
Pressure effect on YBa2Cu3O7 thin film growth in offaxis radio frequency magnetron
sputtering
S. C. Wu, W. C. Tsai, C. K. Huang, H. T. Hsu, C. J. Huang, and T. Y. Tseng 

 
Citation: Journal of Vacuum Science & Technology A 13, 2412 (1995); doi: 10.1116/1.579482 
View online: http://dx.doi.org/10.1116/1.579482 
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvsta/13/5?ver=pdfcov 
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing 
 
Articles you may be interested in 
Atomic oxygen effect on the in situ growth of stoichiometric YBa2Cu3O7 epitaxial films by facing targets 90° off
axis radiofrequency magnetron sputtering 
J. Appl. Phys. 77, 5809 (1995); 10.1063/1.359160 
 
Formation of Curich particles on the surface of YBa2Cu3O7x thin film grown by in situ offaxis sputtering 
J. Appl. Phys. 75, 2020 (1994); 10.1063/1.356302 
 
Relation between electrical properties and microstructure of YBa2Cu3O7x thin films deposited by singletarget off
axis sputtering 
J. Appl. Phys. 75, 393 (1994); 10.1063/1.357012 
 
Offaxis laser deposition of YBa2Cu3O7 thin films 
Appl. Phys. Lett. 61, 3178 (1992); 10.1063/1.107951 
 
Offaxis sputter deposition of YBa2Cu3O7 thin films for microwave applications 
Appl. Phys. Lett. 59, 1629 (1991); 10.1063/1.106252 

 
 

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26

http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1492969273/x01/AIP/HA_Pub2Web_ReregisterToCalert_AVS_CovPg_1640x440_10_2013/avs_aipToCAlerts.png/7744715775314c5835346b4141412b4b?x
http://scitation.aip.org/search?value1=S.+C.+Wu&option1=author
http://scitation.aip.org/search?value1=W.+C.+Tsai&option1=author
http://scitation.aip.org/search?value1=C.+K.+Huang&option1=author
http://scitation.aip.org/search?value1=H.+T.+Hsu&option1=author
http://scitation.aip.org/search?value1=C.+J.+Huang&option1=author
http://scitation.aip.org/search?value1=T.+Y.+Tseng&option1=author
http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://dx.doi.org/10.1116/1.579482
http://scitation.aip.org/content/avs/journal/jvsta/13/5?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/77/11/10.1063/1.359160?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/77/11/10.1063/1.359160?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/75/4/10.1063/1.356302?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/75/1/10.1063/1.357012?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/75/1/10.1063/1.357012?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/61/26/10.1063/1.107951?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/59/13/10.1063/1.106252?ver=pdfcov


 Re
Pressure effect on YBa 2Cu3O7 thin film growth in off-axis radio frequency
magnetron sputtering

S. C. Wu, W. C. Tsai, C. K. Huang, H. T. Hsu, C. J. Huang, and T. Y. Tseng
Department of Electronics Engineering and Institute of Electronics, National Chiao-Tung University,
Hsinchu, Taiwan, Republic of China

~Received 8 September 1994; accepted 24 June 1995!

YBa2Cu3O72x ~123! thin films were fabricated on~100! MgO substrates by off-axis single target
radio frequency~rf! magnetron sputtering. Our study focused on the effect of chamber pressure on
the composition, microstructure, and superconductive properties on transition behavior andTc of the
grown film studied. An empirical formula was derived to explain the dependence of the deposition
rate of various components on the pressure. Next, we compared the transport mechanism of the
sputtered particles between the off-axis rf and the on-axis direct current sputtering and determined
the processing conditions that result in superconducting films of better quality. According to our
findings, growth at higher pressures~.100 mTorr! produces more homogeneous and higherTc
superconducting films. ©1995 American Vacuum Society.
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I. INTRODUCTION

Applications of oxide superconductor devices require t
film growth techniques with higher reproducibility and re
ability in order to obtain better surface morphology a
higher quality superconducting films. Recently, various t
film growth techniques have been used for this purpose,
cluding multiple-source electron beam evaporation,1 ion
beam sputtering,2 molecular beam epitaxy,3 pulsed laser
ablation,4 metalorganic deposition,5 and direct current~dc!6

or radio frequency~rf!7–9 sputtering. Each of these tech
niques has its own unique features, such as large
growth, high growth rate, better surface morphology,
lower growth temperature. To meet the practical requ
ments of device fabrication simple growing equipment a
simple processes are required. Hence, single target dc
sputtering methods are most attractive. However, using
sputtering technique to promote thin film growth of highTc
superconducting oxides results in energetic negative
bombardment.10–13 Bombardment caused by energe
particles may modify the film composition,14 deteriorate the
surface morphology,15 induce some defects in the films,16

and, in extreme cases, result in net etching rather t
deposition.14 Therefore, many methods have been develo
to overcome the bombardment effect, including heavy co
pensation for the target composition for different sputter
yields at the substrate surface,17 sputtering in high pressure18

to slow down the energetic particles which increases the
liding probabilities and reduces the resputtering damage,
changing the configuration of the substrate to target in or
to avoid direct substrate bombardment by energetic partic
i.e., an off-axis configuration system.19

In this article, we study the influence of growth chamb
pressure on the metallic composition, the surface morp
ogy, and the electrical properties of superconducting fil
grown by off-axis rf sputtering. We also derive an empiric
formula that is based on the dependence of the rela
atomic ratios of Ba to Y and Cu to Y on chamber pressu
After comparing these results with those obtained from
on-axis sputtering and after investigating the transp
2412 J. Vac. Sci. Technol. A 13(5), Sep/Oct 1995 0734-2101/95distribution subject to AVS license or copyright; see http://scitation.aip.org/te
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mechanism of sputtered particles, we will provide a more
complete discussion. The empirical formula may predict th
relationship between metallic atom composition and pres
sure, and may be adopted to grow thin films with exact sto
ichiometry and better surface morphology.

II. EXPERIMENT

A rf off-axis sputtering system was used to grow the su
perconducting films. The substrates were polished~100!
MgO single crystals vertically mounted onto the heater bloc
with silver paste. The substrates were situated horizontally
cm away from the central line of the target and vertically 3.5
cm from the surface of the target. The solid state reactio
process, described in our previous paper,15 was adopted to
make the target. The target was presputtered in the vacuu
chamber with a mixture of Ar and O2 for 20 h in order to
homogenize the surface of the target prior to initiating film
growth experiments. The target has also been presputter
for an additional 30 min to achieve the stable growth condi
tions necessary for each growth experiment. Nominal growt
conditions were 50 W output power, 700 °C substrate tem
perature, total pressure varied from 35 to 200 mTorr, and 1:
mixed O2 to Ar ratio sputtering gas. For the dc growth ex-
periment, the on-axis configuration was assumed and th
chamber pressure ranged from 100 to 600 mTorr. The targ
composition was YBa2Cu4O8; the other growth parameters
were described in detail elsewhere.15

After deposition, we immediately introduced oxygen into
the chamber. At the same time, the substrate temperature w
cooled down to 450 °C, and maintained for 30 min unde
ambient oxygen atmosphere. Then the temperature w
cooled down to room temperature. X-ray diffraction~XRD!
was used to analyze the crystallinity and the phase of th
as-grown films. The surface morphology of the films was
observed by scanning electron microscopy~SEM!. The
thickness of the film was measured by profilometry, and thi
same technique was used to evaluate the deposition rate u
der various chamber pressures. The roughness and surfa
morphology of the films were examined by atomic force mi-
2412/13(5)/2412/8/$6.00 ©1995 American Vacuum Societyrmsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26
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 Red
croscope~AFM!. The electrical resistivity of each sampl
was measured by a four-probe technique. Finally, the co
position of the metallic elements of the films was analyz
by inductively coupled plasma~ICP! emission spectroscopy

III. RESULTS AND DISCUSSION

Figure 1 shows the ratios of Ba to Y and Cu to Y vers
the chamber pressure. An increasing function of press
above 60 mTorr was clearly seen but, below 60 mTorr, tho
ratios tended to decrease with pressure. We believe the
son for this was that the transport mechanisms of the sp
tered particles in the sputtered gas during the whole press
range were different. Helmeret al. have reported that the
deposition rate (R), in a higher pressure range with diffusiv
transport of sputtered particles, is given by20

R5
4Sh

3L
, ~1!

whereS is the sputtered yield rate,h the mean free path of
the transporting particles, andL the target to substrate dis
tance. Sinceh varies with 1/p, wherep is the total chamber
pressure, increasing the total pressure will reduce the de
sition rate of all the metals or ions. It also means that t
increase of scattering probabilities at higher pressures
decrease the target bombardment by the Ar ions and red
the mean free path of the particles. This results in a reduc
of sputtered particles arriving at the substrate and deposi
on it, and thus minimizes the number of particles on t
substrate. In our experiments above 60 mTorr pressure
particular, the atomic ratios of Ba/Y and Cu/Y increased w
total pressure, i.e., the reduction rate of Y species is lar
than that of Ba and Cu while the pressure is increas
~Fig. 1!.

In general, the modes of transportation of sputtered p
ticles may be divided into three types, depending on cham
pressure.20 At high pressures, the transportation of particl
sputtered out by Ar ions is the diffusive mode, which can
characterized by simple gas phase diffusion. At low pressu
the transportation is ballistic and the sputtered atoms vir
ally never collide with gas atoms during transport. At inte

FIG. 1. Dependence of atomic ratio of~l! Cu/Y and~j! Ba/Y on the total
chamber pressure. Target composition was Y:Ba:Cu51:2:3.
JVST A - Vacuum, Surfaces, and Filmsistribution subject to AVS license or copyright; see http://scitation.aip.org/te
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mediate pressures, the form of transport is more complicat
than in higher and lower pressure conditions. In this regim
the lighter sputtered species tend to suffer more loss of m
mentum and more direction-changing collisions than heav
species.21–23However, the threshold pressure at which a d
vision of the borderlines of atoms occurred in various tran
portation modes remains uncertain, partly due to the initi
high energy of sputtered atoms, and partly due to the diffe
ences of mass among sputtered atoms and gas atoms.
behavior of the multicomponent compound sputtering
more complicated because the components have differ
atomic radii, valence values, masses, and mean free pa
Consequently, over the last few years many researchers h
used a trial and error method to fabricate superconducti
films, and a certain range of exact conditions for growing th
film has been found. But the reasons for this have seldo
been studied. In this article, we derive empirical formulas b
performing growth studies at various chamber pressures
as to provide a clear perspective and to reliably control mu
ticomponent compound sputtering.

We assume that the deposition rate is not only inverse
proportional toP, but also that it is influenced by other fac-
tors. These factors include the sticking coefficient, the v
lence values of sputtered particles, the difference of the r
sputtering effect by the negative oxygen ions or b
secondary electrons, and the interactions among those p
ticles with the growth chamber gas.21 Under such an assump-
tion, for each kind of sputtered particle above the thresho
pressure of the diffusive transportation mode we can write

R5k3P2a, ~2!

wherek is a constant when all the other growth paramete
are fixed, and the value ofa indicates the degree of influence
by the pressure. Each type of sputtered atom has a spec
value, which is what we want to study and discuss. Th
larger the value ofa, the higher the degree of influence on
deposition rate by the pressure is.

The relative ratio values of Ba to Y~RBa/Y! and Cu to Y
~RCu/Y! can be written as

RBa/Y5kBa/kY3P~aY2aBa!5Kb3Pb, ~3!

RCu/Y5kCu/kY3P~aY2aCu!5Kc3Pc. ~4!

The values ofKb , Kc , P
b, andPc can be obtained by sub-

stituting the metallic compositional data from the ICP analy
sis into Eqs.~3! and ~4!. Figure 2 shows the plot of the
relative deposition rateRCu/Y andRBa/Y versus the pressure
by their natural logarithm forms. Figure 2 indicates
V-shaped outline on theRCu/Y curve with the minimum
around 60 mTorr. However, a U-shaped outline on theRBa/Y
curve was observed with a minimum range of 60–10
mTorr. The reason for this difference may be the differen
masses and scattering cross sections between Ba and Cu
oms. That is, the threshold pressures of the diffusive tran
portation mode for Ba and Cu atoms are different. The valu
of b and c can be obtained as 0.20 and 0.24, respective
from the slopes of the straight lines at their diffusive region
in Fig. 2. The values ofKb andKc were also obtained as
20.5 and20.14 from the intercept of the both lines, respec
rmsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26
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 Red
tively. These former two values imply that the changing ra
of RCu/Y versusP was larger than that ofRBa/Y . Therefore,
when the pressure was increased, the deposition rate o
must be less than that of Cu. In terms of the values ofb and
c, we know thataY is the largest of the three atoms, whic
indicates the strongest dependence on the deposition ra
the Y atom with the pressure among the three atoms. Tha
why the deposition rate of the Y atom was depressed m
severely than that of Ba and Cu atoms when the press
increased. Thus, the atomic ratios of Ba/Y and Cu/Y increa
with increasing pressure. Our experimental results are dif
ent from others obtained by off-axis rf deposition,24 which is
to say, if the resputtering effect of the negative ion
avoided, the atomic ratio of the metallic composition of th
films would be the same as the target. In our case, we beli
that the conditions can satisfy the statements given in R
24, as mentioned above, under the lower pressure. Tha
the transportation of the sputtered particles was mostly in
ballistic mode.

In fact, the ejected particles are not simply inversely pr
portional to pressure, they also depend on the growth con
tions and the kinds of sputtered atoms, which indicates t
the simple form in Ref. 20 should be changed into an exp
nential form with different exponent values for various a
oms. Therefore, we compare these results with those
tained from the dc on-axis sputtering growth15 ~see Fig. 3!.
Neither of the linesRCu/Y and RBa/Y show any concavity
behavior because the chamber pressure begins at 100 m
in dc sputtering experiments, i.e., both of the transportat
modes are in the diffusive form. Below 100 mTorr, the r
sputtering effect on Cu atoms by negative ion oxygen ions
very serious and does not fit any relation to total pressu
The values ofb and c in Fig. 3 are 0.30 and 0.15, respec
tively. The value ofaCu at the dc sputtering is larger tha
aBa, which means that the deposition rate of the Cu atom
more seriously influenced by pressure than that of the
atoms.

These results are different from those of rf off-axis spu
tering. There are two reasons that may explain the differe

FIG. 2. Natural logarithmic plot of relative deposition ratio of~l! Cu/Y and
~j! Ba/Y of the rf sputtered thin films vs chamber pressure.
J. Vac. Sci. Technol. A, Vol. 13, No. 5, Sep/Oct 1995istribution subject to AVS license or copyright; see http://scitation.aip.org/term
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between rf off-axis and dc on-axis sputtering. One is th
resputtering of negative oxygen ions, and the other is th
mass difference between Ba and Cu atoms. The differe
results produced by those two factors can be clearly disti
guished by film fabrication under various system configura
tions. Since the vapor pressure of the Cu atom is the highe
of the three atoms,14 the bombardment of negative oxygen
ions or secondary electrons will easily weaken the bondin
of Cu–O and induce the resputtering effect. From our exper
mental data, the deposition ratio of the Cu atom to the
atom in the dc sputtering system is less than in the rf spu
tering system although the substrate temperature of the o
axis system is higher than that of on-axis system. Simult
neously, the initial target composition ratio of the Cu to the Y
atom was 4 to 1, and the O2 to Ar gas ratio~1:4! was also
smaller than that of off-axis system, i.e., under the condition
described above for off-axis sputtering systems, the probab
ity of resputtering the Cu atoms must be much higher tha
that in on-axis system; but, in fact, this was not the cas
Because in the off-axis sputtering condition the negative ion
cannot strike back onto the film, the resputtering effect o
negative oxygen is one of the major factors behind this re
sult. In addition, since the mass of the Ba atom is two time
larger than that of the Cu atom, the large angle scatterin
probability of Cu by Ar ions during transportation to the
substrate will be higher than that of the Ba atom. That wa
one of the possible reasons why the slope ofc in theRCu/Y
curve was smaller than the valueb of RBa/Y in the on-axis dc
sputter system. On the contrary, for off-axis sputtering, fewe
Ba atoms arrived at the substrate parallel to the target surfa
due to the small potential for large angle scattering event
For Cu atoms, the probability of larger angle scattering wa
higher; therefore, in the off-axis configuration the value ofc
was larger than that ofb. Due to the small difference be-
tween the value ofb andc in off-axis rf sputtering, it seems
that the resputtering effect is almost avoided in this case. T
larger angle scatterings of Cu atoms and the minor resputt
ing effect in the off-axis system might be the primary factor
that account for the value ofc being a little larger than that

FIG. 3. Natural logarithmic plot of relative deposition ratio of~l! Cu/Y and
~j! Ba/Y of the dc sputtered thin films vs chamber pressure.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26
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 Redi
of b in the off-axis case, or completely different, as in th
case of the on-axis system.

Since we did not consider the effects of the sticking c
efficient of each atom, interactions between all kinds of pa
ticles, or the valence values of ionized sputtered atoms,
above analysis seems to be a rough one. But the aim of
experiment is to utilize a simple model that does not involv
complicated parameter settings. We also hope to shed so
light on the fabrication by the sputtering of oxide superco
ductors and to propose an empirical formula to describe a
predict the composition of the as-deposited film in multicom
ponent~e.g., YBa2Cu3O7! sputtering growth.

Our finding that the atomic ratio tends to change in pre
sures ranging from 60 to 35 mTorr is similar to the results
single target sputtering experiments made by Helmeret al.20

Their deposition rate was not inversely proportional to th
pressure if chamber pressures were below 10 mTorr. Tha
to say, the transportation of sputtered particles was not in
diffusive form. Therefore, it was natural for us to predict th
existence of an intermediate region with a different transp
mechanism from 35 to 60 mTorr, which we assume to be
mixed mode with ballistic and diffusive transportations. W
performed another growth experiment at 45 mTorr chamb
pressure to check this assumption. Figure 4 exhibits a p
redrawn from Fig. 2 together with this additional experimen
tal data. The experimental results indicate that the value
RBa/Y at 45 mTorr is the same as that ofRBa/Y at 60 mTorr,
but smaller than that ofRBa/Y at 35 mTorr, and that the value
of RCu/Y was smaller than those ofRCu/Y at 60 and 35 mTorr.
We suggest that the transport of Ba atoms is almost in t
intermediate region and that it exhibits a steady and press
independent feature from 45 to 100 mTorr. But, for Cu a
oms, the transport was almost of the diffusive mode a
partly of the ballistic mode, which was evidenced by a line
relationship with pressure in logarithmic form such as th
situation above 60 mTorr. If the pressures were higher th
45 mTorr, the mode of transport would transfer to the diffu
sive mode. However, at pressures lower than 45 mTorr,
mode of transport will transfer to the ballistic mode. In th

FIG. 4. A redrawing of Fig. 2 with additional data on the film that wa
fabricated at 45 mTorr pressure.~l! Ln Cu/Y; ~j! Ln Ba/Y.
JVST A - Vacuum, Surfaces, and Filmsstribution subject to AVS license or copyright; see http://scitation.aip.org/ter
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intermediate regime, the concentration of the deposited ato
contains two parts, one of which comes from the diffusiv
transport but has lower scattering probability, the other o
which results from ballistic transportation, which will decay
in the natural exponential form with pressure and target
substrate distance.20 Thus the deposition ratio was higher at
35 mTorr than that at 60 mTorr.

If the pressures were not between 35 and 60 mTorr, all th
films were fabricated under the diffusive mode of transpo
tation growth, and there were small ballistic components o
the films. The higher the chamber pressure, the better t
surface morphology and the homogeneity on the films. Ac
tually, SEM micrographs of the surface of the films demon
strate these expected results, shown in Figs. 5~a!–5~c!. These
figures clearly show that the films grown at lower chambe
pressures exhibit rougher and more inhomogeneous surfa
morphology because they suffered from bombardments b
higher energetic particles. The film surface was also found
be piled up with the same shape grains. When the chamb
pressure is increased, the microstructure of the films b
comes smoother and more homogeneous, as shown in F
5~c!. This is because the level of energy of sputtered particle
under diffusive mode transportation will be almost equal t
that of local gas near the substrate region by thermalizatio
processes.25,26Thus, if there were enough thermal energy on
substrate and time periods, the particles on the substra
would gradually arrange themselves by migration. Therefor
when a higher energetic particle is ejected from the targ
regime without scattering collision, it is possible to make
defect or create a nonhomogeneous region on the film su
face, or even possible to induce a new nucleation core, whi
would produce many grains on the surface as shown in Fig
5~a! and 5~b!, especially in Fig. 5~a!, which is the most se-
rious. The surface morphology of the thin film is very im-
portant for the performance of microwave devices, especial
for ring resonators, and this has been studied and reported
Ref. 27. Of course the roughness of the film surface, a
shown in Figs. 6~a! and 6~b!, would be different. The rough-
ness is higher when the growing pressure is as low as
mTorr. It could become smaller if the pressure is increase
as demonstrated in Fig. 6~b!. Figure 7 shows the root mean
square~rms! roughness of the films versus various chambe
pressures. At higher pressure conditions, the growth rate w
be reduced by the scattering effect, and the transportati
mode of the ejected particles will be thermalized into a dif
fusive mode; thus, there is more time to allow the atoms t
order themselves and to decrease the ion bombardments
the film surface.28 Therefore, the higher the chamber pres
sure, the smaller the roughness of the film was. Although th
microstructures of the films are different, the phases of a
the films almost always exhibit ac-axis preferred orientation,
as shown in Fig. 8.

The deposition rate of thin film growth is proportional to
the number of particles that arrive at the substrate. Moreove
the number of arrived particles is affected by the scatterin
from one another. Therefore, when the chamber pressure
higher, the probability of scattering is higher, which in turn
reduces the number of arrived particles. For this reason, t
growth rate of thin films decreased when the chamber pre
msconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26



 Re
FIG. 5. SEM micrographs of the as-grown films surfaces. Films were deposited at 700 °C, 1/4 O2–Ar ratio, 50 W output power, and various pressures:~a! 35,
~b! 60, and~c! 150 mTorr.
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sure was increased, as shown in Fig. 9. From Fig. 9, it
clearly seen that the deposition rate of 35 mTorr is thr
times larger than that of 200 mTorr, which indicates a mu
lower scattering probability of 35 mTorr than that of 20
mTorr. It seems meaningful to fit the data in Fig. 9 t
R5C1 exp(C2P) in the pressure range 35–100 mTorr, an
to R5C3P1C4 for pressure above 100 mTorr; the values o
C1, C2, C3, andC4 were then 737.7,20.0076,21.8, and
530, respectively. These curve fitting results may support
above assumption that the ballistic mode of transportation
sputtered particles still exists at pressure lower than 1
mTorr. Moreover, from the two different kinds of curve fit
J. Vac. Sci. Technol. A, Vol. 13, No. 5, Sep/Oct 1995stribution subject to AVS license or copyright; see http://scitation.aip.org/term
is
e
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e
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tings in Fig. 9 at the 100 mTorr pressure point, we clearly
demonstrate that there are two different major modes o
transport mechanisms of sputtered particles in depositio
growth. The transport was dominated by the ballistic mod
below 100 mTorr pressures and showed an exponential form
but above 100 mTorr pressures it could be fitted by a linea
form and demonstrated the diffusive mode of transportation
This result was found to coincide with information about the
transportation of Ba atoms in Fig. 4. This result also support
the results of our dc growth experiments that demonstrate th
superiority of the diffusive mode above the 100 mTorr cham
ber pressure.
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The superconducting transition behavior and theTc value
of the films indicate various curves of resistance versus t
perature (R-T) and the different values of the critical trans
tion temperature, shown in Fig. 10. We expected that, w
the growth chamber pressure was 35 mTorr, the surfac
the film would be bombarded by more energetic particl

FIG. 6. AFM micrographs of the surfaces of the as-grown films fabricate
various pressures:~a! 35 and~b! 200 mTorr. The vertical axis is the height o
the film surface, and the horizontal axis is the scanning range being e
ined.

FIG. 7. Dependence of the roughness of the films on the total pressu
JVST A - Vacuum, Surfaces, and Filmsistribution subject to AVS license or copyright; see http://scitation.aip.org/te
m-
-
en
of
s,

that induced the stress concentrated center which would e
ily cause the point defects or line defects or even result
nonordering and discontinuities in structure. Therefore, wh
may account for the two-step transition phenomena from t
R-T curve, i.e., two phases simultaneously existed, one is
orthorhombic I phase with 90 KTc and the other is the
orthorhombic II phase with 60 KTc .

29,30The structure of the
90 K orthorhombic I phase is not continuous in the electric
conductivity path so the zero-resistance temperature (Tco! is
only 60 K, as shown in Fig. 10~a!. At 150 mTorr, the super-
conducting behavior of the electrical property is very simp
and pure, as shown in Fig. 10~b!, which indicates that the
unique existence of the 90 K orthorhombic I phase with a
87 K Tco value. On the other hand, the superconducting b
havior of the film grown at 200 mTorr was different from
those described above, and demonstrated an unclear pha
orthorhombic I and exhibitedTco at 65 K, as shown in Fig.
10~c!. The difference in superconducting properties betwe
200 and 35 mTorr pressure occurred at the transition shap
the orthorhombic I phase. The transition shape at 35 mT
was sharper than at 200 mTorr. The reason for this differen
may have to do with the different chamber pressures beca

at

am-

e.

FIG. 8. XRD pattern of as-grown film deposited at 700 °C, 1/4 O2–Ar ratio,
50 W output power, and 100 mTorr chamber pressure.

FIG. 9. Dependence of growth rate of the thin films on the total pressu
The solid line is a curve fitting result; the broken line is experimental da
rmsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 10:55:26
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of the small nonhomogeneous structure and phase disco
nuity resulting from the bombardment of high energetic p
ticles in the surface of the film at higher pressure conditio
We also observed that the electrical properties of the fi
grown at 200 mTorr were not as good as those for the o
grown at 150 mTorr, even though they were all based on
thermalization concept25,26 during the diffusive transport
mode. We believe that the noise level of the rf sputteri
system rather than the pressure factor was the probable
son behind the difference in transition behavior. The noise
the rf system may be induced by the short circuit between
electrode of the heater and the chamber resulting from
crush of target crack or any conducting impurity. The effe
of the short circuit was similar to the substrate biasing ph
nomenon that resulted in charged ion bombardment, and t
induced resputtering and damage on the film surface31

Moreover, the energy of each sputtered particle was alm
thermalized to equal the thermal energy of the local substr
region by scattering processes at higher pressures; the n
ber of particles that arrived at the substrate was very limit
Under the greater noise level state, the metallic composit
of the first few layers deviated from the exact stoichiome
of YBa2Cu3O7, the arranged order of each metallic atom w
also out of the periodic way, and the energy of the la
particles was not high enough to support the atom migrat
and then diffuse to an exact position for rearranging the
selves. In one case the defects induced at the beginning
ion bombardment were not able to moderate or be comp
sated for completely. This resulted in a feature of the tran
tion curve, shown in Fig. 10~c!, that has been explained b
Kanekoet al.32 and Matsubaraet al.33 From this, we suppose
that raising the substrate temperature and minimizing
output noise level could fabricate films with the same qual
as that grown at 150 mTorr under this 200 mTorr press
condition, i.e., single phase in crystalline and pure sing
orthorhombic I phase in the as-grown films. As expected,
Tco value was as high as 82 K and the phase was pure w
we raised the substrate temperature to 720 °C and redu
the output noise level.

In our lab, we have also fabricated films with 90 KTc by
off-axis sputtering, shown in Fig. 11, or by dc on-axis, as
Refs. 34 and 35, but, on obtaining the 90 K films, the grow

FIG. 10. Resistance-temperature curves of as-grown 123 thin films fa
cated at~j! 35 mTorr,~l! 150 mTorr,R*10, and~m! 200 mTorr,R*5.
J. Vac. Sci. Technol. A, Vol. 13, No. 5, Sep/Oct 1995stribution subject to AVS license or copyright; see http://scitation.aip.org/ter
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chamber pressure was 370 mTorr, and the substrate to ta
distance~horizontal distance 4 cm, vertical distance 3 cm!
was also different from that described previously. Therefo
we do not include those results in these discussions.

We believe that the properties of critical current (Jc), sur-
face resistance (Rs), and magnetic penetration depth~lH! are
highly dependent on the quality of the superconductor. The
relationships have been widely studied and discussed
other researchers.36,37Of course, it is interesting to speculat
on the properties related to the material properties the
selves, which were fabricated using various chamber pr
sures. But in this article, we prefer to focus on changing t
composition of the metal elements, surface morpholog
deposition rate, and the transition behavior and theirTc value
in the films. Then we explain the relationship between t
empirical formula of the deposition ratio of atoms and cham
ber pressure in terms of the mode of transportation of t
ejected particles.

IV. CONCLUSION

From the above experiments and statements, it can
seen that the chamber pressure is a very important facto
controlling the exactly metallic composition of as-deposite
films. Pressure also affects the microstructure and surf
morphology of the films. Except in very low pressures, th
velocities of diffusion for each particle will be different and
must be taken into consideration. The metal composition w
deviate from its stoichiometric condition due to the differen
deposition rate. In addition, the pressure effect will influen
the growth rate and surface morphology. At higher pressur
the growth rate is low and the deposition time is longer an
hence, better surface morphology and structure homogen
can be obtained. On the other hand, at lower pressures,
growth rate is higher but the homogeneity and morpholo
of the film is worse, which leads to bad electrical propertie
From a series of experiments, we obtained the better qua
film with 87 K Tco andJc.105 A/cm2 at 77 K under condi-
tions of 50 W output power, 1/4 mixed ratio of O2 to Ar,
700 °C substrate temperature, and 150 mTorr chamber p

ri-FIG. 11. Resistance-temperature curve of as-grown 123 thin film fabrica
at 370 mTorr, and the temperature dependence ac susceptibility for the s
sample~inset!.
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2419 Wu et al. : Pressure effect on YBa 2Cu3O7 thin film growth 2419

 Redi
sure. In addition, films withTc values of 90 K can still be
obtained by just changing the substrate position and ot
parameters.
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