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Abstract. Atomic force microscopy (AFM) is applied to and flat surface oMgO substrate and at interface edges be-
study the surface morphologies and growth mechanisms diveen MgO surface and DBCO layer on the ramp surface
sputteredSrTiOs films on single-crystalMgO(100) sub-  because the axis of the PBCO layer grows preferably along
strates. Meanwhile, surface morphologies of as-polished aritie normal of the etched ramp surface but PBCO can grow
post-annealetMgO(100) substrates are investigated as well.epitaxially on the DBCO layer. Such grain boundaries have
Effects of the miscut (or misorientation) of the substratebeen observed in YBCO films when they are deposited on the
surface on morphologies and growth mechanisms are disamp ofMgO(100) substrates [9—12]. This in turn leads to
cussed. For comparison, a typical surface morphology angrain boundaries in the subsequently deposited DBCO elec-
growth mechanism of the spiral island structure in sputterettode layer and results in undesired weak-link effects in pre-
PrBaCuzO;_; films onMgO(100) substrates are presented. pared RTJJs [13].

In order to eliminate the formation of the grain bound-

. . . aries in DBCO and PBCO layers, we decided to uSeTa0Os
PACS: 68.55; 77.55; 81.40 (STO) thin film as a buffer layer oMgO(100) substrates
and to prepare RTJJs on the ramp of the STO buffer layer
rather than directly oiMgO substrate. It has been reported
The single-crystaligO substrate is one of the promising sub- that a STO thin film is suitable to prepare RTJJs on SOS
strates to be used for HTS (hidh superconducting) applica- (silicon on sapphire) substrates when it is used in a com-
tions in the field of high-frequency devicesidgO has arela- plex multilayer buffer system [13]. Besides the ability to
tively low dielectric loss at the high frequency compared withuse a STO buffer layer to fabricate RTJJs avoiding addi-
SrTiO; substrates and has a dielectric constant close to théibnal grain-boundary weak links, one of the undesired ef-
of Al,O3 substrate, which is quite often used in the micro-fects that must be considered is that the dielectric constant
wave community [1-4]. A multilayer technique has beenof a STO film could be as high as a STO crystal substrate.
developed to fabricate HTS ramp-type Josephson junctiortdowever, due to the small thickness (e3¢-40 nn), a STO
(RTJJs) orSrTiOz(100 substrates by usinQyBaCuwsO7_s  buffer layer hardly affects the dielectric propertieshé§O
(DBCO) as superconducting electrodes d&mBaCuzO7_s  substrates [2, 3,13].

(PBCO) as a barrier material [5, 6]. RTJJs were developed in Various attempts have been made to obtain a suitable STO
order to use the longer coherence length inatieplane ofc-  buffer layer onMgO(100) substrates in order to improve the
axis-oriented HTS layers through the ramp. Briefly speakingguality of the subsequent deposition of YBCO-type supercon-
the patterned ramps are created by Ar ion-beam etching undeucting thin films [1, 2, 14, 15]. The improvement of the crys-

a certain angle (e.gd5°) with respect to the substrate sur- tallinity and superconducting properties of YBCO films on
face after deposition of DBCO and PBCO layers. Then PBCGTO-bufferedvigO(100) substrates has been achieved [1, 2].
and DBCO layers are deposited subsequently on these etchiddwever, all those studies were carried out using pulsed laser
ramps to form RTJJs [5]. There are some problems in prepadeposition (PLD). To our knowledge, there has been no report
ing RTJJs using DBCO and PBCO layersMgO(100) sub-  on sputtered STO films oklgO substrates and no report on
strates. One of the problems is that transformation twins anthe fabrication of RTJJs on STO-bufferigld/O substrates yet.
grain boundaries may be formed in DBCO and PBCO filmdn our case, RTJJs using the multilayer technique are mainly
because of a large lattice mismateh&.8%) between the-b  fabricated using a sputter system [6]. Therefore, an attempt to
plane of DBCO (or PBCO) film and th@.00) plane ofMgO  obtain suitable STO buffer layers dtgO substrates by sput-
substrate. These defects have been observéB@aaCu;O7_s  tering was carried out. By optimizing sputtering conditions,
(YBCO) films when they are deposited dmgO(100) sub-  smooth and epitaxial STO films dgO(100) substrates have
strates [7, 8]. Especially, grain boundaries may be formed ibeen achieved [16]. Consequently, RTJJs fabricated on STO-
the PBCO barrier layer at the corner between the etched ranqufferedMgO(100) substrates have shown superconducting
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and tunneling properties comparable to those on STO sul g g v

strates [17].

In this paper, we present studies on surface morpholc
gies and growth mechanisms of sputtered STO films by usin
AFM. Meanwhile, the morphology of as-polished and post- §
annealedMgO substrates are also studied in order to obtair
a high-quality substrate surface for the smooth and epitaxic
film growth, taking especial care about the in-plane epitax
ial formation. The effects of miscut (or misorientation) of the &
MgO substrate surface on morphology and growth mechar
ism are discussed. A miscut of abdlit between thg001)
plane and substrate surface is expected for our h4g® ,
substrates according to our XRD (X-ray diffraction) meas- g5
urements [16]. For comparison, a typical surface morpholog
and growth mechanism of the spiral island structure in spui
tered PBCO films oMgO(100) substrates are presented.
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1 Experimental Fig. 1. An AFM image of the polished surface of MgO(100) substrate
which was cleaned ultrasonically in acetone and ethanol (Substrate A)

STO films were deposited on single-crysk&gO(100) sub-
strates by off-axis rf magnetron sputtering fromSariOs

target [6]. The optimal sputtering conditions are as followsg supstrate (Substrate A) that was ultrasonically rinsed be-
The deposition temperature wag0°C and the sputtering fore it was measured. The residual contamination is clearly
pressure wab.25 mbarusing anAr/O, (50:50) gas mixture.  gjsplayed in a shape of irregular hills with a submicron size
The substrate was positioned in the vicinity of the V|S|blea|0ng the scratches [19, 20]. The height of the hills is about
plasma close to the target. The rf power W83N. The depo- 10 nmas indicated by a height scale shown at the right-hand
sition rate was abo@7 nnyh. _ . side of the image. The contamination possibly originates from
Special care was taken in handling the polished surface @he mechanical polishing and the reaction with the ambient
the MgO substrate because of its hygroscopic nature [1, 2]ajr and water. The reaction with air and water may lead to
However, it was found that water and other contaminant§yqroxides and carbonates on the surface, which has been de-
on the polishedMgO surface can be significantly removed termined by XPS (X-ray photoelectron spectroscopy) meas-
by baking for a while, e.g10-30 minin the vacuum cham- yrements and has also been reported in [20]. Such a surface
ber around the deposition temperature, &¢)°C-790°C.  contamination is bad for thin film deposition.
Therefore, in our casdylgO(100) substrates were cleaned  However, in our case, the substrates are always heated
u_ItrasomcaIIy in acetone and ethanol yvlthout any other SP&up to a high deposition temperature in the vacuum. There-
cial treatment and then blown dry witR,. The substrate fore it is important to examine the quality of the substrate
(10x 5x 0.5mm) was glued onto a heater block using silver syrface after being heated. Figure 2 gives the surface image

paint and heated up to the deposition temperature in the Spyf a3 MgO substrate (Substrate B) that was heated up to
ter chamber for abo®0 minwhile the chamber was pumped

down to a pressure aboa0® mbar After deposition, the
film was left to cool down tdl20°C in situ with flowing O,
at a pressure at00 mbar

On the other hand, in order to reduce the damage o
the substrate surface caused by mechanical polishing and
reconstruct the surface to achieve atomically flat steps, at
nealing ofMgO substrates at temperatures betw&éA0°C
and1100°C was carried out in a furnace using a quartz-tube
holder and a littleD, flow according to reports in [18—22].

AFM measurements were performed under an ambient a
mosphere at room temperature using a commercial setup
Nanoscope lll, TheSisN, tips were applied using the con- .
tact mode. The reliability and reproducibility of the recorded
images were carefully established.

2 Results and discussion

2.1 Surface morphologies of ultrasonically cleaned and

bakedMgO substrates . N 4000 mrate

First Qf all, the pQ”Shed Surf.ace ofMgO(100 SUbStrat_e WasS  Fig. 2. An AFM image of the baked surface ofigO(100) substrate which
examined by using AFM. Figure 1 shows a surface image ofias heated in the vacuum chambe786°C for 10 min (Substrate B)
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790°C in the sputter chamber fdrO min Since no anneal- 2.2 Surface morphologies &rTiO; films on the baked and

ing effect could be expected wh&fgO substrates are heated annealedMgO substrates

at 790°C (which is much lower than the effective anneal-

ing temperature oMgO substrate, e.gl000°C), the sub- Figure 3 shows the surface image of a STO film (Film A,
strate was just baked. Therefore, such a heated substratealsout 37 nm in thickness) that was deposited on a baked
termed abaked substrate this paper in order to distinguish MgO substrate. The image indicates a very smooth surface
from an annealed substrate. The image in Fig. 2 demonstratesth a granular topography (the measured rms roughness
that the surface was significantly cleaned after being baked < 1 nm) although the film surface is rougher than the baked
besides ultrasonic rinsing. The scratches due to the mechasubstrate surface. Such a smooth surface is very suitable for
cal polishing are clearly observed, as shown in a shape of lithe subsequent deposition of the smooth DBCO and PBCO
ear pits which are abo5 nmin depth. Compared with the layers. This has been demonstrated in our work [16]. The
ultrasonically cleaned surface, the baked surface is more suitiain results are summarized as follows. The STO film in
able for the thin film deposition, which is confirmed by the Fig. 3 has shown a good crystallinity with a single [001]
following results. orientation perpendicular to the film surface as measured by
XRD. The DBCO on such a STO-bufferédgO substrate
has shown a single [001] orientation perpendicular to the
film surface and good superconducting properties (i.e. super-
conducting transition temperature & = 89 K(R=0) and
resistance ratio oR(300 K)/R(100 K) ~ 3). The (001) lat-
tice planes of the STO buffer layer and DBCO film are clearly
observed in a cross-sectional TEM (transmission electron mi-
croscopy) micrograph. They are parallel to MgO substrate
surface.

However, STO films deposited on annealddO sub-
strates are not so encouraging. Figures 4 and 5 give the
surface images of two annealdgO(100) substrates and
STO films deposited on them, respectively. The substrate in
Fig. 4a (Substrate C) was annealedl@00°C for 12 h (ex-
cluding the time of heating up and cooling down). The sub-
strate in Fig. 5a (Substrate D) was annealedG80°C for
10 h Compared with the baked substrate surface shown in
Fig. 2, the crystallinity of the annealed surface seems better
but the surface roughness increases as reported in [21,22].
Aremarkable result is that Substrate D exhibits the atomically
terraced steps as reported in annealed STO substrates [20]
e _ o wesais  and annealetlgO substrates [22]. The height of the steps is

R about one or two unit cellgd(42-0.84 nn) and the width of

Fig. 3. An AFM image of a deposite@rTiOs film (Film A, about37 nmin  flat terraces is abowt5 um. Consequently, the surface mor-
thickness) on a bakelllgO(100) substrate

0,500 wmidiv K 0.5
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Fig. 4a,b.AFM images of an annealddgO(100) substrate (Substrate GJ)(and a deposite8rTiOs film (Film B, about37 nmin thickness) on this annealed
substratelf). The substrate was annealedl800°C for 12 h
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Fig.5a,b. AFM images of an annealeMgO(100) substrate (Substrate Dg)(and a deposite®rTiOs film (Film C, about74 nmin thickness) on this
annealed substraté)( The substrate was annealedl@60°C for 10 h
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phologies of deposited STO films on these two substrates acé Ca on thavigO(100) substrate surface. The segregation of
completely different although their deposition conditions andCa results in large particles on the substrate surface, which are
the film thickness are the same, i.e. ab®uhmby one-hour about0.1-0.5um in size and30-50 nmin height with num-
deposition. In Fig. 4b, the film (Film B) on Substrate C showsber of 1-5 perum? as measured by AFM. Variation of the
a similar granular topography to Film A on the baked sub-Ca segregation depends on the impurityMgO substrates
strate (see Fig. 3). However, the surface roughness of Film Bnd annealing conditions, which have been studied by several
is increased. XRD measurements indicated that Film B alsgroups [22, 24-27].
has a good crystallinity with a single [001] orientation per-
pendicular to the film surface. This suggests that Film B could
also be good for the subsequent deposition of smooth DBCQ.3 Nucleation and growth mechanisms3ifTiOz and
and PBCO films. PrBaCuzO7_; films on bakedVigO substrates
Furthermore, row-like appearances are clearly displayed
in two images shown in Fig. 4. Comparing the images beFigure 6 shows AFM images of a STO film (Film D) on
tween the substrate and the film, it is worth noting that thea bakedMigO(100) substrate. The film was deposited under
film was growing along the “rows” of the annealed substratethe same conditions as Films B and C but deposite@ for
Such a film growth mode is remarkably enhanced in the filnso that the thickness would be abd4tnm Figure 6a gives
(Film C) deposited on Substrate D as shown in Fig. 5. Than overview image of the film, which reveals a cross-
surface image of Film C shows that the nucleation of depositshape morphology. This could be attributed to the miscut
was along the step edges of the annealed substrate surfadefects formed on the substrate surface as reported in STO
which results in a hill-like morphology as shown in Fig. 5b substrates [20]. Nevertheless, this image implies that this sub-
in which the height of the “hills” is abol20 nm Such a film  strate surface is as flat as that shown in Fig. 2. As a result,
with those high hills is undesirable for the subsequent deposthe STO film deposited on this substrate exhibits a particu-
tion. Therefore, an annealed substrate surface is not suitalbe terraced-island structure which is enlarged as shown in
for thin film deposition if the steps are too high, e.g. higherthe following graphs. In Fig. 6b, the deflection image (on the
than one unit cell £ 0.4nm) because hills (i.e. particles) right-hand side) reveals the clear terraced-steps and islands
could be formed along the step edges. However, the formatiomhich are formed particularly along the cross-defect tracks.
of such big particles also depends on the deposition condiFhis suggests that the defects on the substrate surface may
tions. The nucleation of deposits along the step edges of ttentribute to the nucleation sites for the island growth. The
substrate surface has been studied in DBCO films depositetttails of the terraced-island structure are given in Fig. 6c.
on STO substrates [23]. Optimization for film depositing andA height profile along a line as indicated in the graph is plot-
substrate annealing is required to obtain smooth and epitaxitdd in Fig. 6d. The height and width of the terraces are about
STO films. 0.2nmand22 nm respectively, as measured by two arrows.
In order to clarify the quality of the anneal&digO sub-  Itis noteworthy that the measured height is about the distance
strates, a systematic study was carried out under different abetweernTiO andSrO, atom-planesin &rTiOg crystal. There
nealing temperatures frod000°C to 1100°C and different have been some reports on surface morphology of STO films
annealing times from 6 t@4 h Some problems were found on MgO and STO substrates [3, 28, 29]. However, we note
concerning the reproducibility of the annealed surface. Oné¢hat this is the first time that such a terraced-island structure
is attributed to the miscut (or misorientation) of the polisheds reported in a sputteregr TiOs film on MgO substrate. One
substrate surface [20]. Another big problem is the segregatianteresting feature of the presented STO film is its terraced
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Fig. 6a—d. AFM images of a deposite8rTiOs film (Film D, about74 mnin thickness) on a bakelllgO(100) substratea A overview image (30« 30 um)
showing the cross-shaped defects on the substrate susfatigh-resolution height and defection images which were recorded at the same #ndetailed
image taken partly from the height imaged A height profile on a line indicated in the imagewhereh is the height of the step and the width of the
terrace
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steps and islands without any indication of a spiral strucSuch a pronounced island structure results in a rougher sur-
ture. The spiral terraced-island structure has been observéate compared with the STO film surface. This implies that

in c-axis-oriented YBCO-type films oMgO and STO sub- PBCO films are not as good as STO films when they are con-
strates and most of them were observed by STM (scanningjdered for use as a buffer layer for the preparation of RTJJs

tunneling microscopy) [30—-35]. on MgO substrates. A study on preparation of RTJJs using
In our studies, we observed the spiral terraced-islan®@BCO buffer layer otMgO substrates has been reported [12].
structure in our sputtered PBCO films dagO(100) sub- The growth of the spiral structure has been explained by

strates by AFM. Figure 7 gives the images of a PBCO filma growth model considering the screw dislocations and stack-
(Film E) on a baked substrate. The film was deposited byng faults, which are formed during the film growing [30-32].
sputtering using &r /O, (50:50) mixture gas and &,0 va- It has been also observed that the density of screw disloca-
por (about.1% of total sputtering pressure) under a sputtertions decreases with increasing misorientation of the substrate
ing pressure 00.15 mbarand at790°C [6]. The film thick-  surface as well as the film-growing temperature [33]. An-
ness is abouwt0 nmafter30 mindeposition. In Fig. 7a, the de- other factor that has been considered, especially in the PBCO-
flection image (on the right-hand side) demonstrates the spirgtpe films deposited oMgO(100) substrates, is attributed
islands as shown in a typical pyramidal shape. The detail® the strain release because of a large lattice mismatch be-
of a pyramidal-shape spiral island are given in Fig. 7b. Théween the film and the substrate [34]. However, as observed
height and width of the spiral terrace are ab6@nmand in our studies, nonspiral terraced-island growth of STO films
25 nm respectively, as measured by two arrows in Fig. 7con MgO(100) substrates suggests that the formation of the
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Fig. 7a—c. AFM images of a deposite®rBaCuzO7_; film (Film E, about40 nmin thickness) on a bakeMgO(100) substratea Height and defection
images recorded at the same tirbeA detailed image taken partly from the height imames A height profile on a line indicated in the image whereh
is the height of the step and the width of the terrace



screw dislocation is an intrinsic property of the YBCO-type

films [31]. Moreover, we have also observed spiral terraced- 6.

island structures in our sputtered DBCO filmsMgO sub-
strates [16].

3 Conclusion 7.

By optimizing sputtering conditions, smooth and epitaxial g

STO films onMgO(100) substrates have been achieved. Con-
sequently, RTJJs fabricated on STO-buffedgiO(100) sub-
strates have shown superconducting and tunneling propertle§
comparable to those on STO substrates.

The surface morphologies and growth mechanisms of
sputteredSrTiO; and PrBaCusO;_s films on baked and
annealedMgO(100) substrates have been studied by using
AFM. Meanwhile, the surface quality of baked and anneale
MgO substrates has been examined as well. The STO films on
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