IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 13, NO. 2, JUNE 2003 2735

Orientation Mechanism of REB&u; O, (RE = Nd,
Sm, Gd, Y, Yb) Thin Films Prepared by Pulsed
Laser Deposition

Yusuke Ichino, Kimihiko Sudoh, Koji Miyachi, Yutaka Yoshida, and Yoshiaki Takai

Abstract—The orientation behavior and mechanism of Il. EXPERIMENTAL PROCEDURE
REBa;Cu3z0O, (RE123) films have not been clarified yet. We )
prepared RE123 films by the pulsed laser deposition method and A. Target Preparation
investigated the orientation behavior and mechanism. We argue  \ye have used the REB&W;0, (RE123, RE= Sm, Gd, Y,

that the orientation behavior strongly depends on thermodynamic . .
parameters such as the heat of %zblin?ation. The thickn)éss and and Yb) sintered bulk material as target. The RE123 targets were

surface morphology dependences of the orientation Suggest tha’[synthes|zed by a Convent|ona| SO“d reaction methOd In ailr. The
c-axis oriented thicker films will be obtained in RE123 if the starting materials were high purity (99.99%) KB, BaO, and

surface remains smooth up to objective thickness. Critical tem- CuQ. Appropriate amounts were accurately weighted and thor-
peratures were around or higher than 90 K and critical current oughly mixed. The mixed powder was pressed into pellets and

densities were larger than 1 MA/cn? for all RE123 films. From . ) ) .
the viewpoint of the orientation, the Yb123 films were the easiest sintered first at 800, 900 and 990 for 12 h with two interme-

to grow with the c-axis normal to the substrate surface. diate grindings and pressing in air, respectively. We identified
the phase in the targets using an x-ray diffraction. The sam-

ples except for RE= Yb became the pure RE123 phase. Al-
though the phases of REYb sample were mainly YdBaCuQ,
(Yb211), Ba—Cu—-O compounds and a very small amount of
. INTRODUCTION Yb123 phases, the thin films deposited with that target were suc-

ECENTLY, the development of superconducting wir€essfully grown of only the Yb123 phase.

application employing YB#Cu;O, (Y123) has been
making great progress. In order to obtaim order thick film, B. Film Preparation and Characterization
itis important to investigate the mechanisms of the epitaXial The RE123 thin films were prepared by the usual pu|sed laser
orientation. Many researchers have made an effort to explg@position technique on (100) MgO substrate with the sintered
the orientation behavior of the Y123 thin film. Mukai@&al. targets. Deposition conditions are listed in Table I. Substrates
discussed the substrate dependence of the orientation of {te heated by the radiation of the ceramic heater and the sub-
Y123 film [1]. They showed and summarized that mixed strate temperatures were checked with the radiation pyrometer.
and c-axis orientations were caused by a well lattice matchedThe crystallinity and orientation of the RE123 films were
substrate and a low substrate temperature. The orientati®iecked by—26 x-ray diffraction with a Cu-Kx source. Here,
depended on the geometric configuration of the substrggentations of the films were defined by a diffraction inten-
lattice and the Y123 lattice. However, the novel orientatiogty ratio of (200) to(200) + (005). The surface of the films
behaviors of Nd123 thin films have three kind of the regiOWas imaged by an atomic force microscopy (AFM) The com-
of the orientation in the temperature-oxygen pressure phasgsition and thickness of the films were confirmed with the
diagram [2], [3], and Yb123 thin films are dominanttyaxis inductively coupled plasma spectroscopy. We measured super-
orientation in the almost all deposition conditions (this worksonducting properties of the films with the conventional dc
Those unfamiliar orientations can not be explained with thgur-probe method in high magnetic fieltl8/ /¢, B = 0-9T).
existing data. In the present work, we deposited the RE123 tiiafore these measurements, silver pads were deposited as elec-
films (RE = Sm, Gd, Y, Yb) by the pulsed laser depositiofrodes on the films, which were then annealed at 3502800
technique and considered the orientation behavior of the RE}38 13 hours in @ gas flow to ensure good contacts. The
thin films systematically, and then surface morphologies and yalues were determined by adopting a voltage criterion of
superconducting properties also were investigated. 2 pVicm with the current density of 100 A/cmThe voltage

criterion for J. was same with that fo, measurement.

Index Terms—Orientation mechanism, REB&CuzO,, super-
conducting wire, thin film.
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TABLE | T, [°C]
THE DEPOSITIONAL CONDITION OF THERE123 THIN FILMS 300 950 900 850 800 750 700 650
Parameters Conditions Thickness 200 ~ 300 nm
Target RE123 sintered bulk
Substrate (100)MgO, (100)SrTiO;
Substrate Temperature 650 - 850°C 100
Oxygen Pressure (p O,) 6.7-133.3 Pa _ 123-01"-'Y123-a .
Substrate-Target distance 50 mm E N N ’
Laser Source ArF (A =193 nm) - Sm123-a, ¢ A
Laser Energy 1.0 J/em? ON Gd123-4, ¢ \\.-'Y'!;)123-a, c
Laser Repetition Rate 10 Hz R 23-¢ \
\
Nd123-c > Nd123-q, ¢ Nd123-c
RE123 films as summarized in Fig. 1. The behavior of oriel 10 F AN
tation change was different among the RE123 films. The Y1. \
orientation varied from dominantly-axis orientated one to, 5 L . . L L

0.80 0.85 0.90 0.95 1.00 1.05 1.10

-mixed one with decreasirif,. In the case of Nd123 films, al-
c-mix Wi ing; 1 1000/ T, [K-]

though the orientations were similar to those of Y123 at High

thec-axis o“e_ntatlo,n appeared at furthgr ld, again. In 'o'the'r Fig. 1. Schematic drawing of the orientational behaviors of the RE123 films
words, the orientations of the Nd123 films were classified intg functions off, andpO.. Lines and circles represent the boundary of the
three regions by high, middle and Idliy regions_ On the other orientation, and in RE123+¢ show the preferential orientational direction of

. : ; : .the RE123 films. The Nd123 films’ data was referred from [2], [3], which were
RE123 films (RE: Sm, (_';d a_nd Yb_)’ the Onenta_‘tlon bOundau’legqeposited on SrTiQsubstrates. The thickness of these films was 200—-300 nm.
between dominantly-axis orientation and, c-mixed one were
represented by chain dashed circles as drown in Fig. 1.

We investigated the film thickness dependence of the film ol
entation as seen in Fig. 2 so that those complex behaviors of
. . . . a, c-mixe

orientations also were affected by the film thickness. As shov < T, [°C] o

in Fig. 2, thea-axis intensity ratio of the films deposited at low —— 750 0

0.6 Pp0,=80 Pa, on MgO

005) J

This model argues that the c-mixed orientation consists of

the c-axis oriented layer just above the substrate and.tbgis

oriented layer on the-axis one. The stacking sequence an

the initial growth stage of the Y123 and Nd123 films on se\

eral substrates (MgO, SrTiCand LaAIlG;) were investigated 05— o

by many workers [4]—[7]. According to them, theaxis oriented 0 200 400 600 800 1000 1200 1400

ultra thin layer existed on the interface since the initial layers | Thickness [nm]

the RE123 films tend to become the CuO,,Cuor BaO layer. o o _ _

These studies support our growth model.  Fis2, et o1z i s afuetn of e ks The
Using our model, we considered the nucleation ofdaxis  inset shows the cross sectional picture of ¢he-mixed orientation.

and c-axis domains. Here, we assumed the 2D nucleation oc-

curred on thes-axis oriented layer in the initial growth stage.

When a 2D nucleus with radiusforms, the total Gibbs energy 7Pas andoy,, are a basal and a lateral surface energy of the

changeAG(r) on the nucleation can be written as followini‘UCleus' Granoziet al. discussed the surface free energies of
ully deoxidized Y123 crystal using thab-initio calculations

T, increases monotonically with increasing the film thicknes & o4} O 850
growth
i
T ywn LTI

While the films deposited at higli, keeps up the:-axis ori-
o ﬁ
/ substrate c-axis

entation. We suppose a simple model as drawn in Fig. 2 ins

Intensity Ratio Igq) / { I200) +

equation, and the indentation method [8], [9]. According to this literature,
the surface free energies were 0.82%)far the (100) plane and

0.59 J/nf for (001) plane. In the case of nucleation on Y123

whr? (001) surfaceg;uier for each orientation case are also calcu-
AG(r) = — . Ap+ 2mhT ay lated, o0, ~ 0.23 JIn? for a-axis oriented nucleus while

i (0bas + Tiner — T(oo1)) - (1) Tinter = 0 for c-axis one. Those values for RE123 have not
been confirmed yet. Thus, we employed of Y123 in present

Here,h, v ando represents a height of the nucleus, a volume #fork. The critical Gibbs free energ¥G* of a nucleus are ob-
the unit cell of RE123 and a surface free energy per unit aré@ined fromo(AG)/or = 0. Therefore AG* are represented
Ay is a chemical potential change per a molecule betweerP¥

vapor and a solid phase. Thgy1) ando;ycer represent a sur-

face energy of the underlyingaxis layer and an interfacial en- o — 7(hoat)? )
ergy between the nucleus and the underlying RE123. The terms (L) Ap = (0bas + Tinter — 0001))
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100 T (a) Yb123 (T=750°C)
L . i a, c-axis mixed
c-axis orientatio n : . .
\ i orientation
= 100f H
S
o
*
U)
10F
c-axis nucleus RMS=6.78 nm
------ a-axis nucleus
, Fig. 4. Surface morphologies of Yb123 films deposited on (100)MgO at (a)
10 ] ] 10 T, = 750°C and (b)Is = 850°C. These thicknesses were about 200 nm. The
: former growth mode was the 2D island, while the latter one was the step flow.
W [1079]]

Fig. 3. Critical nucleation energy on theaxis oriented layer as a function of the sp|ral grovvth [10]' .The deposmon condition g!VIng |y .
the chemical potential change. Thiec-mixed orientation occurs, whehy is ~ contributes to pr(_)ducmg a flat Sl:'rf_a_lce- From this view point,
larger than certain threshold value. the Yb123 material has the possibility of the most flat surface

among the RE123 because of the low peritectic temperature.
AG* corresponds to a thermodynamic barrier with respect toNotice that thel, = 850°C film maintained the-axis orien-
the nuclei growing up. If this value is low, the nucleation easiltation up to at least 1.2m in Fig. 2. This suggests that main-
occurs. We plotted the\G*’s as a function ofAyx in Fig. 3. taining a smooth surface is necessary for dfexis orientated
This figure shows that both of the andc-axis oriented nuclei thicker film. In other words, the, c-mixed orientation is also
are generated on grounds that the films are deposited amlgh introduced by the rOUgh surface. Hence, to obtaircthgis ori-
conditions, which correspond to Idi% andpO,. Consequently, ented thicker film with high critical currertf..), we must choose
the orientations of those films become the-mixed. This be- the suitable RE123 material which maintains a smooth surface
havior of AG* is universal and independent of the RE123 kinHP to desired thickness.
to the extent that the surface energy of (001) plane is smaller ) )
that that of (100) plane. C. Superconducting Properties
Ap depends on a heat of sublimatidw: and an entropy We characterized the superconducting properties of the
changeAs between a vapor and a solid phase as follows, RE123 films with usual dc four-probe method. The Sm123
and Gd123 films, which feature solid solutions represented by
Ap=Ah—TAs. ®) RE,.Ba_,CwO,, were made up from > 0 targets. The
properties of these films are described elsewhere in more detalil

. A [11]-{13]. The critical temperaturé€T.) of our all films was
temperature of the nucleation system. Sidck's are related about 90 K higher. In the case of thin films, ti&'s among

to the peritectic temperature, a low peritectic temperature BE123 did not differ noticeably compared to bulk. In practice,

certain RE123 rgsults_i_n a lowkh, and then th_e orientation those values of Sm123 and Gd123 revealed 90-93 K, while
of these films will facilitate to become the-axis. In facts, Yb123 was about 90 K.

the Yb123 films, which have low peritectic temperature about Next we measured,’s in magnetic fieldg B) applied par-
900°C, showed thec-axis orientation over a wide range ofyjig| 1o the crystallographie-axis of the films from 0 up to
growth conditions. Vice versa, theaxis oriented Nd123 films g T As shown in Fig. 5,/. decreased with increasirig for all
required higher?’, further than those of other RE123 filmSRE123 systems. Interestingly, in low magnetic fields less than
because of high peritectic temperature. However, the complete the.7. of Sm123 film which consisted of slightly Sm rich
comprehension of the orientation behaviors needs to ConSi@@anosition was superior to other RE123 films [12]. We con-
not only the thermodynamic causation such as our model &iger that the refined solid solutions dispersing in Sm123 film

Here Ah and As are the values per molecule afidis the

mentioned above, but also kinetics of the adatoms. contribute to this excellent property. Within range of the mag-
netic fields from 1 to 5 T, thd.- B dependence was similar for
B. Surface Morphology all RE123 films. On the other, we measured theof Yb123

The surface morphology also depends on RE123 materifilsn decayed steeper than other RE123 films in high magnetic
and the growth condition. We show surface AFM images diklds over 6 T. Typical/, value of RE123 film is much greater
Yb123 films in Fig. 4. It can be seen that the film deposited #ihan that of bulk since many crystal defects contained in the
T, = 750°C had 2D island growth, while the other one showefilm act as strong pinning center. Additionally, RE-Ba substitu-
the morphology of the step flow. The step heights of both film$on region is present in Sm123 and Gd123 film. Hence the pin-
were one unit cell£1.2 nm). With increasing’,, the surface ning force of the Yb123 films is weaker than that of Sm123 and
of Yb123 films became flat. Here, it may be considered that@d123 film. However, we consider that there are no objections
high T results in the lowAy from (3). It is well known that about the application of Yb123 films up to middle magnetic
Ay affects the surface morphologies such as the step widthfigids.
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Fig.5. Critical current densities of RE123 films (RESm, Gd and Yb)asa  [7]

function of magnetic fields applied perpendicular to the substrate surfaces.

(8l
IV. CONCLUSION
We systematically investigated the orientations and theg
superconducting properties of RE123 thin films. We found
that Yb123 films can easily grow in theaxis orientation with
relatively good superconducting properties. The properties gfig
Yb123 films can be advantageous in producing the supercon-
ducting wire. We must select the suitable RE123 material if!1!
accordance with the requirement.
[12]
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