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The surfae morpholoy of epitaxid YBa,Cu;O;_, films prepare by thermd plasma flash
evaporatio was extensivey investigate by scannirg tunnelirg microscopy Unde epitaxid film
growth conditiors with the depositia rate up to 0.42 um/min, two-dimensional nucleus growth and
spird growth were observedThe main depositio specis in this proces was found to be the cluster
rangirg from 0.3 to 9 nm ard the size of the cluste influencel the growth mode strongly.
Theoretich analyss base on the two-dimensionh critical radius reveale tha smalle clusters
becane weakly bondel nucld resultirg in spird growth and large clustes becane stabk nuclei
resultirg in two-dimensionk nuclets growth which we nameal two-dimensionh cluste nucleus
growth The clustes generatd in the plasrma bounday layer undoubted} involve sufficiert energy
necessar for crystallization and shonv quite different characteristis from those of the clusters
generatd in vacuun by adiabatt expansia process Hence this proces mug be nameal “hot

cluste epitaxy.”

I. INTRODUCTION

The discovey of high T, (superconductig transition
temperature superconductar sud as YBa,Cu,O;_, (T,
= 92 K),! Bi,Sr,CaCu;0;0 (105 K),2 Tl,Ba,CaCu04q
(120 K)® has resultel in the developmen of mary novel
processefor the preparatio of their high-qualiy thin films.
In particular YBa,Cu;O;_, (YBCO) films with ahigh criti-
cd currert densiy (J.) of morethan 10° A/cm? at 77 K have
been successfull obtainel by variols method suct as
sputtering® lase ablation® therma coevaporatiofi, and
chemicé vapa depositim (CVD).”

The plasma flash evaporatio methal developé by our
groug ™! is apromisirg methal for the preparatio of epi-
taxid YBCO films. It has sone interestig characteristics
sud as high rate (300 nm/9 ard large area (7X 7 cm?) depo-
sition unde high flux of atomi oxygen (10'° atoms/
cn? s).12 This proces is inferred to be characterize by clus-
ter depositim unde high flux of atomc oxygen®
Nanometer-scal clustes are formed in the bounday layer
unde the high supersaturatio cause by quenchimg from
500 to 1000 K (Fig. 1). The cluste size can be controlled
betwea 0.3 ard 9 nm by controlling the quenchimg rate and
concentratio of vapa pha® species? Clustes hawe a
large sticking probability than atons and can easily be at-
tachel to acrysta surface}? This may be one of the reasons
for sudh a high deposition rate Very recently a scanning
tunneling microscoly (STM) study relating to the growth
featue of YBCO films in this proces has bee reportal by
Tsujino et al.}* However the cluste depositia has not been
explainel clearly.
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In this article, the YBCO films depositel on SrTiO5(100
by therma plasna flash evaporatio metha were exten-
sively investigatel by STM. Laterd growth mechanim of
the epitaxid films from clustes will be discussed.

II. EXPERIMENT

The plasna flash evaporatio apparats for depositing
YBCO films has been describel elsewheré? The substrate
temperatue was measurd using a thermocoup 1 mm be-
low the substrate The experimenthconditiors are listed in
Table I.

All the films usal in this study showel c-axis orienta-
tion, in-plare orientation and a shap superconductig tran-
sition at a temperatue T, abowe 87 K with anarrov transi-
tion width of 1 K. The surfa@ morphology of YBCO films
was investigate by STM (Nanoscop Il, Digital Instru-
mentg. All STM measuremestwere carried out in the
constant-currenmode at room temperatue in air. Etched
Pt—Ir scanniiy tips were employed The tunnelirg current
ard the bias voltage were 0.2 nA and 800 mV, respectively.

Ill. RESULTS

The cluste size measurd by the microtrendt method
was estimatel to be 0.3-9 nm*2 on the average|n orde to
measue the cluste size directly, we observe clustes depos-
ited on highly oriental pyrolytic graphie (HOPG substrates
by STM. Fig. 2 shows a schemat diagran of the cluster
trappirg apparatuswhich is the sane as tha usal for the
measuremerof atomic oxygen flux.*? Fig. 3(a) shows alat-
tice image of a HOPG substrag¢ exposé to oxygen plasma
without powde feedirg for a very shot time (0.02 s) which
indicates that the HOPG substra¢ was not damaged by the
oxygen plasnma in sudh a shot period Fig. 3(b) shows an
STM image of YBCO clustes trappel in the sane period,
the diamete and heigh of which are 6 ard 0.7 nm, respec-
tively. This image reconfirns that the depositin specis in
this proces is the cluster.
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FIG. 1. The concep of cluste depositio in the plasna flash evaporation
process.

We performal the STM measuremenof YBCO films
deposite on SrTiO;(100 substrate at various substrate
temperature (T, feedirg rates (R), and distane between
the torch exit and the substrag (L) as listed in Table I. The
films with R = 60 mg/min (T¢,, = 700 to 660 °C) and
R=150 mg/min (T, = 695 to 670 °C) show spird growth
originated from the edges of the screv dislocatiors at the
substrag surface ard the verticd step height is equd to one
unit cel (1.2 nm). This morphology is frequenty reportel in
otha method suc as sputtering®*®and CVD.!” Therefore,
the spird growth mechanim is considerd to be ageneral
one regardles of the film depositim method In the cas of
R=60 mg/min, the terrae widths A decreas from 130 to 65
nm with decreasig T, from 700 to 660 °C. In the cas of
R=150 mg/min, the terra@ widths decreas from 110 to 55
nm with decreasig T, from 695 to 670 °C. STM images of
the surface are shown in Figs 4(a)—4(e). The case (a)—(d)
clearly shav spird growth On the othe hand in the ca% of
R=200 mg/min (Fig. 4(e)), the spird growth featue is not
observe and is irregula in shape but still regula 1.2 nm
step-heigh terracs are observed Thes facts indicake that
this film grew with anon-spira epitaxid growth like normal
two-dimensionh nuclets growth (2DNG). As described
later, we cal this growth mode 2D cluste nuclets growth
(2DCNG) in orde to stres the differene betwed 2DNG
ard this 2DNG mechanism.

TABLE |. Experimenthconditions.

rf power D kW

Pressure A0 Torr

Plasma O, gas 4 standad liter per minute (SLM)
Carrig Ar gas 24 SLM

Feedimg rate (R) 60—200 mg/min
Torch-substrat distane (L) 260-310 mm

Substrag temperatue (T, 660-700 °C

Depositio time 05-2 min
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FIG. 2. A schemat diagran of the cluste trappirg apparatus.
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FIG. 3. (a) A lattice image of a HOPG substrag exposé to oxygen plasma
without powde feeding (b) An STM image of clustes on a HOPG sub-
strate.
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A

(a) 700°C,60mg/min

(b) 695°C,150mg/min
.@

(¢) 670°C,60mg/min (d) 670°C,150mg/min (e) 670°C,200mg/min

Feeding Rate (R) [mg/min]

Substrate Temperature (T,) [)C]

FIG. 4. STM images of YBCO films grown on SrTiO;(100) (L = 310 mm).
(8) R=60 mg/min Ty, = 700 °C, (b) R=150 mg/min, T, = 695 °C, (c)
R=60 mg/min, T, = 670 °C, (d) R=150 mg/min, T, = 670 °C, ard (e)
R=200 mg/min, Tg,, = 670 °C.

IV. DISCUSSION

A. Terrace widt h dependenc e on substrate
temperature

According to the BCF theory8 the terra@ width (\) in

spird growth is given by
20ya
A~20pc=—p, D
kgT In o0

where p., v, a, kg, Tsup, P ard po are the critical
nuclets radius the surfa@ energy per unit cell, the lattice
constant Boltzmam constantthe substra¢ temperaturethe
actud vapa pressue and the equilibrium vapa pressure,
respectively.

For the cae of multicomponen systemsthe definition
p/po is somewh& ambiguous However approximatio In
p/po~ InJ/J; may nat be so bad in this case where J and
Jo are the feedirg rate ard the critical feedirg rate at which
film growth occurs respectivelyUsing Eq. (1) and the value
of A measurd by STM, we can estimatey. From\ = 80 nm
(R=60 mg/min and A = 55 nm (R=150 mg/min at
Tsu= 700 °C, the value of y is derived to be 1.6 J/fn This

x 104
2.00

O R=60mg/min
€ R=150mg/min

150 [

/ATy, [1/mK]

0.50

1.02 103 104 105 1.06 1.07 1.083
x 10-
T, [1/K]

FIG. 5. Plots of 1/\Tg,, Vs LTy, A and Tg,, representerra@ width and
substra¢ temperature.

wher ng, ng, 75, v, Wy ard W{ are concentratia on a
surface concentratia at a step mean lifetime of an adsorbed
particle frequeng of vibration the evaporatio energy from
the kinks to the surface and the evaporatio energ from the
surfae to the vapa phaserespectively.

From Eqgs (1)—(4), we obtain

1 kg J o OWe+W, 1
=—IN—+——. (5)
AT 20ya wvng 20ya  Tgyp

From the STM measuremenislinea dependence of
1\ Tgy,0n LT, would be derivad as shown in Fig. 5. This
mears tha the terrae width dependene on the substrate
temperatue can be explainal using Eq. (5) on the assump-
tion tha the variation of In J, is negligible compare with the
variation of 1/Tg,,. The sum of the evaporatio energy from
the kinks to the crystd surfa@ and the re-evaporatio energy
from the crystd surface Ws+W,, correspond to the slope
of the linear plots of 1/ T, versts 1/T,,. The values at
R=60 and 150 mg/min are estimate to be 1.8x 10 ° and
3.1x10 % J respectively for a=0.38 nm and y=1.6
JIm? 1920 W+ W, for R = 200 mg/min is 1.7 times larger
than tha for R = 60 mg/min The difference of thes values
may be cause by that of absorbd speciesprobaby caused
by the difference in the cluste sizes Increasim the sizes the

value is equal to that estimated by mechanicalclustes can be absorbd to the substrat surfae more

measurements:?°
In addition Egs (2)—(4) can be applied to the adsorbed
particles sud as atoms molecules and clusters:

Ny
Jo=" el
Wi n)
Ny=nNg eXp — , 3
sO 0 kBTsu ( )
i v exp — Ws n) (4)
Ts kBTsu '
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strongly. Therefore the value of W+ W, become greater.
This resut suppors the idea tha deposition from clustes is
more effective in depositiors than tha from atons and small
clusters especialy at high substrat temperatures.

B. Lateral growt h mechanis m from clusters

Here we discus amechanim by the compariso of the
two-dimensionh critica radiws (r3p) derived from the ter-
race width and the two-dimensionhcluste size (r,p) esti-
mated from the three-dimensiorecluste size (r3p).

Hayasaki et al.
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FIG. 6. Schemat descriptio of the behavia of a cluster.

First, we assune that a cylindricd 2D cluste with astep
heigh of 1.2 nm is rearrangd on the crystd surfa® from a
3D cluste as shown in Fig. 6. According to the cluste size
measuremenif the 3D cluste sizes (rgp) generatd in
plasnaa L=310 mm are 1, 1.6, 2 and 3 nm at the feeding
rates R=60, 150, 200 ard 350 mg/min, respectivelyln these
casesthe rearrangd 2D cluste radiuse (r,p) at ead feed-
ing rate are estimate to be 0.4, 0.8, 1.1 ard 1.9 nm, respec-
tively. The values of r, are plotted in Fig. 7. On the other
hand the 2D critical radius (r5p) derived from Eq. (1) are 4
and 2.75 nm at R=60 and 150 mg/min, respectively Under
the assumptia of a linea dependeneof p to R and using
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FIG. 7. The comparisa of 2D cluste radius ard 2D critical radius.
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the two values of r3, the dependeneof r55 on R can be
drawn as shown in Fig. 7. The clustes having r , large than
r5p are considerd to be stabk on the surface On the other
hand the clustes with r,p<r%, shoutl be evaporatd onto
the surface.

In the cas of all the incoming clustes with the size
r,p<r3p, the growth moce is expecte to be almog the
sane as the ca® of the growth from the atons causiry the
spird growth While increasimy the feedirg rate or decreas-
ing the substrag temperaturgethe r3, decreasedn addition,
increasimy the feedirg rate causs the increae of the r;p and
then r,p, subsequenylincreasiy the actua numbe of the
2D clustes large than r35. The® operatiors increag the
stabk 2D clustes which can becone the nucle of the 2D
nucleé growth resultig in 2D cluste nuclets growth
(2DCNGQG) (as the cag of R=200 mg/min, Fig. 4(e)).

Finally, we clarify the characteristis of clustes in the
plasna flash evaporatio process A typicd cluste deposi-
tion proces developéd so far is the ionized cluste beam
(ICB) method?* The clustes are generatd in vacuum by
adiabatt expansio processlin this processionized clusters
are sai to bre& up into individud atorrs on the crystal
surfae after collision ard the atons diffuse on the surface
with the migration energy derived from the incidert energy
resultel from bias voltage This energy transformatia is said
to enabé low-temperatue deposition For example Er—Ba—
Cu-0 thin film depositel at a substra¢ temperatug of
550 °C showel c-axis orientation?? However the clusters
often cauge damag to film surfae becaus of their high
translation enery of large than 10 eV/cluster.

On the othe hand in the plasna flash evaporatio pro-
cess thermd enery is suppliel to the cluste from thermal
plasmaso the cluste is called a“hot cluster,’” to distinguish
it from convention& “cold’’ clustes mentionel above By
quenchilg from 5000 to 100 K in a bounday layer, the
clustes are kept as thermally activatal states without high
translation energy suc asin the ICB processThes features
are expecte to enabé epitaxid growth with less surface
damage Sa hat clustes sean to be preferabé in epitaxial
growth. Actually, a 21mm-thick non-spiral growth,
monolayer-smodt epitaxid film of YBCO with afull width
at haf maximum (FWHM) less than 0.14 of the x-ray rock-
ing curve of the (005 pe& was successfull deposité at the
rate of 16 nm/s?® The value of FWHM is ore of the smallest
values for YBCO films reportel so far.?4?° Thes facts re-
confim the advantage of hot cluste deposition especially
2D clustea nuclets growth (2DCNG), overcomirmy othe con-
ventiond deposition methods.

Moreover in our processit is possibé to contrd the
cluste size and feedirg rate independenyl ard suppy an
adequat numbe of clustes of appropria¢ size for this epi-
taxid growth by controlling the feedirg rate distane be-
tween plasma torch ard substrateand substrat temperature.
Therefore this proces mud be namal “hot cluste epi-
taxy.”

V. CONCLUSIONS

Scannimy tunnelirg microscoly has revealel that spiral
growth and two-dimensionh cluste nuclews growth occur
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unde epitaxid film growth conditiors in the plasna flash
evaporatioa process The growth moce is explainal by a

comparisa betwea the two-dimensionh critica radius
(r3p) derived from the terrae width and the two-

dimension& cluste size (r,p) estimate from the three-
dimension&cluste size It is thougt tha clustes generated
in atherma plasna bounday layer hawe the activatin en-

ergy necessar for crystallization and then this proces must
be called hat cluste epitaxy.
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