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Abstract

In present work, we have investigated the structure and ferroelectric properties of the YMnOj; thin films on Pt(111)/Ti/SiO,/Si
substrate fabricated by a sol-gel process using alkoxides. The crystal orientations and microstructures of the YMnOj thin films were
investigated by X-ray diffraction (XRD), atomic force microscopy (AFM), and scanning electron microscopy (SEM). The preferred
c-axis orientation and the dielectric characteristics of YMnOj thin films were improved by increasing the drying temperature. The
ferroelectric properties such as remanent polarization were found to be dependent on the orientations of the YMnOj; thin films. As
a result, the highly c-axis oriented YMnOj thin films exhibited higher remanent polarization (2Pr=3.6 uC/cm?) compared with
randomly oriented YMnOj; thin films. The dielectric constant of thin film dried at 450 °C is 19 that is close to YMnOj; single crystal.
It was found that the higher drying temperature affects the ferroelectric properties due to higher crystallinity with the c-axis

preferred orientation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferroelectric random access memory (FRAM) has
attracted much attention for next generation memory
devices because of the nonvolatile operation and high
access speed.!> FRAMs are classified into destructive
readout (DRO) and nondestructive readout (NDRO)
type. NDRO metal-ferroelectric-semiconductor field-
effect transistors (MFSFET) have the noticeable
advantages such as small cell size and simple
structure.’ In the MFSFET structure, it is necessary to
provide form a good interface of ferroelectric thin films
with Si and to obtain a relatively low permittivity.®’

Generally, the ferroelectric materials for FRAMs are
classified into Pb-containing group such as PbTiO;
(PT), Pb(Zr,Ti)O3 (PZT), (Pb,La)(Zr,Ti)O3; (PLZT) and
Bi-containing group such as BiyTi;O, (BTO), SrBi,.
Ti;O9 (SBT) etc. However, the ferroelectric materials
mentioned above easily form a point defects because of
the high volatility of both Pb and Bi, which diffuse
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easily into the Si substrates. On the other hand, the
ferroelectric YMnOs; thin films are expected to be more
suitable dielectric material for MFSFET structures due
to the absence of volatile components. Moreover, the
YMnO; thin films have a relatively low permittivity
(e,=20) and a single c-axis polarization.

Until now, there are several works reported about
YMnO; thin films deposited using methods such as
molecular beam epitaxy (MBE), pulsed laser deposition,
RF-sputtering, and sol-gel method.®!"" Nevertheless,
the systematic investigations about the influence of the
deposition process parameters on the ferroelectric
properties are absent.

In this study, the YMnOj; thin films were prepared by
the sol-gel method together with spin-coating technique.
The effect of drying temperature on the crystallization
of the films was investigated. The crystallographic
orientation of the films was investigated using X-ray
diffraction (XRD). The microstructures of the films
YMnO; were studied using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). The
electrical properties of YMnOj; thin films were investi-
gated using a precision workstation and a LF
impedance analyzer.
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2. Experimental

For the preparation of YMnO; precursor,
Y(CH3CO,);-xH,O (yttrium acetate hydrate, 99.9%,
Aldrich. Co.) and Mn(CH5CO,),-4H,O (manganese(II)
acetate tetrahydrate, 99.9%, Aldrich. Co.) were dis-
solved in 2-methoxyetanol separately and refluxed at
125 °C for 3 h. The solutions were mixed with a molar
ratio of Y: Mn=1: 1. The mixed solution was refluxed
for 2 h at 70 °C and then distilled at 125 °C for 5 h.
Finally, the distilled water and acetylacetone were added
to a 0.15 M YMnOjs stock solution and the solution was
refluxed.

The YMnOs; films were deposited onto the Pt(111)/Ti/
Si0,/Si(001) substrate (MFM-type) or Si substrate
(MFS-type) using the spin-coating method. The spinner
operated at 4000 rev./min for 30 s. The thermal treat-
ments were performed for 10 min on the hot plate under
the various drying temperature ranging from 300 to
450 °C. A detailed schematic diagram of the sol-gel
method is shown in Fig. 1. The coating and thermal
treatments were repeated 7 times to obtain a final
thickness of 300 nm. After the spin-coating, the films
were finally annealed at 850 °C in ambient O, for 1 h.
The dielectric measurements were carried out in the
MFM and MFS structure capacitor. For electrical
measurements, the top electrodes of 300 um diameter
were fabricated by depositing the 150-nm-thick Pt film
at room temperature using dc magnetron sputtering.
The powder precusors were examined by thermogravi-
metric analysis (TGA)/differential scanning calorimetry
(DSC). The crystallographic orientations of the films
were investigated using XRD (Rigaku-D/MAX
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Fig. 1. The flow diagram for preparing YMnOj thin film by sol-gel
method.

diffractometer with CuK, emission). The surface
morphologies of the films were examined using AFM
(PSI). The cross-sectional microstructures of the films
were observed using a JEOL 6330F field emission scan-
ning electron microscope (FE-SEM). The ferroelectric
properties of YMnO; films were examined using the
precision workstation ferroelectric tester (Radiant
Technologies, USA). The dielectric constant and loss
were measured using an HP 4192 impedance analyzer.
The leakage current densities of YMnOj thin films were
measured using a HP 4146C semiconductor parameter
analyzer at conditions of 0.1-V step voltage and delay
time of 20 s.

3. Results and discussion

Fig. 2 shows the DSC and TGA curves of the dried
YMnOj; powder. The experimental conditions providing
these data may be described as follows. The precusor
solution was dried at 80 °C for 24 h. After drying, the
YMnO; powders were heated slowly 10 °C/min up to
1000 °C under air atmosphere. The weight loss of the
dried powder was about 21.2% at 1000 °C, as deter-
mined by the TGA curve. The data of Fig. 2 indicates
the decomposition of dried powder includes three steps:
(a) removing the hydrated water between room tem-
perature and 160 °C, (b) the combustion of residual
organic compounds between 160 and 400 °C, and (c) the
formation of YMnO; by the decomposition of inter-
mediate carbonate between 650 and 700 °C.

Fig. 3 represents the XRD patterns of YMnO; thin
films prepared under various drying temperatures. All
the films show hexagonal phases, but no secondary
phases were observed. The peak intensity of (0004) from
the hexagonal phase increases slowly as the drying tem-
perature increases to 400 °C. However, the c-axis (0004)
peak is not dominant below 400 °C. The YMnOj; thin
films that were dried below 400 °C showed typical XRD
patterns of polycrystalline structure without the
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Fig. 2. DSC/TGA curves of the dried YMnO; powders.
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Fig. 3. XRD patterns of YMnO; thin films as function of drying
temperatures.

preferred orientation. As the drying temperature
increases more than 450 °C, the peak intensity of (0004)
increased rapidly and (0002) peak appears. The (112)
peak intensities decrease with the increasing drying
temperature. The effect of drying temperature may be
probably related to the different growth of oriented
structure. However, to determine the exact mechanism
of the influence of drying temperatures on the orient-
ation of YMnOj thin films, additional investigations are
need. To quantify the c-axis orientation of the films, the
equation oo=1 (0004) / [I (0004) +1 (112)] was used.'? In
this equation, the o is a definition of relative peak
intensity for (0004) direction. The calculations showed
that the value of o increases proportionally to the
increases of the drying temperature. Considering
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the data of Fig. 2, the corresponding o is 0.37, 0.47, 0.65
and 0.86. This indicates that the drying temperature
below 350 °C is insufficient to obtain high c-axis orien-
tation. The reason for this phenomenon may be
assumed as follows. The (0001) plane in a hexagonal
close packed (hcp) crystal has the same symmetry as the
{111} plane in a cubic crystal. When the samples were
dried on the hot plate, the adatoms on Pt (111) sub-
strate diffused along the close packing direction of low
surface energies for geometrical compact formation. It
is suggested that the growth of the drying temperatures
increases the mobility of atoms on the Pt (111) sub-
strate, providing the favorable conditions for nucleation
of hexagonal YMnOj; that improve the crystallinity of
films to preferred c-axis orientation.

Fig. 4 shows the surface morphologies of YMnO; thin
films prepared in the range of drying temperature from
300 to 450 °C. As the drying temperature increases, the
surface roughness also increases. The grain size changes
from 60 to 120 nm as the drying temperature changes
between 300 and 450 °C. All the AFM images show
uniform microstructure and low surface roughness (~5
nm). Therefore, all the films generally have good
microstructure with few defects such as pinholes or
microcracks. Crack free surface is an important feature
because the cracks resulted from film stress affect the
dielectric loss.® Additionally, it is important to note that
the surface roughness of the films increases with the
increasing drying temperature. We assume this effect to
be the results of the grain growth.

Fig. 5 shows the cross-sectional SEM images of
YMnOj; thin films dried at 450 °C. As can be seen in the
cross-sectional micrograph, this film consists of fine
grains with submicron size. The surface is relatively flat,

Fig. 4. AFM images of YMnOs thin films dried at (a) 300 °C, (b) 350 °C, (c) 400 °C, and (d) 450 °C as function of drying temperatures.
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Fig. 5. Cross-sectional SEM images of YMnOj; thin films dried at
450 °C.
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Fig. 6. (a) Dielectric constant and dielectric loss of YMnOj thin films
as function of drying temperatures measured at 100 kHz.
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Fig. 7. P-V hysteresis curves of YMnO; thin films prepared with
drying temperature of 350, 400, and 450 °C.
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Fig. 8. Leakage current densities of YMnOj thin films as function of
drying temperatures and applied voltage.
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Fig. 9. Capacitance-voltage characteristic of Pt/YMnO;/Si structure
dried at 400 and 450 °C.

and the thickness of the films is about 300 nm. The data
of Fig. 5 reveal the dense microstructure with uniform
thickness and the absence of significant reaction
between the thin film and Pt electrodes.

Fig. 6 shows dielectric constant and dielectric loss of
YMnOj; thin films as a function of drying temperature
measured at 100 kHz. Dielectric constants were calcu-
lated by measuring the MFM structure. It can be
seen that the increases of drying temperature causes
the increase of dielectric constant. As the results, the
YMnO; thin film dried at 450 °C has the highest
dielectric constant of 19. This value is a very close to the
value for hexagonal YMnOj; single crystal (e,=20). As
the same time the dielectric loss decreases rapidly as the
drying temperature increases. We assume that the
differences of dielectric losses for the various drying
temperatures may be related to structural changes such
as grain sizes and crystal orientations. The excessive
dielectric loss of YMnO; is the possible reason for the
lack of a ferroelectric hysteresis property. Considering
all the results discussed above we propose that the
improvement of ferroelectric properties compared with
the randomly oriented YMnOj; films results from the
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improvement of crystal structure such as prepared
c-axis orientation.

Fig. 7 shows the P-V characteristic of a Pt/YMnQO;/Pt
(111) capacitor prepared as a function of drying tem-
perature. Although all the P-V curves exhibit a hyster-
esis loop, the remanent polarization (2Pr) has a
maximum value of about 3.6 uC/cm? for the drying
temperature of 450 °C. For the drying temperatures
below 450 °C, the ferroelectric properties of films are
very poor. This fact may be attributed to worse crystal-
lization and smaller grain size compared with the films
dried at 450 °C. Fig. 7 shows also that the hysteresis
loop for the films dried at 400 °C is bulged. The prob-
able reason is the increasing of the leakage current.

Fig. 8 shows the leakage current densities of YMnO;
thin films dried at various temperatures as a function of
applied field. The previous investigations reported that
the leakage current properties of ferroelectric thin films
depend upon the thin film deposition method, composi-
tion, annealing temperature, electrode, microstructure,
film thickness, and surface roughness.!> As the drying
temperature of YMnOj thin film increases from 350 to
450 °C, the leakage current density of the YMnO; thin
films decreases. We assume that lower leakage current
may be caused by the higher crystallinity and c-axis
orientation of the YMnOj thin film. The detailed leak-
age current mechanisms of the YMnO; thin films will be
published elsewhere. The lower leakage current density
corresponding to the YMnOs thin film dried at 450 °C is
2.82x1077 Ajem? at 1 V.

Fig. 9 shows the 1 MHz C-V characteristics of Pt/
YMnO;/Si structure dried at 400 and 450 °C, respec-
tively. The applied voltage was changed 0.2 V/s from
+5Vto—-5Vand from -5V to +5 V. As the drying
temperature increased, the memory window for the
YMnOj; thin films increases. We attributed this result to
the behavior of ferroelectric remanent polarization,
which increases as the maximum applied voltage
increases. The results mentioned above also affect the
observation of the ferroelectricity at room temperature
of the MFS structure. As shown in Fig. 8, the memory
window of the YMnOs; thin film dried at 450 °C was
about 1.03 V.

4. Conclusion

We deposited YMnOj; thin films on the Pt(111)/Ti/
Si0,/Si and Si (100) substrates by sol-gel process using
alkoxides. The YMnOj; thin films spun-coated and dried
on hot plates from 300 to 450C. The prepared YMnO;
thin films were annealed at 850 °C in O, atmosphere for
1 h. From the result of XRD, AFM and SEM analysis,
the crystallization of YMnO; thin films improve to

preferred orientation by increasing the drying tempera-
ture. Ferroelectric properties such as remanent polar-
ization were found to be dependent on the orientation
of the YMnOj; thin films. As a result, the highly c-axis
oriented YMnOs; thin films exhibited higher remanent
polarization (2Pr=3.6 pC/cm?) compared with ran-
domly oriented YMnOj thin films. From these results, it
is suggested that appropriate increment of drying tem-
perature improves the crystallization for preferred
orientation by enhancing the creation of nucleation sites
of hexagonal YMnOs.
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