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Effect of ZrÕTi Ratios on Characterization of Pb„Zr xTi1Àx…O3
Thin Films on Al 2O3 Buffered Si for One-Transistor
Memory Applications
Chia-Liang Sun,a,z Jung-Jui Hsu,a San-Yuan Chen,a and Albert Chin b

aDepartment of Materials Science and Engineering, and
bDepartment of Electronics Engineering, National Chiao Tung University, Hsinchu, Taiwan

Pb(ZrxTi12x)O3 ~PZT! thin films have been prepared on Al2O3 /Si and PbTiO3 /Al2O3 /Si substrates, respectively. On Al2O3 /Si
substrates, Ti-rich PZT thin films had lower perovskite transformation temperatures than those of Zr-rich PZT films. Therefore,
PbTiO3 was used as the seeding layer on Al2O3 /Si to form a PbTiO3 /Al2O3 /Si substrate. The threshold voltage shift of a
PZT(53/47)/PbTiO3 /Al2O3 /Si capacitor reaches 9 V with610 V writing voltages, which is much larger than the 2 V of the
PZT(0/100)/PbTiO3 /Al2O3 /Si capacitor. Different memory mechanisms in the capacitance-voltage characteristics of capacitors
were further examined and discussed in this paper.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1542901# All rights reserved.
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Recently, one-transistor memory has attracted much attention
cause of the excellent performance.1-4 Unfortunately, little progress
has been achieved in one-transistor memory because it is difficu
integrate different materials as stack gate dielectrics and to fabr
a metal/ferroelectric/insulator/Si~MFIS! capacitor structure.5,6 Al-
though the effects of different substrates and annealing tempera
have been studied,7,8 the ferroelectric material in each research h
the same composition, and the related influences were not discu
as in the study in a metal/ferroelectric/metal capacitor.9 Thus, it is
necessary to do some systematic research on the effects of ferro
tric material compositions on the memory properties in the MF
capacitor.

The solid solution Pb(ZrxTi12x)O3 ~PZT! system has a comple
phase diagram containing materials exhibiting unique proper
such as piezoelectricity, pyroelectricity, and ferroelectricity.10 All
these properties are strongly related to the different structures
compositions in the PZT solid solution. For example, it is w
known that the coupling factor and permittivity of PZT located
the morphotropic phase boundary~MPB! show maximum values.11

Among its many superior properties, the high dielectric constant
remnant polarization of PZT have made it a promising material
memory applications.12,13 It is necessary to study the effect of com
positions on the memory properties of an MFIS capacitor with P
as the ferroelectric layer. In this paper, we have prepared PZT
films on Al2O3 /Si substrates as the MFIS capacitor and investiga
the characteristics related to four Zr/Ti ratios~0/100, 30/70, 53/47,
and 60/40!to find the relationship between the electrical propert
of an MFIS capacitor and the phase and microstructure of PZT fi
with different compositions.

Experimental

PZT stock solution synthesis and thin-film deposition.—PZT
ferroelectric thin films were deposited by the chemical solut
deposition method using multiple spin coating. The advantage
chemical solution deposition was the accuracy of composition c
trol. For chemical solution synthesis, lead acetate trihydrate, zi
nium n-propoxide, and titanium isopropoxide were used as pre
sors and dissolved in the solvents composed of acetic acid
methanol in sequence.7 An excess lead precursor was added to co
pensate the lead loss during crystallization, and four Zr/Ti ratios
the chemical solution were varied from titanium-rich~Ti-rich! com-
positions (Zr/Ti5 0/100 and 30/70!to zirconium-rich ~Zr-rich!
compositions (Zr/Ti5 53/47 and 60/40!. After each coating, th
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Figure 1. XRD patterns of Pb(ZrxTi12x)O3 thin films with ~a! x 5 0 and
0.3 and~b! x 5 0.53 andx 5 0.6 on Al2O3 /Si.
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wet films were pyrolyzed for several minutes, and the multila
films, 650 nm thick, were annealed at 650°C for 1 h.

Preparation of Al2O3 /Si and PbTiO3(PTO)/Al2O3 /Si
substrates.—To fabricate the insulator buffered layer, a 10 nm th
Al2O3 gate dielectric was formed on p-type~100!Si wafers follow-
ing our previously reported procedure.14,15For preparing the seedin
layer, 80 nm thick lead titanate~PTO! film was deposited on
Al2O3 /Si and then annealed at 550°C so that the PTO/Al2O3 /Si
substrates could be obtained.

Film and capacitor characterization.—We have used X-ray dif-
fraction ~XRD! to determine the phase and the crystallinity of PZ
The surface morphology and the thickness of PZT were observe
scanning electron microscopy~SEM!. For electrical measuremen
Au was used as the upper electrode with an area of
3 1024 cm2, and the Al bottom electrode was deposited at the b
side. Capacitance-voltage~C-V! and current density-voltage~J-V!
characteristics were measured to check the electrical propertie
PZT capacitors.

Figure 2. XRD patterns of Pb(ZrxTi12x)O3 thin films with ~a! x 5 0 and
0.3 and~b! x 5 0.53 andx 5 0.6 on PbTiO3 /Al2O3 /Si.
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ofFigure 3. SEM images of Pb(ZrxTi12x)O3 thin films with ~a! x 5 0, ~b! x
5 0.3, ~c! x 5 0.53, and~d! x 5 0.6 on PbTiO3 /Al2O3 /Si.
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Results and Discussion

Figures 1a and b show the XRD patterns of Pb(ZrxTi12x)O3

deposited on Al2O3(10 nm)/Si, withx 5 0-0.3 and 0.5-0.6, respec
tively. As shown in Fig. 1a, the major phase of Ti-rich PZT films
a perovskite phase, although a small and broad peak at diffrac
angle 2u ; 29.5° belonging to a pyrochlore phase is observed
the PZT~30/70!. In contrast, the XRD patterns in Fig. 1b show th
Zr-rich PZT films have a nonferroelectric pyrochlore phase rat
than a perovskite phase. Therefore, it is suggested that PZT
with higher Zr/Ti ratios have higher perovskite transformation te
peratures. Although this tendency is similar to that published in
literature,16 the transformation temperatures of PZT on Al2O3 /Si
substrates are obviously higher than those on single-crystal sap
substrates.16 This phenomenon may occur because the nucleatio
perovskite PZT would be easier on crystalline substrates than
amorphous substrates.17

To reduce the perovskite transformation temperature of PZT
additional PTO seeding layer was deposited on Al2O3 /Si substrates
prior to the PZT films. Figure 2 shows the XRD patterns of PZT th
films deposited on PTO/Al2O3 /Si substrates with a seeding layer.
Fig. 2b, clearly, the formation of the pyrochlore phase is inhibit
Therefore, the PTO seeding layer is proved able to lower the tr
formation temperatures, which is similar to the result on crystall
substrates.16,18 However, the intensity and full width at half
maximum~fwhm! of the major XRD peak position of Zr-rich PZT
~x 0.53 and 0.60!at 31.5° are lower and larger than that on
substrates, respectively.8 These results imply that the microstructu
of Zr-rich PZT films may be different from that on Pt substrates

Figure 4. C-V characteristics of Pb(ZrxTi12x)O3 /PbTiO3 /Al2O3 /Si capaci-
tors with ~a! x 5 0 and 0.3 and~b! x 5 0.53 and 0.6 under65 V sweep
voltage.
 address. Redistribution subject to ECS te140.113.38.11nloaded on 2014-04-27 to IP 
n
r

r
s

e

ire
f
n

n

.
s-

We have further used SEM to observe the microstructure of P
thin films on PTO/Al2O3 /Si substrates. Figure 3a-d display the su
face morphology of Pb(ZrxTi12x)O3 films on PTO/Al2O3 /Si sub-
strates, withx 5 0, 0.3, 0.53, and 0.60, respectively. The micr
structures for Ti-rich PZT show a large grain size, greater than
nm. In contrast, the microstructures for Zr-rich PZT exhibit a ve
small grain size, much less than 50 nm. These results are cons
with the weak XRD intensity and large fwhm shown in Fig. 1. The
SEM images indicate that inserting the additional PT seeding la
could greatly suppress the nucleation of the pyrochlore phase, b
higher process temperature is still required for Zr-rich PZT with
perovskite phase to improve the crystallinity.

We have studied the memory property of PZT on PTO/Al2O3 /Si
substrates using C-V measurements at 1 MHz. Figure 4a, b show
C-V characteristics of PZT/PTO/Al2O3 /Si capacitors. Under the
same65 V sweep voltages, the Ti-rich PZT capacitors (x 5 0 and
0.3! show a clockwise hysteresis loop, but the Zr-rich PZT capa
tors show a counterclockwise loop. It is believed that the clockw
hysteresis loop is due to the ferroelectricity, while the counterclo
wise loop is the result of a charge trapping effect.4 Although both

Figure 5. Memory window of Pb(ZrxTi12x)O3 /PbTiO3 /Al2O3 /Si capaci-
tors with ~a! x 5 0 and 0.3 and~b! x 5 0.53 and 0.6.
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effects can be used for memory devices, the observed ferroele
hysteresis loop may be due to a better ferroelectric material qu
than that in the charge trapping case. These results are again c
tent with the XRD and SEM results shown previously. However,
strong dependence of ferroelectric property on composition seem
be independent of the Al2O3 dielectric process, suggesting the e
cellent quality of the Al2O3 gate dielectric14,15 as compared with
low temperature deposited silicon nitride.

We have also measured the memory window
PZT/PTO/Al2O3 /Si capacitors at different program/erase voltag
Figure 5a, b summarize the measured threshold voltage shift (DVT)
for Ti-rich and Zr-rich PZT/PTO/Al2O3 /Si capacitors, respectively
A positive threshold voltage shift is attributed to the ferroelect
effect, while a negative threshold shift is due to the charge trapp
effect. Note that the threshold voltage shift of Ti-rich PZT capacit
changes from positive to negative as increasing bias voltage, w
may be due to the increasing leakage current and charge trappi
high voltages. A memory window of 1.7 V is measured for PZT~0/
100! capacitors at65 V bias voltage, indicating a good materi
quality for Ti-rich PZT formed at 650°C. Besides, the larg
memory window atx 5 0 may be due to the smaller dielectr
constant~k! that may cause a larger electric field drop in PZT th
that in the Al2O3 dielectric.8 Additionally, other reasons may be th
larger grain size of Ti-rich PZT and that it has the same tetrago
unit cell as that of the bottom seeding layer. In contrast, onl
negative threshold voltage shift is found for Zr-rich PZT capacito
However, a similar trend of increasing memory window with i
creasing write voltages also occurs in this case, which depicts
the charge injection dominates the memory effect at high volta
regardless of the different composition of PZT capacitors.

We have summarized the composition dependence of PZT
threshold voltage shift, and the result is shown in Fig. 6. The h
zontal axis from 0 to 1 represents the gradual composition cha
from PZT~0/100! to PZT~100/0!. The similar trend of the large
threshold voltage shift with increasing write voltage is observed
all PZT capacitors due to the charge trapping contribution. Howe
from the memory device point of view, a desired large mem
window is the key factor regardless of the effect from either
ferroelectric or charge trapping mechanism. Therefore, the PZT
pacitors with composition close to that of the MPB would be t
most suitable ferroelectric material for memory application, an
memory window as large as 9 V is obtained.

We have also measured the J-V characteristics to further s
the memory characteristics. Figure 7a, b show the J-V characteri

Figure 6. Threshold voltage shift of Pb(ZrxTi12x)O3 /PbTiO3 /Al2O3 /Si ca-
pacitors under different sweep voltages.
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of Ti-rich and Zr-rich PZT capacitors, respectively. No breakdo
phenomenon occurs in the high voltage region up to220 V for all
four PZT capacitors, indicating that Al2O3 would be a suitable in-
sulator material. The leakage current of PZT capacitor withx 5 0 is
2.2 3 1026 A/cm2 at 25 V, which is lower than that of other PZT
capacitors. This result suggests that the difference in crystal sys
between PZT films and the seeding layer may induce some inter
traps that increase the leakage current.

Table I summarizes the characteristics of PZT capacitors w
different Zr/Ti ratios. By the addition of a seeding layer on am
phous Al2O3 substrates, the transformation temperature are redu
Furthermore, the relatively lowerk is desirable for Ti-rich PZT in a
stacked gate dielectric because a larger electric field will drop
PZT, giving a larger memory window.

Conclusions

We have compared the characteristics of PZT with different co
positions on Al2O3 /Si and PTO/Al2O3 /Si substrates. A PTO seed
ing layer can lower the perovskite transformation temperatures
help the nucleation of the perovskite phase. However, Zr-rich P
films on PTO/Al2O3 /Si substrates have dielectric constants that
lower than expected values due to the small grain size. In comp

Figure 7. J-V characteristics of Pb(ZrxTi12x)O3 /PbTiO3 /Al2O3 /Si with ~a!
x 5 0 and 0.3 and~b! x 5 0.53 and 0.6.
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son with Zr-rich PZT/PTO/Al2O3 /Si capacitors, the memory prop
erties of Ti-rich PZT/PTO/Al2O3 /Si capacitors are ferroelectric C-V
hysteresis loops, and the lower leakage current is due to the lo
dielectric constant of Ti-rich PZT and the same crystal system
Ti-rich PZT and PTO.
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Table I. Characteristics of Pb„Zr xTi1Àx…O3 ÕPbTiO3 ÕAl2 ÕO3 ÕSi
capacitors.

x
DVT ~V!
at 65 V

DVT ~V!
at 610 V

k of
stacked

PZT films

Capacitance
~pF! of gate
dielectrics

Leakage current
density at

165 kV/cm
~A/cm2!

0 1.49 0.91 56.03 37 6.243 1026

0.3 0.40 21.50 336.89 146 6.123 1026

0.53 22.83 28.94 303.03 137 9.863 1026

0.6 20.78 25.83 225.06 113 2.203 1026
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