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Abstract

YBa,Cu;0; (YBCO)/TiN and YBCO/TiO, bilayer structures have been prepared on SrTiO; (STO)(1 00) substrates
by in situ pulsed laser deposition (PLD). The TiN films were originally intended to serve as the lower contact electrode
for studying the c-axis transport properties of YBCO thin films. It was found that, under the optimum conditions of
depositing YBCO thin films, the TiN(1 00) layer was oxidized and transformed into rutile TiO,(1 1 0) film. On the other
hand, pure anatase TiO,(00 1) films were prepared by PLD using a rutile TiO,(1 1 0) substrate as the target. YBCO
films grown on both phases of TiO, films show virtually the same transport properties of typical good quality single-
layer YBCO films. Comparative studies of depositing YBCO films directly onto a dc-sputtered TiO, template com-
monly used in the selective epitaxial growth process have, however, resulted in formation of a nonsuperconducting
YBCO top layer. Experiments including interfacial X-ray absorption spectroscopy for determining the possible in-
teractions occurring at the YBCO and TiO, interface are reported. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 68.35.Ct; 61.10.Ht; 74.76.Bz; 81.15.Fg
Keywords: TiN films; TiO, films; Oxidation of TiN; Pulsed laser deposition; YBCO/TiO,/STO bilayer structure; Selective epitaxial
growth technique; X-ray absorption spectroscopy

1. Introduction

TiN thin films have been studied and used ex-
tensively in recent years due to their superior me-
chanical, thermal, and electrical properties. The
widespread applications of TiN films include: (a)
hard coatings for high-speed tools, (b) diffusion
barriers in microelectronic devices, (c) gold-col-
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ored surfaces for cosmetic materials, and (d)
transparent conductive films for solar cells or flat
panel displays [1-5]. Moreover, it has been sug-
gested that TiN thin films can not only serve as
buffer layers in depositing superconducting YBa,-
Cu30; (YBCO) thin films on various substrates
such as Si, Hastelloy, Inconel and stainless steel,
but also as the electrode for metallization and in-
tegration of superconductor and semiconductor
devices [6,7]. In the light of these peculiar prop-
erties exhibited by the TiN films, we have tried to
prepare the YBCO/TiN/substrate structure by se-
quential in situ pulsed laser deposition (PLD) to
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investigate the out-of-plate (along c-axis) transport
properties of YBCO thin films. To our surprise, it
turned out that such an idea was hindered by the
oxidation of TiN layer during the deposition of
YBCO thin films. The reaction of TiN films with
oxygen is thermodynamically favorable, leading to
a significant oxidation rate at temperatures above
400°C [8-11]. Insulating and transparent TiO,
films with rutile structure were formed following
the reaction: 2TiN + 20, — 2TiO, + N, at tem-
peratures higher than 700°C. Therefore, the ori-
ginally considered YBCO/TiN/substrate bilayer
structure should actually become an YBCO/TiO,/
substrate structure.

Then it is interesting to ask if it makes any
difference when the TiO, film was obtained directly
from a TiO, target by PLD. It was found that,
under most deposition conditions, pure anatase
TiO,(001) films were formed even when a pure
rutile TiO,(1 1 0) substrate was used as the target.
This result is quite different from those reported
previously [12-14], where pure phase and highly
oriented TiO, films were obtained only under
certain deposition conditions. High quality YBCO
films also could be obtained with the YBCO/ana-
tase TiO,(001)/SrTiO; (STO)(100) bilayer struc-
ture. It seems reasonable to conclude at this point
that, the TiO, films can generally serve as excellent
buffer layers for growing YBCO films on some
technologically important substrates such as Si,
sapphire and metallic substrates.

There, however, exist some apparent discrep-
ancies between this conclusion and the results
demonstrated in the recently developed selective
epitaxial growth (SEG) process [15,16]. The SEG
technique is based on the fact that growth of high-
quality YBCO films is strongly dependent on
structural properties and the morphology of the
substrates. Damen et al. [15] and Cheng et al. [16]
have used the patterned Ti-template for selective
epitaxial growth of micron-sized YBCO structures.
As was anticipated, the Ti layer oxidized into TiO,
prior to the deposition of YBCO thin films. The
YBCO thin film grown on the regions covered by
the TiO, layer became amorphous and exhibited
insulating characteristics, while those deposited
directly on bare STO substrate regions showed ex-
cellent superconductivity. Recently, Chuang et al.

[17] have further prepared amorphous TiO, layers
by dc sputtering and turned it into the selective
masked template on a bicrystal STO substrate to
in situ fabricate dc SQUID. Again, the TiO, layer
exhibited excellent selectivity for growing nonsu-
perconducting YBCO films. In order to resolve
these apparent inconsistencies, the crystallinity,
surface morphology, interface, and electronic struc-
ture of various forms of TiO, films have to be
examined.

In the present work, we shall report the depo-
sition conditions and the properties of TiN and
TiO, films prepared by PLD and dc sputtering.
The electrical and microstructural properties of
YBCO films grown on various TiO, templates will
be presented. The evidence of the transformation
of TiN to TiO, during subsequent YBCO deposi-
tion will also be shown and discussed. Finally, the
differences in surface morphology and X-ray ab-
sorption spectroscopy (XAS) measurements are
proposed as the primary reasons for apparent in-
consistency of the YBCO/TiO,/substrate obtained
by using TiO, films prepared by different deposi-
tion processes.

2. Experimental details

The PLD system used for preparing the TiN,
TiO, and YBCO films is the same as that reported
previously [18]. Briefly, a KrF excimer laser oper-
ating at a repetition rate of 3-8 Hz with an energy
density of 2-5 J/cm? was used. In order to prepare
the bilayer structure in situ, both YBCO and TiN
(or TiO,) targets were installed on a multiple tar-
get holder, which was then rotated to bring the
desired target in line for ablation. The substrate
temperature (7;) was monitored by a thermocouple
attached to the substrate holder. The system was
operated in the temperatures range of 25-950°C
and the nitrogen (oxygen) partial pressures range
of background pressure (5 x 107¢ Torr at 780°C)
to 0.5 Torr to optimize the deposition conditions
for various films investigated in this study.

The dc-sputtered TiO, films were prepared by
a homemade sputtering system [19]. A 50-mm-
diameter (99.99% pure) titanium disk was used as
the target. The distance between the target and
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substrate was about 25 mm. The sputtering was
carried out in a 29:1 argon/oxygen mixture at a
total pressure of 0.2 Torr. Since the substrates
were not intentionally heated during deposition,
the as-deposited films were amorphous. TiO, films
of 20-50 nm thickness were deposited at a typical
deposition rate of 0.1 nm/min using a total dc in-
put power of 30 W.

The electrical property of the TiN and YBCO
films was measured using the four-probe method.
The crystalline structure of the films was examined
by X-ray diffraction (XRD, Rigaku D/max-rc/
ru200b) using CuKa radiation. The surface mor-
phology of the films was investigated by means of
atomic force microscopy (AFM, Digital Instru-
ments DI 5000) and scanning electron microscopy
(SEM). The electronic structure of the TiO, films
prepared by PLD and by dc sputtering techniques
was examined by XAS, using the 6 m high-energy
spherical monochromatic (HSGM) beam line at
Synchrotron Radiation Research Center (SRRC),
Taiwan, ROC [20].

3. Results and discussion
3.1. Pulsed laser deposition of TiN films on SrTiO;

The TiN films were prepared with a laser energy
density of 5 J/cm? and a repetition rate of 5 Hz.
The deposition rate under the laser conditions was
about 0.02 nm/pulse. The target was a hot-pressed
TiN (99.9% pure) pellet. The blue plume could be
easily observed during ablation. We have investi-
gated the crystallinity and electrical property of
the films obtained under various deposition con-
ditions. It was found that with the above laser
operating conditions, the best TiN films were ob-
tained under the background pressure (~5 x 1076
Torr) and at Ty = 700°C. The as-deposited films,
typically about 30-80 nm thick, were shiny golden
yellow in appearance. Fig. 1(a) shows the XRD
pattern of an 80-nm-thick TiN thin film, indicating
that the TiN film has grown with a predominance
of (100) texture. The full width at half-maximum
(FWHM) of the TiN(200) 0-20 diffraction peak
was about 0.18°. The surface morphology as re-
vealed by AFM (Fig. 1(b)), shows an average grain

size of about 50 nm with a rather smooth surface.
The root mean square (RMS) roughness of the
surface was estimated to be about 0.2 nm. Fig. 1(c)
shows the resistivity versus temperature (R-T)
curve of the as-deposited TiN thin film on STO.
The nearly perfect metallic behavior and the di-
minishingly small residual resistance below 20 K
are indicative of almost impurity-free crystallinity.

3.2, YBa;Cu;0;lpulsed laser
SrTiOj; bilayer structure

deposition-TiN/

With the excellent electrical property and
smooth surface described above, the obtained TiN
films seem very suitable as a conductive buffer
layer for growing YBCO thin films. A bilayer
structure was then prepared by depositing TiN and
YBCO layers sequentially on the STO substrate.
The thicknesses of TiN and YBCO layers were
approximately 50 and 200 nm, respectively.

Fig. 2(a) shows the XRD pattern for the YBCO/
TiN bilayer structure formed on the STO(100)
substrate. Strong (0 01) diffraction peaks of YBCO
can be observed, indicating that the YBCO film
grew with a c-axis preferred orientation. The
YBCO overlayer shows virtually the same trans-
port properties of typical good quality single-layer
YBCO films with a zero resistance temperature
(To) of 89 K (Fig. 2(b)).

We also noted that the diffraction peaks of
TiN(200) and (400) disappeared after YBCO
deposition. Nevertheless, new peaks located at
about 20 = 27.5° and 56.5° showed up (Fig. 2(a)).
Since the in situ deposition of YBCO films was
usually performed in the oxygen ambient at a high
temperature, one would have wondered whether
any degradation of TiN took place in such an en-
vironment. To clarify this speculation, we etched
off the top YBCO layer and found that the gold-
colored conductive TiN layer was no longer ex-
isted. Instead, the original TiN layer has turned
into a transparent insulating layer.

In order to identify the resultant product, a 50-
nm-thick TiN film was loaded into the experi-
mental chamber and treated at 780°C for 6 min
with an oxygen partial pressure of 0.3 Torr to
simulate the YBCO film deposition process. Fig.
3(a) shows the XRD results for the oxidized TiN
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Fig. 1. (a) The X-ray diffraction pattern, (b) the AFM image, and (c) the resistivity versus temperature curve of the TiN(100) films
deposited on STO(1 00) substrate. The scanned area of the AFM image was 1 x 1 um? and the dark-to-light vertical scale was 5 nm.

films. The diffraction peaks, which coincide with
those appeared in Fig. 2(a), are identified as that of
the rutile TiO, with (110) preferred orientation.
This unexpected result suggests that TiN might not
be a good underlayer electrode after all, since oxi-
dation seems unavoidable during deposition of
YBCO. The AFM image shown in Fig. 3(b) il-

lustrates that the grain size of TiO, thus obtained
is about 400 nm, which is much larger than that
of the original TiN films. A greater variation in
roughness (RMS roughness ~ 0.8 nm) can also be
observed in the figure.

The thermal oxidation of TiN films has
been investigated by many research groups [8,9].
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Fig. 2. (a) The X-ray diffraction pattern and (b) the normalized resistance versus temperature curves of the YBCO/PLD-TiN (solid
line) bilayer structures formed on the STO(1 0 0) substrate. The dashed line plotted in Fig. 2(b) indicates the R—T curve of YBCO/PLD-
TiO,/STO(100) structure.
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Fig. 3. (a) The X-ray diffraction pattern and (b) the AFM image of the rutile (1 10)TiO, films oxidized from PLD-TiN films. The
scanned area of the AFM image is 2 x 2 um? and the dark-to-light vertical scale is 5 nm.

Wittmer et al. [8] used Rutherford backscattering described by d = 2(Dt)l/ * where d is the thickness
spectrometry (RBS) to measure the thickness of of the TiO, film, ¢ is the time of oxidation and D
the oxidized layer in the temperature range of 500— is the diffusion coefficient of oxygen in TiO,. The
650°C and observed a parabolic oxidation kinetics temperature dependence of D can be written as
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D(T) = Dyexp(—E,/kT), where k is Boltzmann’s
constant, 7 is the temperature and E, is the acti-
vation energy of the process. Using the values of
E,=205+0.05 eV and Dy =43 x 1072 cm?/s
obtained by Wittmer et al [8], we estimate the
thickness of TiO, films at 7, = 780°C can reach
400 nm in 1 min. This is much thicker than the
thickness of deposited TiN layer. Therefore, we
conclude that TiN(100) may have transformed
into rutile TiO,(1 10) completely prior to the de-
position of YBCO films.

3.3. Pulsed laser deposition of TiO, films and
YBa,Cu; O;lpulsed laser deposition-TiO,/SrTiO;
bilayer structure

Now that the oxidation is unavoidable during
deposition of YBCO films, the originally conceived
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YBCO/TiN bilayer structure should be YBCO/
TiO, bilayer structure instead. Then we tried to
prepare the TiO, film by PLD of TiO, target di-
rectly. In order to reduce particulates on the films
during PLD, a 10-mm-diameter rutile TiO,(110)
single crystal substrate was used as the target. The
laser conditions for depositing TiO, films were the
same as those for depositing TiN films (5 J/cm?
and 5 Hz). But the deposition rate of the TiO,
films was about 0.05 nm/pulse.

Pure anatase TiO, films were obtained for sub-
strate temperatures ranging from 180°C to 980°C
(limited by heater) and the oxygen partial pres-
sures ranging from 10~* to 0.5 Torr. The best films
(consider the crystallinity and surface morpho-
logy) were obtained at 7y = 800°C and an oxygen
partial pressure of 1072 Torr. Fig. 4(a) shows the
typical XRD pattern of a 80-nm-thick TiO, thin
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Fig. 4. (a) The XRD pattern and (b) the AFM image of the TiO, films prepared by PLD directly. The scanned area of the AFM image

is 2 x 2 um? and the dark-to-light vertical scale is 5 nm.
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film deposited at above conditions, indicating that
TiO, film deposited on STO(100) substrate was
predominantly (001) oriented anatase phase. The
FWHM of the anatase TiO,(004) 6-20 diffraction
peak was about 0.19°. The surface morphology
(Fig. 4(b)) shows an average grain size of about 50
nm. The RMS roughness of the surface was about
0.25 nm. It seems that, although the phase is dif-
ferent, the surface is very smooth for both PLD-
TiN transferred TiO, and PLD-TiO, films.

As an independent check, both forms of TiO,
films were further examined by means of XAS
measurements. The XAS experiments on the O 1s
and Ti 2p spectra were performed on the 6m-
HSGM beam line at Synchrotron Radiation Re-
search Center [20]. The spectra were recorded in
both total-electron-yield (TEY) mode and X-ray-
fluorescence-yield (XFY) mode, which illustrated
the surface and bulk properties, respectively [21].
Fig. 5(a)-(e) shows the O 1s spectra for (a) stan-
dard rutile TiO, powder, (b) standard anatase
TiO, powder, (c¢) rutile TiO,(110) substrate, (d)
TiO, films transformed from PLD-TiN films, and
(e) direct PLD-TiO; films, respectively. In general,
the spectra can be roughly divided into two regions
[22-24]. The first region covers the energy range
530-537 eV and is attributed to O 2p state hy-
bridized to Ti 3d states. The Ti 3d region is split by
crystal field effect and is characterized as a doublet.
The second region, above 537 eV, is attributed to
O 2p states hybridized to Ti 4sp bands. As shown
in Fig. 5, although the peaks lying in the first re-
gion has no significant difference between rutile
and anatase, there does exist differences in the
peaks lying in the second region. At this higher
energy region, rutile exhibits three peaks C1, C2
and C3 while anatase shows only two peaks D1
and D2. The intensity variations of these spectra
obtained are consistent with those obtained by de
Groot et al. [24-26] and evidently indicate that the
TiO, films are indeed pure anatase or rutile phase.

A bilayer structure by depositing TiO, and
YBCO layers sequentially on the STO substrate
was then prepared. The thicknesses of TiO, and
YBCO layers were approximately 80 and 200 nm,
respectively. The dashed line plotted in Fig. 2(b)
shows the normalized resistance versus tempera-
ture curve of the YBCO/PLD-TiO, bilayer struc-

Intensity(arb. units)

C1C2C3

(a)

— .
525 530 535 540 545 550 555 560
Photon Energy(eV)

Fig. 5. The XAS spectra of the O s spectra for (a) standard
rutile TiO, powder, (b) standard anatase TiO, powder, (c) rutile
TiO,(1 10) substrate (used as a target for PLD TiO, films), (d)
TiO, films transformed from PLD TiN films, and (e) direct
PLD-TiO, films. TEY mode is plotted as a solid line and the
XFY mode is plotted as a dashed line.

ture. The YBCO film shows the similar transport
properties as that of YBCO/PLD-TiN transferred-
TiO,; structure. Therefore, we conclude that high
quality superconducting YBCO films can be grown
on epitaxial TiO, buffer layers regardless that they
are rutile or anatase.

3.4. TiO, films prepared by DC sputtering and
selective epitaxial growth technique

As has been described in Section 2, the as-de-
posited TiO, films prepared by dc sputtering were
amorphous (as shown in Fig. 6(a)) since the
substrates were not intentionally heated during
deposition. In order to simulate the changes of
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Fig. 6. The XRD pattern of the dc sputtered TiO, films. (a) As-
deposited film, (b) annealed at 800°C for 6 min, (c) annealed at
1000°C for 6 min.

amorphous TiO, films prior to YBCO deposition,
as-deposited sputtered-TiO, films were loaded into
a vacuum chamber and annealed at different tem-
peratures ranging from 780°C to 1000°C with a
0.3 Torr oxygen pressure for 6 min. The influences
of the heat treatment on the crystallinity and the
surface morphology were then investigated. The
results of XRD pattern shows that most films
annealed at 800°C have turned into an anatase
phase (Fig. 6(b)) whereas those annealed at
1000°C have turned into a rutile phase (Fig. 6(c)).
However, the relatively weak diffraction intensity
and broad FWHM (>0.5°) of these films suggest
that the crystallinity of these annealed sputtered-
TiO, film may not be as good as that of PLD-TiO,
films. Moreover, the AFM images shown in Fig.
7(a)—(c) further reveal that the surface morphology
of the films change distinctly as the temperature
rises. The as-deposited films and films annealed at
800°C (anatase TiO,) are made up of small boul-

0,500 pm/div
20.000 nm/div

0.500 pw/div
20.000 nm/div

0.500 pm/div
60.000 nm/div

Fig. 7. The AFM images of the dc sputtered TiO, films. (a) As-
deposited film, (b) annealed at 800°C, (c) annealed at 1000°C.
The scanned area of the AFM images is 2 x 2 um? and the
dark-to-light vertical scales are 20 nm for (a) and (b) and 60 nm
for (c).

ders whereas films annealed at 1000°C (rutile
TiO,) consist of many larger crystals with irregular
facets. The average grain sizes of the anatase and
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rutile TiO, films were about 30 and 100 nm, re-
spectively. The RMS roughness of these films was
about 3—10 nm as compared to less than 0.5 nm for
the PLD-TiO, films.

The procedure for obtaining SEG has been
described in previous reports [15,16]. The as-
deposited TiO; film on STO is patterned using a
standard lift-off method. Then YBCO films are
deposited by PLD on the pre-patterned substrate.
Fig. 8 shows the typical AFM picture of YBCO
films prepared by the SEG technique. Smooth,
black, and good superconducting properties were
obtained for YBCO films grown on the STO
substrate directly (right side of the figure), whereas
rough, nearly transparent, insulating YBCO films
(typical resistivity at room temperature > 103
Qcm) with large particulates were obtained for
YBCO films grown on TiO, buffer layers (left side
of the figure). For the latter structure, the absence
of an YBCO diffraction peak in XRD measure-
ment indicates that the material is amorphous.
The large particulates with dimensions of 200—
500 nm were mostly CuO outgrowths, as con-
firmed by the energy-dispersive X-ray (EDX)
analysis [16].

X 5.000 pm/div

3.5. Comparison the characteristics of YBa,Cus;0;/
TiO,/SrTiO; prepared by different techniques

It is then interesting to distinguish the differ-
ences between the TiO, films prepared by dc
sputtering and PLD methods. It is known that the
growth of epitaxial YBCO films is closely related
to the initial stages of deposition as nucleation and
growth first occur on the substrate. As the depo-
sition proceeds, the formation and evolution of
dislocations and other defects start to play more
prominent roles [27]. Therefore, the structural
properties and the surface morphology of the
substrates can influence the final quality of the
deposited films drastically. Comparing the XRD
and AFM results shown in Figs. 3, 4 and 6, it
seems likely that the poor crystallinity and much
higher RMS roughness of the annealed sputtered
TiO, films might be responsible for quenching the
superconductivity of the YBCO films grown on it.

Alternatively, subtle and previously unidenti-
fied interface layer formed during YBCO deposi-
tion might also be possible. In order to examine
this speculation, the top-layer YBCO films were
etched off to investigate the XAS spectra near the

Z 600.000 nw/div

Fig. 8. The AFM image of the YBCO films deposited on STO substrate directly (right side of the figure) and deposited on sputtered-
TiO, buffer layer (left side of the figure). The TiO, films were prepared by dc sputtering. The scanned area of the AFM image is

15 x 15 um? and the dark-to-light vertical scale is 600 nm.
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Fig. 9. The XAS spectra of the O 1s spectra for (a) standard
BaTiO; powder, (b) YBCO/PLD-TiN transferred-TiO,/STO
structure and (c¢) YBCO/dc sputtered-TiO,/STO structure. The
top-layered YBCO films were etched off to investigate the in-
terface between YBCO and TiO, films.

interface between YBCO and TiO, films. Fig. 9
shows the O 1s spectra for (a) standard BaTiO;
powder, (b) YBCO/PLD-TiN transferred-TiO,/
STO structure and (c) YBCO/dc-sputtered-TiO,/
STO structure (with YBCO removed). It is noted
that there exist significant differences in spectral
distribution between the XFY mode (bulk prop-
erties, plotted in solid line) and the TEY mode
(surface characteristics, plotted in dashed line) for
the different bilayer structures. As shown in Fig.
9(b) and (c), the XFY results reveal that the TiO,
films prepared by PLD and dc sputtering are rutile
phase. However, the TEY results show that there
exists an intermediate layer, which exhibits ex-
tremely different characteristics against the TiO,,
between the YBCO and TiO, films. The TEY
spectrum of the interface between YBCO and
PLD-TiN transferred-TiO, is very similar to that

of BaTiOs (Fig. 9(a)). However, the TEY spectrum
of the interface between YBCO and dc sputtered-
TiO, cannot match a simple reference spectrum
which corresponds to a well-known compound.

In this scenario, during the YBCO growth, the
TiO, film reacts with the YBCO. A crystalline
BaTiO; layer formed immediately after the first
arrival of deposit for YBCO grown on PLD-TiN
transferred-TiO, (or direct PLD-TiO,) films. On
the other hand, an amorphous Ba-Ti-O com-
pound formed during YBCO grown on sputtered-
TiO, films. The subsequent YBCO can grow
epitaxially on the top of the crystalline BaTiO;
layer [28] and show the superconducting charac-
teristics whereas YBCO cannot grow epitaxially
on top of the amorphous Ba-Ti—O compound and,
hence, become nonsuperconducting.

4. Summary

TiN and TiO, thin films grown on the
STO(100) substrate by PLD are demonstrated to
be suitable templates for growing YBCO films.
However, although the TiN films originally pos-
sessed excellent electrical properties, these failed to
serve as the underlayer electrode in an YBCO/TiN/
STO bilayer structure since it was readily trans-
formed to rutile(110) TiO, films during the de-
position of top-layer YBCO films. For the TiO,
films deposited on STO(100) substrate directly,
pure anatase TiO,(001) films were formed even a
pure rutile TiO,(110) substrate was used as a
target.

In contrast to the good superconductivity ob-
tained in the YBCO/PLD-TiIN transferred TiO,
(or PLD-TiO,)/STO structure, YBCO films grown
directly on a TiO, layer prepared by dc sputtering,
turned out to be insulating. The surface mor-
phology of TiO, films and electronic structure of
interfacial layer between YBCO and TiO, films
have been investigated by AFM and XAS mea-
surements. The results suggest that poor crystal-
linity and a drastic increase in RMS roughness of
the annealed sputtered TiO, films might have di-
rect influences on growing epitaxial interface like
BaTiOs, and thus have influences on growing stoi-
chiometric YBCO films.
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