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Comparison of retention characteristics of ferroelectric

capacitors with Pb(Zr, Ti)O; films deposited by various

methods for high-density non-volatile memory.
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Abstract— We  investigated the  polarization
retention characteristics of ferroelectric capacitors
with Pb(Zr,Ti)O; (PZT) thin films which were
fabricated by different deposition methods. In
thermally-accelerated retention tests, PZT films
which were prepared by a chemical solution
deposition (CSD) method showed rapid decay of
retained polarization charges as the thickness of the
films decreased down to 100 nm, while the films
which were grown by metal organic chemical vapor
deposition (MOCVD) retained relatively large non-
volatile charges at the corresponding thickness. We
concluded that in the CSD-grown films, the thicker
interfacial passive layer compared with the MOCVD-
grown films had an unfavorable effect on retention
behavior. We observed the existence of such
interfacial layers by extrapolation of the total
capacitance with thickness of the films and the
capacitance of these layers was larger in MOCVD-
grown films than in CSD-grown films. Due to
incomplete compensation of surface polarization
charges by the free charges in the metal electrodes,
the interfacial field activated the space charges inside

the interfacial layers and deposited them at the
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boundary between the ferroelectric layer and the
interfacial layer. Such space charges built up an
internal field inside the films, which interfered with
domain wall motion, so that retention property at last
became degraded. We observed less imprint which
was a result of less internal field in MOCVD-grown
films while large imprint was observed in CSD-grown
films.

Index Terms— PZT, MOCVD, CSD(sol-gel), FRAM,
retention, ferroelectric, thin film.

I. INTRODUCTION

Due to a few benefits such as low power, non-
volatility of data and fast access, some kinds of non-
volatile memories with smart, electric or magnetic
materials have been studied and developed to new
prototypes during past decades. Among them,
ferroelectric random access memory (FRAM) is a
promising candidate for future memory device because
of its compatibility with the structure of dynamic random
access memory (DRAM)[1]. However, there are some
crucial issues on the reliability of FRAM such as thermal
stability, fatigue, and retention. In a real application field
of using PbZr,Ti,,O; (PZT) as a material inside the
ferroelectric capacitor of FRAM, fatigue, the reduction
of the remnant polarization with the numerous cycles of

polarity switching in the capacitor, could be much
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alleviated by using oxide electrodes like IrO,, RuO, and
La,_Sr,Co05[2,3]. But, when a ferroelectric capacitor is
kept at a high temperature for a long time in a specific
polarization state, the remnant polarization charge tends
to decrease and it is still quite a hard problem [4,5,6] -
much severer in thin ferroelectric films whose thickness
is less than 100 nm.

If an electrical pulse goes into a ferroelectric capacitor,
the difference of charges from different remnant
polarization states can distinguish one logic state, i.e. “0”
from the other, i.e. “1”. So, the non-volatility of data
stored in ferroelectric capacitors may be defined as such
charge difference between “0” and “1” states. Here, the
charge difference can be termed as the non-volatile
charge and its decrease in time can be called retention
loss. In order to see long-time behavior of retention loss,
thermal acceleration in retention test is used. One first
writes the data bit of “0” or ““1” in a capacitor with the
electrical pulses of the corresponding polarities, bakes
the capacitor at a higher temperature, and reads the data
again after some time. If the poling state of the capacitor
does not change before one tries to read the state, it is
named as ‘same-state’ retention test. When one changes
the state by a precedent pulse and reads the new-written
state with a following pulse, then it can be ‘opposite-
state’ retention test. And, if the capacitor jumps into an
opposite polarization state during the reading pulse, we
call it ‘switching’ test. If not, it can be termed as ‘non-
switching’ test. The pulse sequences are shown in Figure
1. In order to distinguish between “0” and “1” logic bits
in the capacitor, the difference between switching and
non-switching charges must be larger than the minimum
margin of a sense amplifier. In our cumulative work so
far, retention problem in the opposite state has been
much severer than in the same state. Therefore, we
define the non-volatile charge in our capacitor as the
difference between opposite-state switching charge Q..
and opposite-state non-switching charge Q,q;, i.€. P, =
Qus.\'w - Quws-

In our experiment, a variety of ferroelectric capacitors
were tested for their retention characteristics.
Ferroelectric films inside those capacitors were
deposited by different methods. We revealed that the
films (less than 100 nm in their thickness) grown by our
chemical solution deposition (CSD) method did not
guarantee a finite amount of non-volatile charge over the
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Fig. 1. 4 kinds of retention tests and corresponding pulse
sequences.

testing time, while the films grown by a metal-organic-
chemical-vapor-deposition (MOCVD) method seemed to
be more robust during retention test. We chose the
proper width and voltage of applied pulses in order to
make capacitors undergo switching saturation, and baked
all the samples at the same temperature and for the same

retention period.

II. EXPERIMENTS AND RESULTS

We prepared the PZT films with thickness of 100 nm
to 250 nm which were spin-coated on Pt/IrO,/Ir
substrates by sol-gel method. The PZT solutions were
composites of lead acetate trihydrate, titanium tetra-iso-
propoxide, zirconium tetra-n-propoxide, acetic acid and
n-propanol. The concentration of the solution was 0.1 ~
0.4 Mole of Pb, |3Zr435sTig¢s03, whose composition was
abbreviated as PZT(113/35/65). Since the solution was
very stable, any precipitation or gelation has not been
observed during the experiment. A PbTiO; (PTO) seed
layer was used to enhance the crystallization of PZT
films and the films were deposited onto Pt(100
nm)/IrO>(30 nm)/Ir(70 nm) substrate with an automatic
spin-coater. And, the films were baked at 205 ~ 300 T
for 5 minutes in air on a temperature-fixed hotplate and
annealed at 650 C in N, atmosphere incorporated with
oxygen furnace for 10 minutes. Top Ir(70 nm) and
Ir0,(30 nm) electrodes were deposited by sputtering to
improve fatigue behavior and annealed again at 550 C
for 15 minutes. Then, Ir/IrO,/PZT/Pt/IrO-/Ir structures
were etched by high-density plasma etcher such as ICP
(Inductively Coupled Plasma) into final capacitors with
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Fig. 2. Switching test on a 5050 um’ capacitor with
various widths and 3 V of pulses. The PS module of TF
analyzer 2000 (aixACCT Corp.) was used for the

measurement.

size of 0.45 ~ 10° pm’. Those PZT films showed
dominant crystallographic orientations of (111) from X-
ray diffraction.

We chose 50%50 um’ capacitors for our retention
measurement. Figure 2 shows that those capacitors reach
the saturation level of switching under pulses of 1 Us
width and 3 V height for 100 nm thick films. For
comparison under the constant electric field, we
increased the voltage of pulses to 5.7 V and 7.5 V on 190
nm and 250 nm thick films, respectively. Leakage
current was always less than 10° A even at such biases.
After obtaining the normal P-V hysteresis curves for
defining the initial state of the capacitors, we applied the
packet of pulses onto the capacitors and baked the
samples at 125 C, and repeated pulse measurement-
baking to get retained charges at each moment as
depicted in Fig. 1.

Figure 3 shows retention characteristics of capacitors
with different film thickness. The non-volatile charge
vanished before 20 hours in case of 100 nm thick film,
while 190 nm and 250 nm thick films still showed a
certain amount of non-volatile charge even after 100
hours. It could be inferred that the rearrangement of
space charges along the polarization axis might occur
faster in thinner films than in thicker films. The resultant
internal field by space charges could reverse some
domains during the delay time between the precedent
pulse and the reading pulse (Fig. 1), so that it decreased
Q. and increased Q,,;, finally reducing the non-
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Fig. 3. Retention characteristics of the CSD-grown films
of different thickness.
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Fig. 4. Retention characteristics of the CSD-grown films
which were annealed at different conditions.

volatile charge P,.. The role of the internal field on
retention loss has been published in the recent work of B.
S. Kang et al.[7].

Retention loss was highly dependent on the condition
of film fabrication. In Figure 4, one can see different
trends of retention characteristics from capacitors made
by different annealing steps. A rapid thermal annealing
(RTA) step was used because it was more favorable in a
real integration process. There was a little enhancement
when we increased annealing time and temperature. As
shown in Figure 5, annealing in a furnace for a longer
time seemed to be better in retention than RTA. But, all
CSD-grown films of thickness 100 nm did not retain a
finite amount of non-volatile charge P,, over 100 hours
at 125 C.

In order to increase capacitor density inside a memory
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Fig. 5. Retention characteristics of the MOCVD-grown
films and comparison with the CSD-grown films.

cell, shrinking thickness of films becomes unavoidable,
especially in a planar type of FRAM devices. Due to
reduction of the non-volatile charge before and after
CSD did not seem to be
recommendable for the films of thickness of 100 nm or

retention  period,
less. Aside from retention issue, metal organic chemical
vapor deposition (MOCVD) method has been tested for
the fabrication of PZT capacitors as a future candidate of
conformal deposition on a 3 dimensional capacitor
structure. And, we observed much enhanced retention in
the MOCVD-grown films of thickness of 100 nm.

We prepared the test capacitors by metal organic
chemical vapor deposition (MOCVD). Our MOCVD
apparatus was designed for uniform deposition of 6-inch
wafer using showerhead technique, and liquid delivery
system was utilized in order to control the input amount
of the precursor solutions with 1 % accuracy [8].
Tmhd-based organometallic compounds, such as
Pb(tmhd),, Zr(tmhd)>»(O'Pr), and Ti(tmhd)>(O'Pr),, were
used for metal-organic precursors, dissolved in octane
solvent with a concentration of 0.05 Mole, respectively,
and reserved separately in each ampule. Precursor
solution was turned into the vapor state in the vaporizer
heated at 235°C, and then delivered into the reactor.
PZT films were grown on Ir/Ti (150/10nm) electrode,
which is deposited at 200°C on 200 nm oxidized Si(100)
wafer by DC magnetron sputtering. Growth rate was 5.5
~ 6.0 nm/min within the Pb source supply ranges,
resulting in a PZT film thickness of about 100 nm after
the deposition of 18 minutes. For the measurement of
electrical properties, top Ir/IrO,(70/30 nm) electrode was
deposited by sputtering. Final etching process was
identical with the previous case of CSD.

Figure 5 showed the distinctive retention properties
obtained from MOCVD-grown films. For comparison
with the cases of CSD, the best result from CSD films
was given in the graph. Even the worst case in MOCVD
which had the initial non-volatile charge less than 30
p.C/cmz, remained over 50 % of non-volatile charge
compared to the initial value after 100 hours. We are
now optimizing the deposition condition in order to keep
such a large non-volatile charge even after we complete
the whole integration process. This dramatic change in
retention between CSD and MOCVD in thin films of
about 100 nm thickness suggests strongly to us that we
should select another way of fabricating high-density
FRAM, discarding a cheap and conventional deposition
method.

The inborn difference between CSD and MOCVD
may come from the creation of the interfacial layer
between the ferroelectric film and the metal electrode
(Figure 6) as well as the defect density of the bulk film
which was determined during the deposition-annealing-
cooling cycle. While the nucleation initiated from the
bottom interface and the grains grew upward abruptly in
the crystallization in CSD, MOCVD deposited atoms in
vapor phase layer by layer and made the complete film
slowly with the consistent heat supply. As a result, the
films grown by CSD may have thicker interfacial passive
layer with a lot of charge-trapped sites near the
electrodes than the films grown by MOCVD. It should
be noted that ozone-treated capacitors after a CSD
process showed better retention characteristics because
the treatment promoted enhanced surface oxidation to
reduce the amount of oxygen-vacancies at the PZT-metal
interfaces [9]. But, such post-treatment on the capacitors
with thin films(< 100 nm) and thin electrodes(< 100 nm)
can affect or even change the back-end processes and
leave many factors in those processes to be optimized.
So, it is still a hard problem to enhance retention
properties with CSD-grown films.
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Fig. 6. The schematic diagram of the interfacial layer inside the
PZT films.
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In order to confirm the existence of interfacial passive
layer in our capacitors, we plotted the reciprocal of total
capacitance with the thickness of the films as shown in
Fig. 7. If there is an interfacial layer inside the capacitor,
the total capacitance of the capacitor is,

1/C = 1/Cjt + 1/Cte ()

where Cyis the capacitance of the interfacial layer and
Ct is the capacitance of the ferroelectric layer and
depends on the thickness of the film. In Fig. 7, the
extrapolation gave us the result that Cy was nearly 7.6
times larger in MOCVD-grown films than in CSD-
grown films. There was an interesting report that if Gy is
large, the induced field E; inside the interfacial layer
becomes small, so that either the injection of charges
from the electrodes or the separation of positive and
negative charges within the passive layer can be much
reduced [10,11]. If the accumulated charges at the
boundary between the ferroelectric layer and the passive
layer, are small, the resultant internal field inside the
ferroelectric layer becomes weak. In the opposite-state
retention test, a precedent pulse reverses domains and set
their polarization vectors opposite to the direction of the
internal field, then some of reversed domains could
switch back to the original state driven by the internal
field during the delay time. This mechanism is explained
explicitly in our former work [7]. In this manner, the
opposite-state switching charge Q. decreases and the
opposite-state non-switching charge Qs increases, and
finally the non-volatile charge P, decreases. Therefore,
better retention behaviors in MOCVD-grown films must
corresponds with less internal field induced inside the
film during retention period. The magnitude of the
internal field can be inferred from imprint (voltage shift)
in the normal P-V hysteresis curves. In Fig. 8, the
comparison of imprint in both CSD-grown films and
MOCVD-grown films is suggested. The shift of coercive
voltage is given in the absolute values. We could observe
that imprint in CSD-grown films was much larger than
in MOCVD-grown films. So, imprint may reflect both a
sign of memory effect inside the capacitors and the
decrease of non-volatile charge in opposite-state
retention test. As seen in Fig. 9, the hysteresis curves
showed larger depolarization at 0 V in accordance with
the increase of imprint over the baking time.
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Fig. 7. The reciprocal of the capacitance with thickness of the
films was plotted in the graph. The extrapolation of the graph
revealed that the capacitance of the interfacial passive layer
was lager in the MOCVD-grown films than in the CSD-grown
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Fig. 8. The imprint over the baking time of the MOCVD-
grown films and the CSD-grown films.
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Fig. 9. The hysteresis curves over the baking time obtained

from the capacitor written by “0” showed bigger depolarization
in accordance with the increase of the imprint.
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II1. CONCLUSIONS

The shrinkage of ferroelectric capacitors used for
high-density FRAM is
challenging because many reliability issues still remain

future becoming more
unsolved around the integration process. Based on our
analysis on retention characteristics, CSD is not
promising for fabricating thin planar devices. MOCVD-
grown films showed much better performance on
retention in thin films whose thickness is less than 100
nm. The difference in retention between both deposition
methods seems to lie in the interfacial passive layer
inside the capacitors. Retention loss in the opposite
states can be closely related with imprint which is a sign
of creation of the internal field. The internal field is
correspondent with the accumulation of space charges at
the interface, which was accelerated in CSD-grown films
with both thicker interfacial layer and more defect
density. Since discarding the inborn bad interface from
CSD-grown films is much harder in thin films, an
alternative way of deposition method should be
recommended. MOCVD can be a good solution not only
in planar devices but also in upcoming 3 dimensional

devices due to its capability on conformal step coverage.
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