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In order to introduce a new deposition process for ferroelectric thin film, the deposition -
temperature was continuously cooled down from 580 °C to 400 °C during the deposition
which we call “continuous cooling process (CCP)”’. X-ray diffraction patterns showed that
the PbTiO; thin films deposited by the CCP and at 480 °C had polycrystallinity, but at
substrate temperatures of 400 °C and 580°C had poor crystallinity. Scanning electron
microscopy of the CCP-deposited film surface showed larger granular-like micrograins than
that of the film deposited at 480 °C and smaller than that of the film at 580 °C. While there was
no other phase formation at the PbTiOs;—Pt interface in the CCP-deposited film, resulting in
a sharp interface, there was severe interface reaction at the PbTiO;—Pt and the Pt-Si in the
film deposited at 580 °C, resulting in an abrupt interface. Atomic force microscopy under
ambient conditions showed smoother surface of the film by the CCP than that of the films at
580 °C. Furthermore, the film by the CCP had higher packing density than that of the film at
480 °C. Besides enhancement of the structural properties, the CCP deposition appeared to
have improved the electrical properties such as dielectric constant, dissipation factor, leak
current density and polarization. In the case of the film by the CCP, polarization—electrical

field measurement showed the saturation polarization of 27 pCcm 2, remanent of
14 pCcm 2 and coercive of 150 kV. These results indicate that the CCP in metalorganic
chemical vapour deposition has a possibility for fabrication of PbTiOs ferroelectric thin films.

1. Introduction

Thin film growths of ferroelectric material on
semiconducting wafers are particularly important for
memory device applications, such as ferroelectric non-
volatile random access memory (FRAM) and high
density dynamic random access memory (DRAM)
[1-5]. The ferroelectric thin films should meet some
structural and electrical requirements such as defect
free, low surface roughness, high difectric constant,
low dissipation factor, low leakage carrent and good
polarization hysteresis behaviour, For example, large
dielectric constant and/or large storage density are
necessary for the DRAM devices. Particularly, a high
value of remanent polarization (P,) is one of the most
important electrical properties for FRAM devices. Re-
cently, many research groups have reported on struc-
tural and electrical properties of PbTiOj thin films in
order to examine the possibility of memory device
applications [6, 7]. It was suggested that film proper-
ties are strongly influenced by thin film deposition
techniques and processes [8,9]. For these reasons,
growths of high quality ferroelectric thin film have

lead to investigation of many specific deposition
methods and suitable deposition processes. Rapid ad-
vancements in the ferroelectric thin film deposition
techniques, such as radio frequency (r.f) sputtering
[10] and metalorganic chemical vapour deposition
(MOCYVD) [11-17], have made it possible for fer-
roelectric thin films to be grown on semiconducting
substrates. In order to grow the thin films with high
quality, plasma enhancement or ion beam assistance
were introduced in many vacuum deposition pro-
cesses. However, such methods have disadvantages
such as the high cost of the system. Furthermore, in
situ deposition of high quality ferroelectric thin film on
a metallic electrode coated-silicon substrate without
deterioration of the base metallic electrode, at process-
ing temperature of around 600 °C, has not been re-
ported yet, to our best knowledge. Recently, many
works on the process of ferroelectric thin film depos-
ition have focused on selection of the base conducting
electrode on Si wafer, such as Pt/Ti, Pt/Ta or RuO,
[18, 19]. However, an optimal base conducting elec-
trode material has not yet been reported. It was
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suggested that the growth of ferroelectric thin films at
low temperature is significantly important due to the
interface reaction, such as non-conducting phase
formation between the thin film and the base electrode
or silicide formation, regardless of the base conducting
electrode. Namely, the deposition of the ferroelectric
thin film on the base conducting electrode coated-Si
substrate suffer from the chemical reactions at rela-
tively high temperature. Therefore, the growth of the
ferroelectric thin films on a suitable base conducting
electrode at relatively low substrate temperature is
very important, particularly for the semiconducting
process. It is, however, very hard to grow the high
quality ferroelectric thin films on the base conducting
electrode coated-Si substrate at low substrate temper-
atures compatible with the semiconducting process. In
order to solve the above problems, we introduce a new
deposition process.

In this study, we deposited the PbTiO; thin films
at various substrate temperatures. The deposition
started at 580 °C followed by a cooling to 400 °C for
1 h. We termed this continuous cooling process (CCP)
MOCVD. The concept of the CCP originated from
the fact that the properties of the as-grown film are
strongly influenced, not only by initial stage of film
growth, but also by chemical reaction at the interface
during the deposition. Structural and electrical prop-
erties of the PbTiO; film by the CCP on
Pt/Ti/Si0,/Si substrate were reported in order to
examine the effects of the CCP on the film growth.
From these results, we suggest that it may be possible
to grow ferroelectric thin films by CCP for many
applications.

2. Experimental procedure

Organometallic precursors were B-diketonate com-
plex of Pb(tmhd), (tmhd = 2,2,6,6-tetramethyl-3,5-
heptanedione: Pb(C{1H,0,),) and titanium tetra-
isoproxide (TTIP: Ti(OC;H5)4). Fresh Pb(tmhd),
was used for every experimental run. Argon and pure
oxygen gas was used as carrier and oxidizing gas,
respectively. Table I shows the deposition conditions
of MOCVD grown-PbTiOj thin films. The deposition
was carried out for 60 min. In order to investigate
continuous cooling effects on film formation, the de-
position temperature was continuously cooled down
from 580 °C to 400 °C during the deposition: we called
this the continuous cooling process. After the depos-
ition, the films were cooled down to room temperature
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Figure 1 Schematic diagram of deposition processes for PbTiO4
films. (@) Common method; (A) CCP.

at a rate of 150 ~200°Ch~! under oxygen atmo-
sphere. The deposition processes are shown in Fig. 1.
Wavelength dispersive spectroscopy (WDS) with stan-
dard sample and Auger electron spectroscopy (AES)
were employed to analyse the stoichiometry of the
as-grown film. Characterization of crystallinity was
identified by X-ray diffraction (XRD) and microstruc-
tures were examined by scanning electron microscopy
(SEM). Root mean square (r.m.s.) roughness was cal-
culated from two-dimensional atomic force micro-
scopy (AFM) images to compare surface smoothness
of the as-grown films quantitatively. In order to obtain
reliable roughness data, the r.m.s. values of twenty
different arcas were averaged. Dielectric constant, dis-
sipation factor, current density and polarization were
measured to determine the electrical properties of the
as-grown films. Thermal evaporated silver dots of an
area of 0.00385 cm? (diameter = 0.7 mm) were pre-
pared on the as-grown films as the top electrodes. The
substrates used were (111> oriented platinum on
Ti/Si0O,/Si deposited by sputtering.

3. Results and discussion
3.1. Structural properties
The thickness of each film was estimated directly from
cross-sectional SEM to be approximately 220 nm.

TABLE I Deposition condition of MOCVD grown-PbTiO; thin films

Parameters Condition Precursor Parameter Condition
Substrate temperature 400°C Carrier gas flow rate 30 scem™®
480°C
580°C Pb(tmhd), Bath temperature 120°C
580°C-400°C
Deposition pressure 1.33-2.66 x 10% Pa Transport line temperature 250°C
Deposition time 1h
Deposition rate 3.4 nmmin~*! Carrier gas flow rate 5 scem
Carrier rate Pure Ar gas Ti isoperoxide Bath temperature 15°
Oxidizer O, Transport line temperature 250°C

*SCCM: standard cubic cm per minute.
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Figure 2 XRD patterns of PbTiO; films deposited at 400°C,
480°C, 580°C and by CCP.

Hence, the deposition rate was measured to be ap-
proximately 3.65 nmmin~*. The AES results showed
that residual carbon was not detected and the ratio
of the peak-to-peak intensities of all the films was
similar to that of PbTiO; film grown by MOCVD [7].
However, the WDS studies by using standard bulk
PbTiO; sample indicated Pb/Ti ratio of 0.85 ~ 0.90,
or Pb deficiency. Furthermore, near stoichiometry of
oxygen was shown in the film deposited by the CCP,
and slight oxygen deficiency was detected in the film at
480°C. Fig. 2 shows the XRD patterns of 220 nm thick
PbTiO; films. The films deposited at 400°C and
580°C had poor crystallinity without any indication
of tetragonal structure. Since 400°C is not high
enough for formation of crystalline film, the crystalline
patterns of film deposited at 400°C could not be
shown. The poor crystallinity of the film deposited at
580 °C could be explained by instability of PbTiO;—Pt
interface at high deposition temperature. Although it
can be easy to form crystalline nuclei at high substrate
temperature, it can deteriorate the PbTiO;—Pt inter-
face by an interdiffusion, resulting in poor crystallinity
at 580°C. Polycrystalline perovskite structure with
<001) and <100) direction normal to the substrate
were shown in the films deposited at 480 °C and by the
CCP. The crystallinity in the film by the CCP might
have originated from nucleation formation character-
istics and continuous cooling of deposition temper-
ature. In general, a growth of crystalline film follows
a formation of crystalline nuclei at an initial stage
since the initial stage of nucleation can control film
growth. Since 580 °C is high enough for the formation
of crystalline nuclei, the crystalline nuclei could be
formed preferentially at the initial stage. In spite of
lowering the substrate temperature which can not
form crystalline nuclei, the crystalline film could be
grown by the crystalline nuclei formation. Therefore,
the good crystallinity of the film by the CCP are due

Figure 3 Interface structures of films deposited at 580 °C (a) and by
CCP (b).

to the crystalline nuclei formation at the initial stage of
the film formation, with growth tenperature of 580 °C.

Fig. 3 shows interface structures of the films grown
at 580 °C (a) and by CCP (b). There is severe interdiffu-
sion at the interface of the PbTiO;~Pt and the Pt-Si
as shown in (Fig. 3a). It was reported that ferroelectric
thin film deposition on Pt/Ti/SiO,/Si substrate had
chemical unstability of the bottom electrode at higher
substrate temperatures. In the case of the film depos-
ited by the CCP, there is not any interdiffusion of the
bottom electrode toward the film as well as the Si
substrate. The interdiffusion is ignored with decrease
of the substrate temperature, resulting in sharp inter-
face of PbTiO,—Pt and Pt-substrate, and so good
crystallinity, as mentioned in the XRD results.

The grain size of the film (Fig. 4d) by the CCP is
larger than that of the film deposited at 400°C
(Fig. 4a) and 480°C (Fig. 4b) as shown in the SEM
photographs of film surface (Fig. 4). The grain size is
very important because it can determine the final
electrical properties of the film. The larger grain size is
more favourable for real applications. The SEM im-
ages also show that the as-grown film by the CCP is
more dense than the film deposited at 580 °C (Fig. 4c).
These results suggest that the grain size and packing
density of the film are strongly influeticed by the initial
stage of film formation. The nuclei size at higher
substrate temperature usually tends to be larger, since
nuclei formation at the initial stage of film formation is
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Figure 4 Surface structures of the films deposited at 400°C (a),
480°C (b), 580°C (c) and by CCP.(d).

dependent upon surface migration of ad-atoms on
substrate. Larger grains can occur in film growth with
larger nuclei, since grains grow till they impinge on
each of them. Therefore, the larger grain size of the
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Figure 5 Root mean square surface roughness comparison for the
film surface.

film by the CCP was caused by high starting substrate
temperature of 580°C. Although very large grains
were shown in the film grown at 580 °C, these grains
had poor crystallinity. Furthermore, lower packing
density (Fig. 4c) might have originated from the chem-
ical reaction during the deposition at the interface, as
mentioned in the cross-sectional SEM images.

In order to compare surface roughness of the films,
average root mean square (r.m.s.) roughness was meas-
ured from two-dimensional AFM images. Twenty
different areas of the sample surface were scanned to
obtain reliable r.m.s. roughness data. Fig. 5 shows
r.m.s. roughness and surface area for the surface of
each of the films. The r.m.s. surface roughness for the
films deposited at 400, 480, 580 °C and by the CCP are
8.4, 13.5, 29.5 and 14.0 nm over a distance of 1 pm,
respectively. The r.m.s. roughness increased with in-
crease of substrate temperature. Comparison of the
SEM:and AFM results indicated that the increase of
the surface roughness with increase of deposition tem-
perature is caused by the grain growth at higher sub-
strate. temperature. Since grains can grow, not only
parallel to substrate surface, but also perpendicular to
it, the surface roughness could be increased in the case
of film growth with the large grains. An abrupt in-
crease of roughness in the film deposited at 580°C
might be closely related to the low packing density
and/or inhomogeneity of grain size. Although the
detailed origin of inhomogeneous grain size for the
film deposited at 580 °C is not clearly understood as
shown in Fig. 4, the higher surface roughness than that
of the other films is due to the inhomogeneity of grain
size. Furthermore, interface reaction of the PbTiO5—
Pt (shown in Fig. 3a) might give rise to the rough
surface. In spite of the larger grain, the roughness of
film deposited by the CCP was nearly the same as that
of the film at 480°C. Since reduced surface area can
reduce the surface energy of the film; a smooth film
surface is achieved in the case of film growth with
small sirface area [207. The AFM results also showed
smaller surface area (1.16 um? in scanning area of
1 pm?) of the film deposited by the CCP than that



(1.34 pm? in scanning area of 1 um?) of film at 480 °C.
Therefore, the lower roughness of film by the CCP is
due to the smaller surface area or higher packing
density. However, it is not easy to conclusively under-
stand that the main reason for the flat surface is
caused by the small surface area. More systematic
studies are needed to understand this phenomenon.

3.2. Electrical properties

Dielectric constant (g) and dissipation factor (tan 8) in
frequency range of 0.3-1000 kHz were measured in
order to investigate dielectric properties of the films.
Since the applied electrical field can make a domain
wall contribution at the polarization state for the
dielectric properties, the lower electrical field (E) than
the coercive field of this material [21, 22 was applied
to the films to prevent formation of the polarization
state by the alternating current field. Fig. 6 shows the
plots of € and tan d as a function of frequency, which
shows typical frequency dependence characteristic of
a ferroelectric film having a metal-insulator-metal
(MIM) structure. Namely, the dielectric constant of all
the films decreased with increase of the frequency. In
the frequency range of 0.3—1000 kHz, the dielectric
constant of the films deposited at 400, 480, 580 °C and
by the CCP were 60, 150155, 90—145 and 180-240,
respectively. The film deposited by CCP had the lar-
gest € than the other films in all frequency ranges,
which may be associated with the crystallinity, large
grain size and sharp interface, as shown in the XRD
and the SEM results. The larger dielectric constant of
the film deposited by CCP than the film at 480°C is
mainly due to grain size, and than the film deposited
at 580 °C is owing to sharp interface as well as crystal-
linity. The increase of tand at frequencies above
100 kHz is caused by a contact resistance between the
probe and the electrode [10,23-25]. Not only the
largest & but also the lowest tand were obtained for
the film by the CCP. Although the film at 580 °C had
a severe interface reaction and so interface broaden-
ing, the highest dissipation factor was observed in the
film at 400 °C. The high dissipation factor in the film
at 400°C is generally observed in amorphous ferro-
electric film. However, the reason for such phenom-
enon in dissipation factor between film at 400 °C and
580°C is not yet clear. It was reported that more
oxidized BaTiO; film by multi-ion beam reactive
sputtering had a lower dissipation factor [26]. As
shown in the WDS results, the film deposited by CCP
and at 480°C had near oxygen stoichiometry and
oxygen deficiency, respectively. Therefore, the lower
dissipation factor of the film deposited by the CCP
than the film at 480 °C might have been attributed to
a more oxidized state or to lesser amounts of oxygen
vacancies. In order to study insulating properties,
room temperature current—voltage (I-V') measure-
ments were also conducted on the films as a function
of the electrical field. Current density (J)-electrical
field characteristics of the films are shown in Fig. 7. All
the films exhibit non-linear J-V properties. Except for
the film at 400 °C, the J of the films were linear at the
low E, that is, the films exhibit ohmic natures. This
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Figure 6 Dielectric constant (g) and dissipation factor (tand) as
a function frequency. T, = (V) 400°C, (O) 480°C, (®) CCP, (1)
580°C.

behaviour is consistent with a normal ferroelectric
insulator. The J of the film by the CCP was lower than
that of the film at 580 °C. Higher values for the film at
580°C seems to be caused by formation of a mobile
carrier arising from interfacial deterioration at high
deposition temperature. Generally, leakage behav-
iours are closely related to (1) structural properties of
the film such as crystallinity and density (intrinsic),
and (2) extrinsic properties such as electrodes. Since
the same electrode was used in this experiment, the
lower J of the film by the CCP than that of the film at
480°C could be ascribed to an intrinsic property such
as improved oxidized state leading to near oxygen
stoichiometry. There are nonlinear J—E relationships
at the high electrical field. Around 10° Vem ™!, the
J for the film by the CCP increases dramatically and
becomes larger than that of the film at 480°C. This
phenomenon was shown in Bi,Ti;O,, film annealed
in O, and N, [27]. Such leakage behaviour could be
understood by charge carrier traps. If a film has many
carrier traps, the localized carriers at the traps begin
to come out at high electrical field, resulting in abrupt
increase of J. In general, the traps correspond to
pores. Since the film by the CCP had higher packing
density than the film at 480 °C as shown in the AFM
results, the reason for the higher J of the film by the
CCP than that of the film at 480 °C above the electri-
cal field of 10° Vem ™1 is not clearly understood. The
difference of the J-V plot in the film by the CCP and
at 480 °C might have originated from microstructural
differences. A better understanding of the J-E prop-
erty can lead to explanation of the film structure. The
leakage in ferroelectric can be described by two the-
ories [ 28], (a) space charge limited conduction (SCLC)
and (b) grain boundary limited conduction (GBLC).
The J-E plot of the film at 580°C was similar with
that of the SCLC, and the films by the CCP and at
400°C exhibited the GBLC. However, the J—E rela-
tionship of the film at 480 °C could not be described
by the above theory in the electrical field. More de-
tailed works on the characteristics of the J—E behav-
iours are underway.
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Figure 7 Current density (J)—electrical field (E) characteristics of
the films. (V) T, = 400°C, (O) 480 °C, (@) CCP, (A) 580°C.

Ferroelectricity of the films was measured in terms
of the polarization (P)—electrical field at frequency of
1 kHz with a computerized Sawyer—Tower circuit.
Fig. 8 shows the typical P—E hysteresis loops of the
films. Perfect saturation was not shown in the loops of
all films. This shape of the loops seems to be caused by
non-stoichiometry of the films as shown in the AES
and the WDS results. The ferroelectric loop was not
shown in the film at 400 °C, indicating that there was
no formation of perovskite crystal phase as confirmed
in the XRD results. Although the ferroelectricity was
shown in the film at 480 °C, the loop was slimmer than
that of the film by the CCP. If the film has more
oxygen vacancies, the hysteresis loop could become
slimmer [29]. In other words, domain wall pinning is
increased by increase in oxygen vacancy. As shown in
the WDS resuits, the films at 480 °C and by the CCP
had oxygen deficiency and near oxygen stoichiometry,
respectively. Therefore, the difference of the loop be-
tween the film at 480 °C and by the CCP might be due
to the oxygen vacancy. The slim loop of the film at
580°C might have resulted from the interfacial de-
terioration and reduction of the crystallinity as shown
in the SEM and XRD results. Although this value is
lower than that of bulk (P, = 23 pCcm™2) [21, 22],in
case of the film by the CCP, the measured remanant
polarization was 14 pCcm ™2 which is higher than
that of the film at 480 °C. The higher P, in the film by
the CCP than the film at 480 °C is related to the larger
grain size of the film by the CCP than the film at
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Figure 8 Typical polarization (P)-electrical field (E) loops of the
films. (A) T, = CCP, (V) 480°C, (O) 580°C.

480°C[30, 31]. Conclusively, such better P—E charac-
teristics of the film by the CCP than the other film may
also be attributed to improved packing density, larger
grain and surface roughness as well as crystallinity as
suggested in the dielectric properties. Comparison of
dielectric and ferroelectric properties of PbTiO; films
deposited at various temperature and by the CCP are
summarized in Table II.

4. Conclusions

In order to investigate the possibility of the continuous
cooling process as a new deposition method for thin
film for many applications, PbTiO; thin films were
grown on a Pt/Ti/SiO,/Si substrates at various
growth temperatures by in situ metalorganic chemical
vapour deposition. Even though it is not easy to con-
clusively explain the reason why CCP improves the
crystallinity, the surface smoothness and the interface
structure, it is speculated that crystalline nuclei were
formed at the CCP starting temperature of 580 °C, that
is, initial stage of the film growth. The formations of
nuclei at the initial stage can determine film growth
characteristics and so the final properties of the films.
The XRD, AFM and SEM observations prove the
importance of the CCP for growth of high quality
PbTiO; film with good crystallinity, smooth surface
and sharp interface. In the case of the film by the CCP,
it is possible to improve not only the structural proper-
ties but also electrical properties.

TABLE II Comparison of dielectric and ferroelectric properties of PbTiOj; film deposited at various temperatures and by CCP

Condition 3 tan é J P, P, E,
(A/cm?) (nC/em?) (kV/em)

Range (0.3-1000 kHz) 1kHz logE =45 1 kHz 1 kHz 1 kHz

400°C 60 0.25 3x1073

480°C 150-155 0.042 9x 1077 23 8 120

580°C 90-145 0.06 9%1073 30 4 100

CcCp 180-240 0.023 1078 28-29 14 150
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