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Superconductivity and structure of a few-unit-cells-thick Bi-Sr-Ca-Cu-O ultrathin films

Kazuo Saito and Masatsugu Kaise
National Research Institute for Metals, Sengen 1-2-1, Tsukuba, Ibaraki 305, Japan
(Received 19 September 1997

Bi-Sr-Ca-Cu-O ultrathin films with thicknesses below 100 A down to 10 A have been deposited just on the
(00D MgO substrate by single target rf magnetron sputtering. By elaborately controlled multistep annealing for
extremely short times, remarkably high values of the zero-resistance transition tempdragiré06, 88, and
84 K were obtained for 70-, 40-, and 20-A-thick ultrathin films, respectively. A 10-A-thick ultrathin film was
almost insulating. Cross-sectional high-resolution transmission electron microscopy revealed that a 40-A-thick
ultrathin film with aT , of 88 K consisted of a set of half-unit-cell layers of ##212 and (2223 phases. A
20-A-thick ultrathin film consisted of a half-unit-cell layer of ti2212 phase. Thus, it was confirmed that in
the Bi system the minimum unit for the occurrence of superconductivity is a half-unit-cell layer of the
superconducting oxide crystal. Instead of the repeated use of thermal treatment at high temperatures, ion
irradiation techniques combined with annealing at relatively low temperatures was useful to modify the crystal
quality and related transport properties of our ultrathin filp$0163-182808)09417-X]

I. INTRODUCTION large lattice mismatch with the MgO substrate, high-quality
ultrathin films were successfully obtained by elaborately
From both scientific and technological points of view, it is controlled multistep heat treatment that consisted of anneal-
important to study how the superconducting transition teming for extremely short times followed by two-step cooling at
perature changes with the thickness of film substance, arfifferent rates. For film thicknesses below 40-50 A, how-
also to examine the minimum thickness for the occurrence of Ve it has become experimentally difficult to reproduce op-
superconducting states. In the case of high-temperature sHMUM annealing conditions for each samplehe repeated
perconductoréHTS's), the dimensionality of HTS's has also use of thermal treatment at high temperatures is unfavorable

been an interesting subject for understanding the mechaniswcaqse of lnejwtabl_e evaporation of constituent atoms e_md
of superconducting phenomena. chemical reaction with the substrate. Therefore, we use ion

HTS ultrathin films, multilayers, or superlattices hawelmplamtatlon techniques combined with annealing at rela-

been synthesized by means of atomic layer-by-layer growtf}alvely low temperatures to modify the crystal quality and

; ; elated superconducting properties of ultrathin films.
techniques using magnetron sputteringpulsed laser

ablation? molecular-beam epitaxy! and metal-organic Il. EXPERIMENTAL PROCEDURES
chemical-vapor depositioh.In the Y system Terashima ) o .
etal® prepared a one-unit-cell thick layer of YB2us0, Bi-Sr-Ca-Cu-O ultrathin films of thicknesses 70, 40, 20,

and 10 A were deposited of001) MgO substrates by rf
magnetron sputtering using a modified single tatéthe
target material used was BiSr, Ca (Cus 0, powders in
nominal composition. The MgO substrate surface was me-
chanically polished within an accuracy af0.3° from (001) Iy

. 7 : orientation. The deposition rate was approximately 0.4 A/s.
Li et a_I. synthesized aerC.aCUZOS_ (BSCCQ_ During the deposition the substrate was not heated. In the
(2212)/BpSrCuG; (2201 superlattices with alternating o5 genosited state, films were amorphous, and were annealed
half-unit cells of the two compounds on heated MgO sub+q induce superconductivity by precisely controlled thermal
strates by reactive magnetron sputtering. For the ten-unfeaiment. Electrical resistivity of thin films was carried out
multilayers they obtained . comparable to that of the bulk py 4 four-point probe method using silver paste contacts. The
specimen. These experiments indicate that superconductingystal structure and the surface morphology of specimens
states are induced within one-unit-cell thick YBCO or were studied by x-ray diffractiofiXRD) and scanning elec-
BSCCO layers, with or without intercell couplings. The role tron microscopySEM). The film thickness and atomic struc-
of the semiconducting PrBCO layer or the metallic I3W- e were examined by cross-sectional high-resolution trans-
(2209 layer is considered to optimize the doping level of yissjon electron microscop@ EOL-4000EX. Irradiation of

carrier holes in the host materials. _ 100-keV Ar ions was carried out at low temperatures, 10—20
However, there has been a naive question whether a fewc ysing a closed-cycle He gas refrigerator.

unit-cells thick “bare” ultrathin films, neither buffered nor
covered with other materials, should havglower or equal Ill. RESULTS AND DISCUSSION
to or even higher than the bulk..®

In the present paper, we report the synthesis of a few-unit-
cells thick BSCCO ultrathin films on the Mg@®O01) single- In ultrathin films below several tens of nanometers, any
crystal substrate by magnetron sputtering. In spite of themall amounts of constituent atoms that evaporate and any

(YBCO) film by reactive evaporation. The film was covered
and also buffered on the SrTiGubstrate with semiconduct-

ing PrBaCu;O; (PrBCO) layers. They have shown that su-
perconductivity can occur in a one-unit-cell thick YBCO
film in the absence of intercell couplings. In the Bi system,

A. Heat treatments of ultrathin films
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FIG. 2. Resistivity-temperature curves for 70-, 40-, and 20-A-
thick ultrathin films.
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B. Resistivity-temperature curves and structural analysis

830
Figure 2 shows typical resistivity-temperature curves for

ultrathin films with thicknesses of 70, 40, and 20 A. Remark-
-—5— ably high values ofT ,, i.e., 106, 88, and 84 K, were ob-

. . tained for 70-, 40-, and 20-A-thick ultrathin films, respec-
Time (min) tively. To our best knowledge th&. , of 106 K is the
FIG. 1. Heat-treatment programs for preparation of the Bi sys-hIgheSt for 70-A-thick films of the B system. _It Showd_be
tem superconducting ultrathin films. noted Fhat the onset of the gup_ercpnductmg trap5|t|0n,

T onsetiS located around 110 K, indicating the formation of
the (2223 phase even in these ultrathin films. At a film
. ) i ) thickness of 10 A the ultrathin film was found to be almost
slight chemical reactions during heat treatments should Causfsylating.
serious deviations from the initial state of ultrathin films, Figure 3 presents XRD patterns for these ultrathin films.
deteriorating their superconducting properties. Therefore, itor film thicknesses below 70 A, it was found that the x-ray
has been considered that it may be essentially difficult tqeflection lines became broader and their peak positions
establish optimum heat treatments for ultrathin films. shifted significantly, as expected from the size effect of x-ray

In view of these facts, we have tried to minimize compo-diffraction from a layered modulated structure. For example,
sitional and structural changes in ultrathin films by loweringexcept for the (002) lines, the(002), (0010), and (0Q4)
annealing temperature and shortening annealing timdter

elaborate experiments, we have developed a specific heat S
treatment program for ultrathin films, as shown in Fig. 1. It gs
was found that a slow rate of the initial cooling for a few -

minutes, and a faster rate of the subsequent cooling were
necessary to enhance the growth of superconducting phases
and to improve the coherency of the interface between the
superconducting phases. The annealing temperature, nor-
mally 875 °C, gradually decreased to 863, 859, and 839 °C
with decreasing film thickness 70, 40, and 20 A. Further-
more, duration at these high temperatures drastically de-
creased from several tens of hours to a few minutes.

The realization and availability of such heat treatments for

_H(0014)

H(0012) L(0010)
A (0010) “L(0012)

MgO

Intensity (arb. units)

oxide materials with low thermal conductivity suggests that 40A

the film temperature reaches a prescribed value in a suffi- (b)

ciently short time, and the temperature gradient across the

film thickness should be sufficiently small, when the film L
thickness is extremely small. During annealing for extremely >

short times at relatively low temperatures, good-quality ul-

trathin crystals can grow epitaxially on the MgO substrate (c)

under a strong interaction between deposited atoms and the O ——
(001) MgO substrate surface. Furthermore, in the case of 2 10 20 30 40
ultrathin films, excess impurity atoms can easily diffuse out 20 (deg)

towards the external surface and form the surface oxides.
Thus, excess atoms, if any, would not worsen the crystal FIG. 3. XRD patterns for 70-, 40-, and 20-A-thick ultrathin
structure and transport property of ultrathin films. films.
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FIG. 4. SEM images for the surfaces of 70-, 40-, and 20-A-thick
ultrathin films. i

lines of the(2223 phase shifted toward th@02), (0010),
and (0@2) lines of the(2212 phase, respectively. As a re-
sult, we cannot simply distinguish between 2223 and
the (2212 lines and some of the low; (2212 lines become FIG. 6. Cross-sectional high-resolution TEM images of a 20-A-
asymmetrical, as seen in the figure. Nevertheless, the filriick ultrathin film with T, ¢ of 58 K.
was identified to be of mixed-phase film of the Iaw-
(2212 and the high¥, (2223 phases. interesting to note that a half-unit-cell thid2223 layer
Figure 4 shows SEM images of the surfaces of these ulgrows just on the MgO substrate surface.
trathin films. For a film thickness of 70 A, we observe a  Figure 6 is an XHRTEM micrograph for a 20-A-thick
directional array of thin crystals with very fine steps like ultrathin film (T, (=58 K), showing nearly a half-unit-cell
“fish scales.” Atomic force microscopy studies have shownthick layer of the(2212 phase. Although the film appeared
that most steps have the height of one-unit-cell thickness db be heavily damaged, we recognize discontinuous images
the Bi system. As the film thickness was decreased, the stef the BiO double layers probably due to the incommensu-
density decreased with only occasional steps. At a film thickrate modulation of the Bi atom and/or the oxygen contént.
ness of 20 A, the film surface was very smooth except for thdhe damages in the film and the substrate may be caused by
presence of small oxide particles of approximately 10 A inAr ions used for ion milling during the preparation of the
diameter. HREM sample. These cross-sectional observations proved
In the present study the film thickness described abovéhat the film thicknesses have been determined within an
was estimated from the interpolated relationship betweemccuracy of the order of half-unit-cell thickness. It was con-
film thickness and deposition time. Thus, we examined thdirmed that the minimum unit for the occurrence of super-
film thickness of our ultrathin films by means of cross- conductivity is a half-unit-cell thick layer of the Bi system.
sectional high-resolution transmission electron microscopyrigure 7 shows a feature of the interface between the film
(XHRTEM). and the substrate. Close examination of the micrograph re-
Figure 5 shows a typical XHRTEM micrograph taken vealed that two misfit dislocations are regularly inserted into
from the 40-A-thick ultrathin film T, =88 K) under the every sever{100 planes of the BSCCO crystal against nine
imaging condition where the atomic structure of @®1) (100 planes of the MgO crystal. With this semicoherent
MgO crystal is best resolved. Although overall images of theconfiguration, the large misfit429%) can be relaxed to be
superconducting phase layers are somewhat smeared out, ¥ally zero according to the relation
observe a set of layered structures of the half-unitd16
A thick) layer of the highT, (2223 phase and the half-unit- 9X dygo (2.1 A)=7xdgscco (2.7 A)=18.9 A,
cell (15.3 A thick layer of the lowT, (2212 phase. It is

! )

e L(2212)

(i
i

)

FIG. 5. Cross-sectional high-resolution TEM images of a 40-A-  FIG. 7. TEM images of the film-substrate interface, showing the
thick ultrathin film with T,  of 88 K. semicoherent feature.
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~ FIG. 8. Resistivity-temperature curves for a 300-A-thiCk thin  FIG. 9. Resistivity-temperature curves for a 40-A-thick ultrathin
film, (a) unirradiated,(b) irradiated with 100-keV Ar ions to 1 thin film, (a) unirradiated,(b) iradiated with 100-keV Ar ions to
X 10" ions/cnt at 15 K, and(c) postannealed for 0.5 h at 730 °C. 1x 102 jons/cn? at 20 K, and(c) postannealed for 0.1 h at 840 °C.

wheredyyo anddgsccoare the lattice constants of MgO and gnnealing at 730 °C for 30 min, thE, , was increased to
BSCCO crystals, respectively. This means that the large mistog K, which is equivalent to the maximum value observed
match between the film and the substrate may not provide & far for the bulk Bi system.

serious obstacle for the epitaxial growth of ultrathin films.  Figure 9 shows a typical example for a 40-A-thick ultra-
The polished001) MgO substrate surface may contain stepsthin film. Before irradiation, the film exhibits two transition
due to unavoidable tilt from the ideal crystallographic orien-steps due to the highiz and low-T, phases, having . gnset
tation. Chaikeret al.* have made HRTEM observations of around 110 K andT,., at 78 K. After a dose of 1

the Bi system films grown on a lattice matched Sr7 {001 X 10" jons/cnt at 20 K and postannealing at 840 °C for 1
substrate and have shown that structural disorder resultingin T_ , was increased to 88 K. Although a resistive tail on
from the roughness of the substrate is healed within a singlgye |ow-temperature side remains still, it should be noted that
unit-cell thickness. Similar short-distance healing of Struc'theTc , of 88 K approaches, , of the highT. phase and is
tural disorder may also occur in our case, though the filmuqyivalent to the highest value obtained by optimizing the
MgO substrate interface is semicoherent. Blilko Of OUr  heat treatment for a 40-A-thick ultrathin film. The critical
ultrathin films indicates the inherent, two-dimensional nature,,rent density was also improved from210 108 A/em? at

of superconductivity in thg2223 and (2212 compounds 77 k.

and suggests that structufaind/or compositiongildisorders Now we discuss the effect of an Ar ion irradiation in
occur only locally and allow the superconducting phase layierms of nuclear elastic collision everfsThe mean ion
ers to connect in a coherent manner. The critical curren;ange of 100-keV Ar ions in the Bi system is calculated to be

density J; was measured to be about?l&/cm? at 77 K. anout 600 A, much larger than the thickness of our ultrathin
This is several orders of magnitude smaller than the thickefims. Therefore, almost all the Ar ions penetrate the films,

films'* suggesting that our ultrathin film may contain some gnq primary knock-on atom@KA's) produced by the inci-

amount of weak links. dent Ar ions, should play the most important role in the
thin-film modification processes. Table | lists calculated val-
C. lon beam modification of ultrathin films ues of several important collision parameters for each PKA.
For film thicknesses below 50 A, it has become experi-'t is shown that mean-transferred energy for_ each PKA is as
mentally difficult to reproduce highi-, films, since ultrathin 10w @s 1 keV. In the low-energy collision regime, each PKA
films may transform in a subtly different manner even unde/displaces self atoms most frequently and fgrms an individual
experimentally identical heat treatments. In order to modifyc@scade with specific volumé;~Ryx(AR,) and with the
further these ultrathin films, the films must be annealed agaif*é@n distanca,=1/N o4, whereN is the atomic density.
at somewhat higher temperatures, but the repeated treatmeh® Shown in Table I, the values & are of the order of the
at high temperatures is unfavorable to ultrathin films owing
to inevitable evaporation of constituent atoms and chemical TABLE I. Calculated values of collision parameters for each
reaction with the substrate. Instead, we used irradiation of APKA; displacement cross sectiary, mean transferred energy,
ions in the medium energy range of 100 keV that inducdM€@n ion rang&,, mean ion range stragglinyR,, cascade vol-
atomic displacements, atomic mixing, and radiation-induced™¢ Ve and mean collision distanoe,, respectively.
or radiation-enhanced diffusion without any thermodynami-
cal restrictions.
Figure 8 demonstrates the modification of a mainly high-

g T R, AR, V. Am
PKA’s A kev) A A (A )

T. phase film of 300 A thicknessS.Before Ar ion irradiation, Bi 1.002 1512 15.0 4.6 317 14.2
the film exhibited a single transition step due to the high-  sr 0.850 1.655 18.4 7.2 954  16.8
phase withT. o as high as 90 K. However, the transition ca 0.748 1574 205 113 2618 19.1
width was still as large as 10-15 K, leaving incompleteness cy 0.805 1.643 185 8.7 1400 17.7
in the superconducting phase crystal. After a dose of 1 g 0541 1210 26.2 20.8 11335 26.4

X 10 ions/cn, T, o decreased by 5-8 K. On subsequent
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TABLE Il. The values ofT; g, T¢, onser @andJ, as a function of

film thickness, which were obtained by thermal treatments or by
additional ion beam treatments. Observed valuesTpf are
grouped into two temperature regions and are given in upper and
lower lines. Numbers marked with asterisks denote highest value
observed for each of the film thicknesses examidedvere mea-
sured for these highest, , specimens.

Thickness

(A) Tc, 0 (K) Tc, onset(K) Jc (A/0m2)

70 87-106 110 ~10* (at 77 K
62-76 110

40 76-88 110 ~10° (at 77 K
55-66 110

20 76-84 110 ~10 (at 25 K)
54-60 110

\ / Y 10

channeled

do not deteriorate superconducting properties of ultrathin

FIG. 10. Schematic illustration of ion channeling and creation offilms, because they can easily migrate to the external surface
a collision cascade of each PKA in passing through the Bi systenin sufficiently short time and form the surface oxides upon
layered structure. annealing.

i 3 , Furthermore, ion irradiation combined with annealing at
unit cell volume, about T0A2, except for PKA's of oxygen  rejatively low temperatures is a unique technique for modi-
O, and those okm are close to the subunit cell length. fying structural disorders or defects in ultrathin films and

Consequently, as a result of postannealing at appropriaignproving their superconducting properties significantly.
temperatures these “unit-cell” scales of collision cascades
will rearrange themselves and regrow epitaxially into more IV. CONCLUSION

films, as shown schematically in Fig. 10. Since in our cas and one-unit-cell thick Bi-Sr-Ca-Cu-O ultrathin films grown
Y . : Lo : ?ust on the(001)MgO substrate, neither buffered nor covered
Arions are irradiated along tm-}_aX|s direction of the films, with other materials. This provides strong evidence for the
energetic ions pass through oriented good crystals by chafsperent two-dimensional nature of superconductivity in the
neling, while if they come across defective lattices or irregu-g; system superconductor. Cross-sectional high-resolution
lar interfaces, they cause atomic displacements and collisioglectron microscopy revealed that a 20-A-thick ultrathin film
cascades there in a selective manner. In this way, ion irraconsisted of a half-unit-cell thick layer of the oV (2212
diation techniques combined with radiation-induced orphase and that a 40-A-thick ultrathin film with, , of 88 K
radiation-enhanced diffusion at relatively low temperaturesonsisted of a set of the half-unit cell layers of the -
is a unique method for modifying defective parts of thin (2212 and the high¥ (2223 phases. We confirmed that the
crystals in a selective manner without disturbing good cryshalf-unit-cell thickness is the minimum unit for the occur-
talline regions. rence of superconductivity in the Bi system. In spite of the
The superconducting characteristics of the Bi system thidarge misfit between the film and the MgO substrate, the
films so far obtained in our experiment are summarized irfilm-substrate interface was found to be semicoherent, con-
Table 1l as a function of film thickness. Observed values oftaining regularly two misfit dislocations in every sev&i®90
T, o are grouped into the higher- and lower-temperature replanes of the BSCCO crystal. lon irradiation techniques
gions. combined with annealing at low temperatures was useful to
In view of these arguments, such high of our ultrathin  modify the crystal quality and related superconducting prop-
films suggests the two-dimensional nature of superconducerties of our ultrathin films. The role of Ar ions was inter-
tivity in the Bi system layered structure. In the case of ultra-preted in terms of a selective creation of “unit-cell” scales
thin films the deposited Bi-Sr-Ca-Cu-O material grows epi-of collision cascades and atomic reordering within the cas-
taxially into highly two-dimensional superconducting cades under the action of radiation-enhanced or radiation-
layered crystals under a strong interaction with {081 induced diffusion upon annealing at relatively low tempera-
surface atoms of the MgO substrate. Impurity atoms, if anyfures.
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