrate sputtered with an ion gun that employs a hot
10 N W filament to ionize the Ar ion. In addition to the high
500 34% 4 NN Mg and O edges, there are two small extra peaks in the
60 v spectrum that correspond to Ar and W. It is believed that
75 v the Ar and W are introduced into the substrate by the ion
90 Y irradiation since RBS of the nonsputtered MgO does not
1 N show these two elements; see Fig. 2(b). The source of the
2 N W must be the hot W filament of the ion gun. When the
3 Y ion gun is on, electrons are emitted by the hot filament,
300 90 4 Y accelerated by the “discharge” electric field and forced
2 i to move in spiral orbits by a magnetic field. Ar atoms in
9 v the discharge chamber are ionized by these electrons. At

the same time some W atoms are evaporated or sputtered
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FIG. 1. AFM images of (a) the as-polished MgO surface before annealing; (b) the sputtered MgO surface before annealing; (c) the polished

MgO surface after annealing; (d) the sputtered MgO surface after annealing.
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from the hot filament and may also be ionized. These W
ions are accelerated by the gun acceleration field along
with the Ar ion beam and bombard the substrate. We
did observe considerable consumption of the W filament
during sputtering. When the ion beam emission current is
kept constant, the filament-heating current continuously
decreases at a rate of about 1% per 10 min, indicating
that the filament is getting thinner at a fairly fast rate
and thus a considerable amount of W may be introduced
into the Ar ion beam.

Before calculating the concentrations of W and Ar in
the MgO surface layer from the RBS spectra, their spatial
distribution is modeled by arim code Monte Carlo
simulation. The results show that the Ar and W ions are
implanted into the substrate and the peak concentrations
are at depths of-1 and~2 nm, respectively. However,
under typical sputtering conditions the ion beam is
perpendicular to the substrate surface and parallel to its
[001] direction. Hence, strong ion channeling is expected
to occur and the actual distribution of W and Ar may be
considerably deeper than the first ordemv values. In
addition, since the substrate materials are continuously
milled away by the ion beam during implanting, the
distribution peaks are smeared out. Therefore, the final
distribution of the Ar and W is assumed nearly uniform
over the top 3—4 nm layer of the substrate. This uniform
distribution is used for the RBS spectrum simulation.
The concentrations of Ar and W in this layer are de-

FIG. 2. (a) The solid curve is an RBS spectrum of a sputtered Mgotermined bv matching a simulated RBS spectrum with
surface, showing small Ar and W peaks. The broken curve is th y 9 P

simulation of the spectrum corresponding to 1.1 monolayer of Ar an§he e_x_perlmental R_BS spectrum. Un_der typlcal spu'tterlng
0.77 monolayer of W; (b) RBS spectrum of a nonsputtered Mgocondition (500 eV ion beam at 9@ncidence for 4 min),

surface showing no Ar and W peaks. the total amounts of Ar and W in the surface layer are
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approximately 1.1 and 0.77 monolayers, respectivelypreviously implanted ions are partly removed from the
Considering the Ar ion beam current of 1 phg?,  substrate while new ions are implanted in the substrate.
less than 0.2% of the Ar ions stay in the substrate afteAfter an initial transition period a steady-state concen-
sputtering. The emission rate of W is not known, buttration will be reached. The higher the removal rate
it must be much smaller than for Ar. Since the final of the implanted ions, the faster the final concentration
W concentration is close to the Ar concentration, theis reached. The Ar ions are more loosely bound and
implantation ratio of W ions must be much higher thanimplanted to a shallower depth than the W ions, therefore
that of Ar ions. This phenomenon can be attributed tahe probability for the Ar ions being removed from the
several effects, including the larger implantation depthMgO surface layer by the subsequent ion sputtering
of the W ions and the smaller mobility of W ions in is much greater than that for the W ions. In addition,
the substrate surface layer due to their larger mass argince Ar is an inert gas, it may be stable in the surface
stronger interaction with substrate atoms. region only in the form of subsurface clusters from which

The difference between the mobility of Ar and W Ar may eventually escape from the substrate into the
ions in the substrate surface layer can also be seeracuum. Both effects cause higher removal rates of Ar
from the change of their concentration with sputteringby the sputtering; therefore the steady-state concentration
time. Both Ar and W concentration in the surface layerof Ar is reached much faster than that of W.
increase with sputtering time, but the Ar concentration  The early saturation of Ar concentration suggests
saturates in less than 1 min while the W concentratiorthat Ar implantation may not be important to the occur-
continues to increase up to 10 min of the sputteringence of SIEM. No SIEM occurs for a 1 min exposure to
time [Fig. 3(a)]. The early saturation of Ar ions can the ion beam (see Table ), and the Ar concentration has
be understood by considering the milling effect of thealready become saturated at this stage [see Fig. 3(a)].
subsequent Ar ion beam. During the sputtering proces$he W concentration, on the other hand, does not
saturate until after SIEM is observed and therefore may
4000 | o Patio of 07 phase . have an important effect on the change of the YBCO
—&— Ar counts ] . . . . .
—a— W counts E orientation. Shown in Fig. 3(b) are the W concentration
i ] and the fraction of the Ooriented phase; both increase
with increasing ion incident angle. This again suggests a
connection between W implantation and the occurrence
of SIEM. To further explore this connection, YBCO
films were grown on MgO substrates sputtered by an Ar
ion gun that uses an rf field to generate the Ar ions; hence
no W ions are generated or implanted into the substrates.
N A All other conditions were the same as with the tungsten
4100 © 100 200 300 400 500 600 700 filament ion gun. In the resultant films the fraction of the

Time (sec) 0° phase is greatly diminished from that observed when
@) substrates are sputtered with a tungsten filament ion gun
120 and only slightly larger than that of the nonsputtered
: case, indicating that W-free Ar ion sputtering has little
¢ 100 effect on the occurrence of SIEM (see Fig. 4). Thus, W
] implantation appears essential to SIEM.

In the POMBE procedure the substrate is always
treated with an oxygen plasma at670 °C for 30 min
before the growth of YBCO film. To determine if the
implanted ions are lost in this treatment, sputtered
substrates were examined by RBS both before and
—e— ratio of 0° orientation] after the predeposition treatment. The result indicates
T TPPE P b L. L A T, that most of the Ar and W remain in the substrate
30 40 50 60 70 80 9 after the plasma treatment and are not sputtered away

lon Incident Angle (°) by the oxygen p|asma.

(b)

FIG. 3. (a) Variation of Ar and W concentration with sputtering time C. Effects of the initial film growth conditions

as determined by RBS. The Ar concentration saturates in less than . ..
30 s of sputtering. (b) Ar and W concentration both increase with The YBCO film grOWth conditions affect the YBCO

ion incident angle. The ratio of the’ @riented phase on the sputtered f”m_ orientation on MgO. The POMBE deposition system
surface shows the same trend as the W concentration. delivers the metal precursors to the substrate in a serial
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[T T e T the substrate sputtered by an ion gun with a W fila-
100 a— it ] ment the films are always grown irf @rientation. Even
Sputtered (W filament) when the deposition was started with a Y layer (i.e., a

Ba pulse time of 0 s), more than 99% of the films grows

100E ] with 0° orientation. In this case we can say that the crit-
[ ] ical Ba pulse length is zero. The change of the critical

: / Sputtered (No W) ] Ba pulse length by the sputtering forms a time window
OF = from 1 s to 5.7 s. Within this window one can grow the

100 o 0° oriented phase on regions sputtered with a W filament
[ N ttered ] ion gun and the 45oriented phase on the nonsputtered
L . ?n-Splf ere . ] regions simultaneously. This makes the fabrication of the
0 5 4 6 s 10 12 14 16 45° tilt boundary with the SIEM method possible.

) ) The phenomenon of “Ba-induced® @rowth” has
First Ba pulse time (sec) been explained in terms of the initial growth behavior

FIG. 4. The ratio of 0 oriented YBCO films on the substrate surface of BaO on the MgO (001) surfact.In a study of BaO
changes with the length of the initial Ba pulse in the POMBE growth. growth on MgO (001), Cotteet al®* found that for Ba
The three curves show the change under three different substragoverage less than a critical value (2—3 monolayers), the
treatment conditions. Ba atoms are substitutionally incorporated into the MgO
lattice and the surface structure of the substrate remains
sequence of discrete pulses. The type and amount ainchanged. For Ba coverage greater than the critical
metal precursor in each pulse can be controlled. Arvalue, an epitaxial BaO overlayer was formed. The
important factor in the control of film orientation is the c-axis of this overlayer is aligned with that of MgO and
type and amount of precursor in the initial film layer. To the in-plane orientation relation is [1%9$//[100]ugo.
obtain SIEM, a Ba layer of a certain thickness needs ta@he above observation was justified by a calculation
be deposited first. In the POMBE system this is realizedf the heat of segregatidfi. Their calculations show
by controlling the length of the first Ba precursor pulsethat the formation of a BaO overlayer is energetically
under a calibrated constant flow rate. The dependendavorable over substitutional incorporation as the Ba
of the film orientation on the first Ba pulse length is coverage exceeded a critical coverage. Using Cotter's
illustrated in Fig. 4, which plots the ratio of @riented  results, Buccholzt al**3¢ proposed a model for the Ba-
areas over the total substrate surface versus the firgsiduced O growth. They believed that Cotter’s critical
Ba pulse time. When this ratio is 0, the whole film is Ba coverage for BaO overlayer to form corresponds
oriented at 45 The three curves in the figure correspondto the critical initial Ba pulse length in the POMBE
to the MgO (001) substrates nonsputtered, sputtered byrowth. Below this critical Ba coverage the surface
a W-free Ar ion gun, and sputtered by an Ar ion gunretains the MgO (001) structure and the YBCO films
with a W filament, respectively. The incorporation rateare grown in the 45 orientation. When more Ba is
of Ba atoms into the deposited film is about 0.¥3 deposited onto the surface, the concentration of the
10'° Ba/cn? s. substitutional Ba atoms in the substrate surface layer
For all three types of substrates the YBCO filmswill finally reach a saturation point and a BaO overlayer
grow entirely in O orientation when the initial Ba pulse starts to form over the Ba saturated MgO layer. The
is longer than 9 s. This means that if we deposit a sufsubsequent YBCO films grow on the BaO overlayer with
ficient amount of Ba onto the MgO surface before thethe orientation relation [10Q4co//[110]za0, giving the
YBCO growth, we always get°Ooriented YBCO films overall ¢ orientation relation between YBCO films and
regardless of substrate treatment. This phenomenon cdime MgO substrate.
be called “Ba-induced Ogrowth.”®8 When the initial Ba To explore the above model, TEM is used to ex-
pulse is short, however, the film orientation can be dif-amine a 0 oriented YBCQMgO interface formed on
ferent. For the two W-free surfaces there is a criticala nonsputtered MgO substrate by depositing an extra
Ba pulse length below which the resultant YBCO film amount of Ba in the initial stage of film growth. Figure 5
switches to 45 orientation. The switching of the ori- is a cross-section HREM image of this interface. This
entation is quite abrupt. On the nonsputtered substratémage shows that the top layer of the substrate has the
for example, the YBCO film changes from 100% d¢f O same lattice fringes as the bulk MgO, except for some
orientation to 100% of 45orientation when the initial modification in contrast. It appears that this layer corre-
Ba pulse decreases from 8.6 to 5.7 s. This gives theponds to the Ba saturated MgO top layer. Above this
critical Ba pulse length for a nonsputtered substrate akyer we expect to see a BaO overlayer. However, we
about 5.7 s, which corresponds to a critical Ba coveragéid not see this overlayer in the image, even if the length
of 0.74 X 10 Ba/cn? or 1.1 monolayers of BaO. For of the first Ba pulse was as long as 30 s, corresponding

Ratio of 0° oriented phase (%)

(=]
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of structural changes in the surface MgO lattice and/or
form a buffer layer at the surface that relieves the large
lattice mismatch associated with the growth. In order

to characterize these structural changes, HREM is used
to examine the 4%5tilt grain boundaries fabricated with
the SIEM method and the YBG®gO interfaces in the
nonsputtered and sputtered regions.

HREM imaging shows a remarkable change in the
interface structure after ion sputtering. Figure 6 is a
cross-sectional TEM image of the root part (near the
film/substrate interface) of a 4%ilt grain boundary
formed between the sputtered and nonsputtered regions.
The detailed structure of this boundary has been dis-
cussed elsewhefé€. What we want to show here is the

L difference in the YBC@®MgO interfaces on the two
FIG. 5. Cross-sectional HREM image of thedriented YBCgMgo ~ Sides of the boundary. In the nonsputtered region the
interface induced by extra amount of Ba deposition in the initial stagdnterface is sharp, but in the sputtered region a layer of
of the film growth. different contrast is formed at the interface. Figures 7(a)

han 6 | ¢ BaO. The el i and 7(b) represent closer views of these two types of
to more than 6 monolayers of BaO. The elemental iN§n o taca5 The interface in the nonsputtered samples

profile across the interface obtained by high resolutior[Fig' 7(a)] is sharp and clean. The YBCO films grow

EDX also shows no extra Ba-rich Iayerattheinterface.,t\jirecﬂy on the MgO surface. There are no reaction

poss_lblg explanatlpn for the absence .Of the BaO layer i§,qcts or intermediate layer at the interface. Although
that it disappears in the subsequent film growth processg, j deposited as the initial layer of the YBCO growth,
Since Ba is one of the_ constituents of YB.CO’ diffusion no extra layer is observed at this interface. It is believed
may occur under the h'gh. temperature du_rlng the synthey ot the initial Ba layer is incorporated into the YBCO
SIS SO thaF t.he extra Ba is mco_rporated into the YBCOIayers in the subsequent growth process. The periodical
film. The initial oem;tence_z of_th|s BaO Iaygr, hOWeVET, features at the interface indicated by arrows suggest the
must cause the_CI_)r_lentatlon In t_he YBCO film. formation of interfacial dislocations that match every
Since extra initial Ba de_posmon 'e'?‘ds to. @O\Mh’ four MgO [200] planes with three YBCO [110] planes.
one could propose that the ion sputtering might increasey o interface in the sputtered samples [Fig. 7(b)], on

B‘; progu(;:tion OT]"thi SPUtt?gfd aree;ls and c'aushe a "Bie other hand, is not sharp. It is characterized by an
inauce growth™. A possible mechanism is that an o mediate layer 3—6 nm thick. This layer displays

Bifferent lattice fringes compared to other parts of the

in the adsorption an(_i/or decomposition rate of the B, mple, indicating that it has a structure different from
precursor by sputter-induced defects, such as steps adhar YBCO or MgO

ledges that COUI.d ‘”Cfee!se the reacti_on rate, or by creating In addition to the difference in lattice structure,
a surface chemlcgl environment which IS more favorable[he elemental composition and spatial distribution near
for the decomposition. If this speculation were correct,
the mechanism of SIEM would be a form of “Ba-induced
0° growth”. :
In order to find out whether or not this is indeed [
the case, a critical experiment was performed. In this
experiment only the initial Ba layer was simultaneously
deposited onto sputtered and nonsputtered substratef &
and the resultant Ba concentrations on these two sul
strates were measured by RBS. No significant differenci
between the two substrates was found. This indicates thi#
ion sputtering does not increase Ba deposition on the e
substrate surface. Therefore, the mechanism of SIEM if*
not a form of “Ba-induced Ogrowth”.

D. Microstructure of the YBCO /MgO interfaces
FIG. 6. HREM image of the root part of a #4§rain boundary formed

A POSSible mec_hanism (?f SIEM is that the Ar io_n by the SIEM method. Notice that the YBE@®IgO interfaces in the
sputtering and W implantation may cause some kindwo sides of the boundary are different.
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FIG. 7. YBCO/M(O interfaces in (a) nonsputtered MgO region and F|G. 8. Elemental line profile by high resolution EDX across the

(b) sputtered MgO region. Note that the periodical contrast featurey BCO/MgO interfaces in (a) nonsputtered region and (b) sputtered
indicated by arrows in (a) are formed by interface dislocations and thategion.

there is an intermediate layer formed between YBCO and MgO in (b).

definitely help in the formation of this intermediate layer.
the interface regions are also different in the nonsputThis is consistent with the fact that some length of the
tered and sputtered samples. This can be seen frofirst Ba pulse in the POMBE growth is essential for
the elemental line profiles shown in Fig. 8, which arethe orientation change to occur. Also observed in the
obtained by high spatial resolution EDX line scan. Atnarrow (a few nm wide) YBCZMgO interface region
both interfaces the Mg concentration drops down slowlyof the sputtered sample is a small amount of W. No W
as the probe is moved from the MgO side to the YBCOis observed at the nonsputtered interface. This fact is
side, indicating some degree of Mg diffusion into YBCO. consistent with the RBS result mentioned in Sec. Ill.B
The concentration profile of Y, Ba, and Cu, however,and suggests the critical effect of W in the formation of
is different between the nonsputtered and the sputtereithe Ba-rich intermediate layer.
interfaces. In the nonsputtered sample the concentrations , )
of the three elements change abruptly as the probE: The mechanism of sputter-induced
crosses the interface, indicating a sharp YBCO edgefPitaxy modification
In other words, there is no diffusion of Y, Cu, or Ba In the above sections we have found that the W
into the MgO. In the sputtered sample, however, the Baon implantation associated with the ion sputtering and
concentration increases a few nanometers ahead of te first Ba layer in the YBCO film growth are the
and Cu concentration while the probe is moved fromtwo most important factors for the occurrence of SIEM.
MgO to YBCO, indicating a Ba-rich layer a few nm We also observed a large difference in the atomic-scale
thick at the interface. It is believed that this Ba-rich structure of the YBC@MgO interface between sputtered
layer corresponds to the intermediate layer observednd nonsputtered regions. In the sputtered region a
in the HREM images. The major composition of this Ba-rich intermediate layer is observed, which has the
layer is a mixture of barium, magnesium, and oxygensame thickness as the W implanted layer. From these
with relatively small amount of yttrium and copper. experimental results, the process occurring on the MgO
The molecular formula of this layer could be written surfaces in the early stage of YBCO growth and the
as BaMg,_,0. It is evident that the formation of this mechanism by which the different growth orientations
layer is caused by Ba diffusion from the deposited layemwon the sputtered and nonsputtered substrates are obtained
into the substrate. The first layer Ba deposition willcan be described as below. On the nonsputtered MgO the
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small amount of the initial Ba deposition does not changeThis is confirmed by comparing the film growth results
the surface structure of the substrate and the YBCO filnusing ion guns with and without W filament. Finally, the
grows “normally” on the substrate with no intermediateinitial Ba deposition is found to be essential to control
layer formed. Here the word “normally” means that thethe film growth orientation.
film grows exclusively in the 45orientation because By analyzing the experimental results regarding
this orientation results in a smaller lattice mismatch tothese relevant factors and by studying the microstructure
the substrate. On the sputtered surface, however, the \Whd elemental distribution of the resultant YBONMO
implantation, and to some extent the Ar ion sputtering,nterfaces, the mechanism of SIEM is elucidated as
introduce some kind of structural and chemical changefollows. On the nonsputtered MgO (001) surface YBCO
in the surface layer of the substrate, which lead to Bagrows in the 4% orientation because of the smaller lattice
diffusion into the MgO surface layer. This diffusion mismatch in this orientation. On the sputtered surface the
forms on the substrate surface a layer of.®g,-,O W implantation associated with the sputtering induces
that functions as a buffer for the subsequent film growthsome structural and chemical changes that cause Ba
The initial deposition of Ba also helps in the formation diffusion into the damaged MgO surface layer and form
of this buffer layer. The presence of the buffer layera BaMg,_,O buffer layer on top of the substrate surface.
on the MgO surface avoids the large lattice mismatchThe formation of this buffer layer is also helped by the
between MgO and Qoriented YBCO film and makes initial Ba deposition in the POMBE growth. This buffer
the @ oriented growth energetically favorable. layer relieves the large lattice mismatch between MgO
At this moment, it is not clear what structural and and the 0 oriented YBCO layer and thus makes the 0
chemical changes are induced by the W ion implantatiomgrowth possible on the sputtered surfaces.
during sputtering. One possible change is that W ions
create a large amount of vacancies in MgO on their path
of implantation due to their large mass. The existencACKNOWLEDGMENTS
of these vacancies enhances the diffusion of Ba atoms The authors are grateful to V. Dravid, W. A. Chiou,

later in the film growth process. The consistency between,qvy vy Wang for help in the microanalysis, to R. Csen-
the thickness of the diffusion layer and the depth of the.gjts H. Zhang, and W. Sinkoer for their help in the

W implantation (both of them are a few nm) seemSyREM experiments, and to L.J. Thompson and F.R.

to support this assumption. The reason why Ba hag)ing for help withTriIM and RBS simulation. This work
significantly stronger diffusion than Y and Cu may bejs sypnorted by the National Science Foundation, under
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