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Abstract. Atomic force microscopy (AFM) is applied to
study the surface morphologies and growth mechanisms of
sputteredSrTiO3 films on single-crystalMgO(100) sub-
strates. Meanwhile, surface morphologies of as-polished and
post-annealedMgO(100) substrates are investigated as well.
Effects of the miscut (or misorientation) of the substrate
surface on morphologies and growth mechanisms are dis-
cussed. For comparison, a typical surface morphology and
growth mechanism of the spiral island structure in sputtered
PrBa2Cu3O7−δ films onMgO(100) substrates are presented.

PACS: 68.55; 77.55; 81.40

The single-crystalMgO substrate is one of the promising sub-
strates to be used for HTS (highTc superconducting) applica-
tions in the field of high-frequency devices asMgO has a rela-
tively low dielectric loss at the high frequency compared with
SrTiO3 substrates and has a dielectric constant close to that
of Al2O3 substrate, which is quite often used in the micro-
wave community [1–4]. A multilayer technique has been
developed to fabricate HTS ramp-type Josephson junctions
(RTJJs) onSrTiO3(100) substrates by usingDyBa2Cu3O7−δ
(DBCO) as superconducting electrodes andPrBa2Cu3O7−δ
(PBCO) as a barrier material [5, 6]. RTJJs were developed in
order to use the longer coherence length in thea-b plane ofc-
axis-oriented HTS layers through the ramp. Briefly speaking,
the patterned ramps are created by Ar ion-beam etching under
a certain angle (e.g.45◦) with respect to the substrate sur-
face after deposition of DBCO and PBCO layers. Then PBCO
and DBCO layers are deposited subsequently on these etched
ramps to form RTJJs [5]. There are some problems in prepar-
ing RTJJs using DBCO and PBCO layers onMgO(100) sub-
strates. One of the problems is that transformation twins and
grain boundaries may be formed in DBCO and PBCO films
because of a large lattice mismatch (≈ 8.8%) between thea-b
plane of DBCO (or PBCO) film and the(100) plane ofMgO
substrate. These defects have been observed inYBa2Cu3O7−δ
(YBCO) films when they are deposited onMgO(100) sub-
strates [7, 8]. Especially, grain boundaries may be formed in
the PBCO barrier layer at the corner between the etched ramp

and flat surface ofMgO substrate and at interface edges be-
tweenMgO surface and DBCO layer on the ramp surface
because thec axis of the PBCO layer grows preferably along
the normal of the etched ramp surface but PBCO can grow
epitaxially on the DBCO layer. Such grain boundaries have
been observed in YBCO films when they are deposited on the
ramp ofMgO(100) substrates [9–12]. This in turn leads to
grain boundaries in the subsequently deposited DBCO elec-
trode layer and results in undesired weak-link effects in pre-
pared RTJJs [13].

In order to eliminate the formation of the grain bound-
aries in DBCO and PBCO layers, we decided to use aSrTiO3
(STO) thin film as a buffer layer onMgO(100) substrates
and to prepare RTJJs on the ramp of the STO buffer layer
rather than directly onMgO substrate. It has been reported
that a STO thin film is suitable to prepare RTJJs on SOS
(silicon on sapphire) substrates when it is used in a com-
plex multilayer buffer system [13]. Besides the ability to
use a STO buffer layer to fabricate RTJJs avoiding addi-
tional grain-boundary weak links, one of the undesired ef-
fects that must be considered is that the dielectric constant
of a STO film could be as high as a STO crystal substrate.
However, due to the small thickness (e.g.30–40 nm), a STO
buffer layer hardly affects the dielectric properties ofMgO
substrates [2, 3, 13].

Various attempts have been made to obtain a suitable STO
buffer layer onMgO(100) substrates in order to improve the
quality of the subsequent deposition of YBCO-type supercon-
ducting thin films [1, 2, 14, 15]. The improvement of the crys-
tallinity and superconducting properties of YBCO films on
STO-bufferedMgO(100) substrates has been achieved [1, 2].
However, all those studies were carried out using pulsed laser
deposition (PLD). To our knowledge, there has been no report
on sputtered STO films onMgO substrates and no report on
the fabrication of RTJJs on STO-bufferedMgO substrates yet.
In our case, RTJJs using the multilayer technique are mainly
fabricated using a sputter system [6]. Therefore, an attempt to
obtain suitable STO buffer layers onMgO substrates by sput-
tering was carried out. By optimizing sputtering conditions,
smooth and epitaxial STO films onMgO(100) substrates have
been achieved [16]. Consequently, RTJJs fabricated on STO-
bufferedMgO(100) substrates have shown superconducting
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and tunneling properties comparable to those on STO sub-
strates [17].

In this paper, we present studies on surface morpholo-
gies and growth mechanisms of sputtered STO films by using
AFM. Meanwhile, the morphology of as-polished and post-
annealedMgO substrates are also studied in order to obtain
a high-quality substrate surface for the smooth and epitaxial
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 mechan-
ism are discussed. A miscut of about1◦ between the(001)
plane and substrate surface is expected for our usedMgO
substrates according to our XRD (X-ray diffraction) meas-
urements [16]. For comparison, a typical surface morphology
and growth mechanism of the spiral island structure in sput-
tered PBCO films onMgO(100) substrates are presented.

1 Experimental

STO films were deposited on single-crystalMgO(100) sub-
strates by off-axis rf magnetron sputtering from aSrTiO3
target [6]. The optimal sputtering conditions are as follows.
The deposition temperature was770◦C and the sputtering
pressure was0.25 mbarusing anAr/O2 (50:50) gas mixture.
The substrate was positioned in the vicinity of the visible
plasma close to the target. The rf power was90 W. The depo-
sition rate was about37 nm/h.

Special care was taken in handling the polished surface of
the MgO substrate because of its hygroscopic nature [1, 2].
However, it was found that water and other contaminants
on the polishedMgO surface can be significantly removed
by baking for a while, e.g.10–30 min in the vacuum cham-
ber around the deposition temperature, e.g.770◦C–790◦C.
Therefore, in our case,MgO(100) substrates were cleaned
ultrasonically in acetone and ethanol without any other spe-
cial treatment and then blown dry withN2. The substrate
(10×5×0.5mm) was glued onto a heater block using silver
paint and heated up to the deposition temperature in the sput-
ter chamber for about30 minwhile the chamber was pumped
down to a pressure about10−6 mbar. After deposition, the
film was left to cool down to120◦C in situ with flowingO2
at a pressure of200 mbar.

On the other hand, in order to reduce the damage on
the substrate surface caused by mechanical polishing and to
reconstruct the surface to achieve atomically flat steps, an-
nealing ofMgO substrates at temperatures between1000◦C
and1100◦C was carried out in a furnace using a quartz-tube
holder and a littleO2 flow according to reports in [18–22].

AFM measurements were performed under an ambient at-
mosphere at room temperature using a commercial setup of
Nanoscope III, TheSi3N4 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

First of all, the polished surface of aMgO(100) substrate was
examined by using AFM. Figure 1 shows a surface image of

Fig. 1. An AFM image of the polished surface of aMgO(100) substrate
which was cleaned ultrasonically in acetone and ethanol (Substrate A)

a substrate (Substrate A) that was ultrasonically rinsed be-
fore it was measured. The residual contamination is clearly
displayed in a shape of irregular hills with a submicron size
along the scratches [19, 20]. The height of the hills is about
10 nmas indicated by a height scale shown at the right-hand
side of the image. The contamination possibly originates from
the mechanical polishing and the reaction with the ambient
air and water. The reaction with air and water may lead to
hydroxides and carbonates on the surface, which has been de-
termined by XPS (X-ray photoelectron spectroscopy) meas-
urements and has also been reported in [20]. Such a surface
contamination is bad for thin film deposition.

However, in our case, the substrates are always heated
up to a high deposition temperature in the vacuum. There-
fore, it is important to examine the quality of the substrate
surface after being heated. Figure 2 gives the surface image
of a MgO substrate (Substrate B) that was heated up to

Fig. 2. An AFM image of the baked surface of aMgO(100) substrate which
was heated in the vacuum chamber at790◦C for 10 min (Substrate B)
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790◦C in the sputter chamber for10 min. Since no anneal-
ing effect could be expected whenMgO substrates are heated
at 790◦C (which is much lower than the effective anneal-
ing temperature ofMgO substrate, e.g.1000◦C), the sub-
strate was just baked. Therefore, such a heated substrate is
termed abaked substratein this paper in order to distinguish
from an annealed substrate. The image in Fig. 2 demonstrates
that the surface was significantly cleaned after being baked
besides ultrasonic rinsing. The scratches due to the mechani-
cal polishing are clearly observed, as shown in a shape of lin-
ear pits which are about0.5 nmin depth. Compared with the
ultrasonically cleaned surface, the baked surface is more suit-
able for the thin film deposition, which is confirmed by the
following results.

Fig. 3. An AFM image of a depositedSrTiO3 film (Film A, about37 nmin
thickness) on a bakedMgO(100) substrate

Fig. 4a,b.AFM images of an annealedMgO(100) substrate (Substrate C) (a) and a depositedSrTiO3 film (Film B, about37 nmin thickness) on this annealed
substrate (b). The substrate was annealed at1000◦C for 12 h

2.2 Surface morphologies ofSrTiO3 films on the baked and
annealedMgO substrates

Figure 3 shows the surface image of a STO film (Film A,
about 37 nm in thickness) that was deposited on a baked
MgO substrate. The image indicates a very smooth surface
with a granular topography (the measured rms roughness
σ < 1 nm) although the film surface is rougher than the baked
substrate surface. Such a smooth surface is very suitable for
the subsequent deposition of the smooth DBCO and PBCO
layers. This has been demonstrated in our work [16]. The
main results are summarized as follows. The STO film in
Fig. 3 has shown a good crystallinity with a single [001]
orientation perpendicular to the film surface as measured by
XRD. The DBCO on such a STO-bufferedMgO substrate
has shown a single [001] orientation perpendicular to the
film surface and good superconducting properties (i.e. super-
conducting transition temperature ofTc = 89 K(R= 0) and
resistance ratio ofR(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 theMgO substrate
surface.

However, STO films deposited on annealedMgO sub-
strates are not so encouraging. Figures 4 and 5 give the
surface images of two annealedMgO(100) substrates and
STO films deposited on them, respectively. The substrate in
Fig. 4a (Substrate C) was annealed at1000◦C for 12 h (ex-
cluding the time of heating up and cooling down). The sub-
strate in Fig. 5a (Substrate D) was annealed at1050◦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].
A remarkable result is that Substrate D exhibits the atomically
terraced steps as reported in annealed STO substrates [20]
and annealedMgO substrates [22]. The height of the steps is
about one or two unit cells (0.42–0.84 nm) and the width of
flat terraces is about0.5µm. Consequently, the surface mor-



242

Fig. 5a,b. AFM images of an annealedMgO(100) substrate (Substrate D) (a) and a depositedSrTiO3 film (Film C, about74 nm in thickness) on this
annealed substrate (b). The substrate was annealed at1050◦C for 10 h

phologies of deposited STO films on these two substrates are
completely different although their deposition conditions and
the film thickness are the same, i.e. about37 nmby one-hour
deposition. In Fig. 4b, the film (Film B) on Substrate C shows
a similar granular topography to Film A on the baked sub-
strate (see Fig. 3). However, the surface roughness of Film B
is increased. XRD measurements indicated that Film B also
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 DBCO
and PBCO films.

Furthermore, row-like appearances are clearly displayed
in two images shown in Fig. 4. Comparing the images be-
tween the substrate and the film, it is worth noting that the
film was growing along the “rows” of the annealed substrate.
Such a film growth mode is remarkably enhanced in the film
(Film C) deposited on Substrate D as shown in Fig. 5. The
surface image of Film C shows that the nucleation of deposits
was along the step edges of the annealed substrate surface,
which results in a hill-like morphology as shown in Fig. 5b
in which the height of the “hills” is about20 nm. Such a film
with those high hills is undesirable for the subsequent deposi-
tion. Therefore, an annealed substrate surface is not suitable
for thin film deposition if the steps are too high, e.g. higher
than one unit cell (> 0.4 nm) because hills (i.e. particles)
could be formed along the step edges. However, the formation
of such big particles also depends on the deposition condi-
tions. The nucleation of deposits along the step edges of the
substrate surface has been studied in DBCO films deposited
on STO substrates [23]. Optimization for film depositing and
substrate annealing is required to obtain smooth and epitaxial
STO films.

In order to clarify the quality of the annealedMgO sub-
strates, a systematic study was carried out under different an-
nealing temperatures from1000◦C to 1100◦C and different
annealing times from 6 to14 h. Some problems were found
concerning the reproducibility of the annealed surface. One
is attributed to the miscut (or misorientation) of the polished
substrate surface [20]. Another big problem is the segregation

of Ca on theMgO(100) substrate surface. The segregation of
Ca results in large particles on the substrate surface, which are
about0.1–0.5µm in size and30–50 nmin height with num-
ber of 1–5 perµm2 as measured by AFM. Variation of the
Ca segregation depends on the impurity ofMgO substrates
and annealing conditions, which have been studied by several
groups [22, 24–27].

2.3 Nucleation and growth mechanisms ofSrTiO3 and
PrBa2Cu3O7−δ films on bakedMgO substrates

Figure 6 shows AFM images of a STO film (Film D) on
a bakedMgO(100) substrate. The film was deposited under
the same conditions as Films B and C but deposited for2 h,
so that the thickness would be about74 nm. Figure 6a gives
an overview image of the film, which reveals a cross-
shape morphology. This could be attributed to the miscut
defects formed on the substrate surface as reported in STO
substrates [20]. Nevertheless, this image implies that this sub-
strate surface is as flat as that shown in Fig. 2. As a result,
the STO film deposited on this substrate exhibits a particu-
lar terraced-island structure which is enlarged as shown in
the following graphs. In Fig. 6b, the deflection image (on the
right-hand side) reveals the clear terraced-steps and islands
which are formed particularly along the cross-defect tracks.
This suggests that the defects on the substrate surface may
contribute to the nucleation sites for the island growth. The
details of the terraced-island structure are given in Fig. 6c.
A height profile along a line as indicated in the graph is plot-
ted in Fig. 6d. The height and width of the terraces are about
0.2 nm and22 nm, respectively, as measured by two arrows.
It is noteworthy that the measured height is about the distance
betweenTiO andSrO2 atom-planes in aSrTiO3 crystal. There
have been some reports on surface morphology of STO films
on MgO and STO substrates [3, 28, 29]. However, we note
that this is the first time that such a terraced-island structure
is reported in a sputteredSrTiO3 film on MgO substrate. One
interesting feature of the presented STO film is its terraced
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Fig. 6a–d.AFM images of a depositedSrTiO3 film (Film D, about74 mnin thickness) on a bakedMgO(100) substrate.a A overview image (30×30µm)
showing the cross-shaped defects on the substrate surface.b High-resolution height and defection images which were recorded at the same time.c A detailed
image taken partly from the height imageb. d A height profile on a line indicated in the imagec, whereh is the height of the step andw the width of the
terrace
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steps and islands without any indication of a spiral struc-
ture. The spiral terraced-island structure has been observed
in c-axis-oriented YBCO-type films onMgO and STO sub-
strates and most of them were observed by STM (scanning
tunneling microscopy) [30–35].

In our studies, we observed the spiral terraced-island
structure in our sputtered PBCO films onMgO(100) sub-
strates by AFM. Figure 7 gives the images of a PBCO film
(Film E) on a baked substrate. The film was deposited by
sputtering using aAr/O2 (50:50) mixture gas and aH2O va-
por (about0.1% of total sputtering pressure) under a sputter-
ing pressure of0.15 mbarand at790◦C [6]. The film thick-
ness is about40 nmafter30 mindeposition. In Fig. 7a, the de-
flection image (on the right-hand side) demonstrates the spiral
islands as shown in a typical pyramidal shape. The details
of a pyramidal-shape spiral island are given in Fig. 7b. The
height and width of the spiral terrace are about0.8 nm and
25 nm, respectively, as measured by two arrows in Fig. 7c.

Fig. 7a–c. AFM images of a depositedPrBa2Cu3O7−δ film (Film E, about40 nm in thickness) on a bakedMgO(100) substrate.a Height and defection
images recorded at the same time.b A detailed image taken partly from the height imagea. c A height profile on a line indicated in the imageb, whereh
is the height of the step andw the width of the terrace

Such a pronounced island structure results in a rougher sur-
face compared with the STO film surface. This implies that
PBCO films are not as good as STO films when they are con-
sidered for use as a buffer layer for the preparation of RTJJs
on MgO substrates. A study on preparation of RTJJs using
PBCO buffer layer onMgO substrates has been reported [12].

The growth of the spiral structure has been explained by
a growth model considering the screw dislocations and stack-
ing faults, which are formed during the film growing [30–32].
It has been also observed that the density of screw disloca-
tions decreases with increasing misorientation of the substrate
surface as well as the film-growing temperature [33]. An-
other factor that has been considered, especially in the PBCO-
type films deposited onMgO(100) substrates, is attributed
to the strain release because of a large lattice mismatch be-
tween the film and the substrate [34]. However, as observed
in our studies, nonspiral terraced-island growth of STO films
on MgO(100) substrates suggests that the formation of the
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screw dislocation is an intrinsic property of the YBCO-type
films [31]. Moreover, we have also observed spiral terraced-
island structures in our sputtered DBCO films onMgO sub-
strates [16].

3 Conclusion

By optimizing sputtering conditions, smooth and epitaxial
STO films onMgO(100) substrates have been achieved. Con-
sequently, RTJJs fabricated on STO-bufferedMgO(100) sub-
strates have shown superconducting and tunneling properties
comparable to those on STO substrates.

The surface morphologies and growth mechanisms of
sputteredSrTiO3 and PrBa2Cu3O7−δ films on baked and
annealedMgO(100) substrates have been studied by using
AFM. Meanwhile, the surface quality of baked and annealed
MgO substrates has been examined as well. The STO films on
the baked substrates are smoother than those on the annealed
substrates because of the smoother surface of the baked sub-
strate. The reconstructed substrate surface with atomically flat
terraced-steps has been obtained by annealing theMgO sub-
strate at high temperatures above1000◦C. However, the films
deposited on the stepped substrates showed hills nucleated
along the step edges, which is not desirable for use as buffer
layer.

The nonspiral terraced-island structure has been observed
in a STO film on a bakedMgO(100) substrate. In contrast,
the spiral terraced-island structure is observed in PBCO and
DBCO films on bakedMgO(100) substrates. The differences
in the surface morphologies and growth mechanisms between
the STO and PBCO films is attributed to the different sput-
tering conditions. However, the miscut or misorientation of
the substrate surface could be an important factor on the film
growth mechanism and thereby the surface morphology. The
effects of the misorientation of the substrate surface are evi-
dent when considering the low reproducibility of the annealed
substrates.
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