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Abstract—Slow-switching effect in PZT ferroelectric memory
under low-voltage and high-speed operation is observed. The
slow-switching effect becomes worse at lower operation voltage
and elevated temperature. This effect significantly reduces the
sensing margin and causes severe reliability issue for advanced
ferroelectric memory, particularly for low-voltage and high-speed
applications. This slow-switching effect is believed to be attributed
to slowing down of polarization switching caused by band bending
from Schottky built-in potential at the electrode/ferroelectric
interface. The proposed mechanism is supported by the polarity
dependence in an asymmetric LNO/PZT/Pt sample.

Index Terms—Ferroelectric memory, Schottky built-in potential,
slow-switching effect.

1. INTRODUCTION

ERROELECTRIC random access memory (FeRAM) has

attracted much attention due to its nonvolatility, high
read/write speed, low operation voltage, low power consump-
tion and high endurance [1]-[4]. Additionally, FERAM can
be more easily embedded as part of a larger integrated circuit
to provide system-on-a-chip solutions to various applications
than EEPROM and Flash memories because the ferroelectric
capacitor can be stacked over the transistors at the backend
processes [5], [6]. However, several reliability issues seriously
limit the applications of FeERAM, such as fatigue [7], imprint
[8] and decrease of switching charges [9]-[11] etc. Fatigue is
a gradual degradation of switching polarization after repeated
cycles, because of the electro-migration of oxygen vacancies
to form extended defects capable of pinging domains, or
formation of interfacial layers between metal electrode and
ferroelectric [7]. Imprint is the inability to switch a capacitor
to the opposite state after being for some time/temperature
stress programmed in one state, resulting in a write error of
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Fig. 1. Schematic hysteresis loop of a ferroelectric capacitor. Two remanent
polarization states (+Pr and —Pr) exist in a ferroelectric capacitor after the
applied voltage is removed. P and Pns denote the switching polarization and
nonswitching polarization, respectively, and the difference between P, and Png
is denoted by 2Pr.

the memory cell. In general, two mechanisms are proposed to
explain the imprint effect of ferroelectric capacitor, which are
the alignment of defect dipoles and the charge trapping near
electrode/ferroelectric interface [8].

In a ferroelectric capacitor, there are two remanent polariza-
tion states, i.e., +Pr for “0” state and —Pr for “1” state as il-
lustrated in Fig. 1, which can be switched alternatively by the
applied electric field. When the voltage across the ferroelec-
tric capacitor is 0 V, the capacitor supposes to be at one of the
two stable states: “1” or “0”. Therefore, a ferroelectric capac-
itor along with a transistor for isolation can be a memory cell of
FeRAM (Fig. 2). In a conventional bit-line driven read-opera-
tion, the bit line (BL) is pre-charged to a certain level; the bit line
bar (/BL) is set to the reference voltage (V;cr); plate line (PL) is
grounded. Subsequently, the word line (WL) is turned on. If the
ferroelectric capacitor is at the “0” state, the polarization will
be switched from +Pr to —Pr, thus reducing BL voltage. On the
contrary, when the ferroelectric capacitor is at “1” state, the po-
larization is not switched and fewer charges are changed from
PL. The sensed BL voltage of “1” state is therefore higher than
that of “0” state. After choosing appropriate V¢, the data in a
ferroelectric capacitor can be read-out by the sense amplifier.

Therefore, the sensing window of FeRAM is attributed to the
switching polarization from domain reversal, and a larger rema-
nent polarization (Pr) usually offers a larger sensing window for

1530-4388/$20.00 © 2005 IEEE



218 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 5, NO. 2, JUNE 2005

/BL
WL £
PL <
Memory cell S/A

Fig. 2. Schematic diagram of a 1T/1C FeRAM cell.

FeRAM. The difference between switching polarization (P;)
and nonswitching polarization (Pps), i.e., 2Pr as illustratively
denoted in Fig. 1, is thus an important index to represent the
sensing window of FeRAM. The required charge for 1T/1C
FeRAM operation is ~85 fC/cell (AVpL, ~ 200 mV) [2], which
can be obtained either by increasing the effective surface area
of the capacitor electrodes or by raising the switching polariza-
tion. However, the switching polarization was reported to de-
crease with shortened operation pulse width or lower operation
voltage [9]-[11]. This effect severely degrades the operation
speed and limits the scaling ability for high-density applications.
It is significant to improve this issue because low-voltage and
high-speed operation is imperative in future generation memo-
ries, especially for low power systems such as contactless smart
card, radio-frequency tag (RF tag) and 3 G cellular phone appli-
cations. With regard to the decrease of switching charges during
low-voltage and high-speed operation, some solutions to this ef-
fect were suggested, such as lanthanum doped Pb(Zr; _ Tix )O3
(PZT) [9] and modified Zr/Ti ratio in PZT film [10], but the
mechanism remains ambiguous.

In this work, the decrease of switching charges in PZT
ferroelectric capacitor at low-voltage and high-speed operation
is comprehensively studied. Symmetric Pt/PZT/Pt and asym-
metric LNO/PZT/Pt structure are compared and a mechanism
to explain this phenomenon is also proposed.

II. EXPERIMENTAL

The PZT films were deposited by the sol-gel and the sput-
tering methods on Pt (150 nm)/Ti (50 nm)/SiO2 (150 nm)/Si sub-
strates with thickness of 220 nm and 170 nm, respectively. The
compositions of the sol-gel and the sputtered PZT films are both
Pb(Zrg 4, Tig.¢)O3. Platinum top electrodes of 60 nm in thick-
ness and 1.76 x 10~% cm? in area were sputtered and patterned
by the lift-off process to have a symmetric Pt/PZT/Pt structure.
The LaNiOs (LNO) top electrodes of the same dimensions were
also sputtered at ~350°C and patterned by wet etching pro-
cesses to produce an asymmetric LNO/PZT/Pt structure. Be-
fore electrical measurement, a pre-polarization pulse with 1 sec.
pulse duration generated by Agilent 8110 A pulse generator
was applied to assure the initial polarization state of PZT fer-
roelectric capacitor was fully programmed and was opposite to
the programming state. The switching polarization was mea-
sured by an aixACCT TF Analyzer 2000, where the duration
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Fig. 3 (a) Effect of programming pulsewidth on switching polarization
for Pt/PZT(sol-gel)/Pt and Pt/PZT(sputtered) /Pt ferroelectric capacitors. (b)
Applied pulse sequence for switching polarization measurement. The driving
pulses are applied on the top electrode.

of measurement pulses was artificially set at 2.5 ms to ensure
the quality of observation. The transient polarization current is
measured by Agilent 4156 C. The driving pulses were applied
on the top electrode.

III. RESULTS AND DISCUSSION

Fig. 3(a) shows a typical result of degradation in switching
polarization with shortening the programming pulse width.
Both of the sol-gel and the sputtered PZT films exhibit the
same characteristic. The applied pulse sequence for the mea-
surement of switching polarization is depicted in Fig. 3(b). The
switching polarization in Fig. 3(a) was derived from the differ-
ence between P1 and P2 states in Fig. 3(b). At a programming
pulsewidth of 50 ns in 5 V operation, the achievable polariza-
tion in both samples is estimated at ~18 uC/cm2, which is
sufficient for high-speed FeRAM applications. However, the
polarization-charge loss becomes much more serious when the
programming voltage (Vprog) is reduced, as shown in Fig. 4.
The switching polarization is deteriorated to 2.8 uC/cm?, i.e.,
~90% degradation, at Vo, = 2 V with the programming
pulsewidth of 1 ps. Therefore, this polarization-charge loss
significantly impedes FERAM for low-voltage and high-speed
applications.

Since the polarization switching strongly depends on the
programming pulse width, it would be interesting to clarify
the switching behavior from the aspect of transient current in
programming. The transient current at each program voltage
in a PZT ferroelectric capacitor is shown in Fig. 5. Because
this /-t curve is measured after the pre-polarization, the pro-
gramming pulsewidth represents the entire program transient
behavior. To our knowledge, polarization should be switched
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Fig. 4. Switching polarization as a function of programming pulsewidth with

various program pulse voltages, where the measurement voltage Vi,ea = 5 V.
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Fig. 5. (a) Plot of transient current versus programming pulsewidth at various
programming voltages. (b) Pulse sequence for the measurement of transient
current.

completely within nanoseconds [3], [4]. However, in this
figure, transient current at each program voltage is observed
and follows a power law standing for polarization switching,
i.e., Curie—von Schweidler behavior (I « ¢~ ™) with n close to
unity [12], [13]. Current transferred charges, integrated from
this I-t curve, increase and exhibit a logarithmic function with
programming pulsewidth (Q o logt). These features on I-¢
curve strongly correlate with the polarization-charge loss in
Fig. 4. That is, the larger the programming pulse width, the
more transferred charges on I-¢ and the less polarization loss
it achieves. Besides, the power law dependence suggests the
polarization switching in the ferroelectric capacitor is slow and
even slower than 1 ms.

To confirm the polarization charge loss is due to a portion of
polarization slow-switching, the programming voltage depen-
dence of transient current is obtained (Fig. 6). In this figure,
the current derived from ¢ = 10 ms reveals a turn-around fea-
ture. The programming voltage at the maximum switching cur-
rent is around 1.5 V and is close to the coercive voltage (V,)
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Fig. 6. J-V curves derived from Fig. 5 for the sol-gel and the sputtered PZT
samples. The current value chosen is that at ¢ = 10 ms.
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Fig. 7. Hysteresis loops for Pt/PZT(sol-gel)/Pt and Pt/PZT (sputtered)/Pt
ferroelectric capacitors.
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Fig. 8. Polarity dependence of normalized switching polarization on the
programming pulse width. The polarization switching charges are normalized
to the polarization charges of 1 sec programming. Positive and negative polarity
refers to the programming voltages (Vo) of 5 V on the top electrode.

of both films (Fig. 7). At |Vpog| > Vi, a large portion of po-
larization switching is finished within 100 ns, but a small part
remains at the time over 1 ms. The slow-switching part thus
contributes to a transient current between 1 ms and 100 ms
(Fig. 5). As the program voltage is reduced and approaching
V., slow-switching part becomes to play a significant role, and
the transient current (derived from ¢ = 10 ms) therefore has
its maximum at around |Vp,og| ~ Ve. Once when |Vioe| < Ve,
the overall switching charges are substantially decreased and the
slow-switching component within is reduced correspondingly.
The turn-around feature for the transient current (Fig. 6) cannot
be simply explained by carrier trapping and de-trapping from
interfaces [15] since such mechanism should be a monotonic
function of the programming voltage.

Additionally, we also studied the slow-switching effect in
an asymmetric LNO/PZT/Pt sample [16], compared with a
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Fig. 9. Schematic band diagram and the corresponding electric field
distribution in a ferroelectric capacitor. The ferroelectric film is pre-polarized
at V' < —V,.(a) At V = 0, remanent polarization is contributed by F2 and
F3; (b) at V = V, the electric field in F2 is around E. (coercive electric field).
(c) AtV > V., Fl and F2 regions are switched while the electric field in a
large portion of F3 is still below E..

symmetric Pt/PZT/Pt structure. As shown in Fig. 8, there is
no polarity dependence of the applied bias on the switching
polarization, and both polarities of the applied bias reveal
the slow-switching effect in the case of symmetric Pt/PZT/Pt
structure. However, in the case of asymmetric LNO/PZT/Pt
structure, when the LNO-electrode is driven positively, the
polarization reversal is independent of the programming pulse
width. In general, conducting oxide electrodes and ferroelectric
films possess smaller work function difference [14] because the
work function of Pt is very high. The formation of interfacial
layer with low dielectric constant at a LNO/ferroelectric inter-
face [22] also reduces the width of depletion region through
the formula [21]. These possibly lead to insignificant Schottky
effect (smaller slow-switching region) for LNO/PZT compared
to the Pt/PZT interface.

Based on this understanding, we propose that the
slow-switching effect is mainly caused by band bending from
the Schottky built-in potential at the electrode/ferroelectric
interface. In a ferroelectric capacitor, the ferroelectric is not an
ideal insulator but displays some semiconductor properties of
n-type resulting from the electron donors of oxygen vacancies.
As a result, a Schottky barrier, resulting from the migration of
electrons from the ferroelectric film to the electrode due to the
work function difference, exists at the metal electrode/ferro-
electric interface [15], [17]-[20]. Since the speed of domain
reversal decreases at low electric field [12], the local electric
field formed by Schottky built-in potential should increase the
polarization switching time. The energy band structure and the
corresponding electric field distribution within the PZT film are
illustrated in Fig. 9. The PZT film is divided into three regions
designated as F;,F5, and F3 and is pre-polarized toward the
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Fig. 10. Schematic band diagram and the corresponding electric field
distribution at V' > V. in an asymmetric LNO/PZT/Pt ferroelectric capacitor.
(a) The LNO electrode is driven negatively (or platinum electrode is driven
positively) and the electric field in a large portion of F3 is still below E..
(b) The LNO electrode is driven positively and no region is below E..

right direction. At V. = 0 [Fig. 9(a)], the F; part suffers a
built-in electric field against its original direction, and therefore
the polarization in F; is slightly reversed. When the applied
voltage (V) increases to the coercive voltage (V.) [Fig. 9(b)],
the electric field in most of the PZT film including F5 and F;
is low. Therefore, the speed of domain reversal slows down,
and the switching current at the coercive voltage at ¢t = 10 ms
is at its maximum [Fig. 6]. When the applied voltage further
increases to V' > V. [Fig. 9(c)], the switching speed in F,
region is fast hereafter, and the component for slow-switching is
contributed only by part of F'3. The switching current therefore
decreases with voltage from 1.5 V to 4 V as observed in Fig. 6.

Note that the LNO electrode has no impact at negative
program voltage [Fig. 8], since in this case the Schottky bar-
rier at Pt/PZT interface still makes F'3 region slow-switching
[Fig. 10(a)]. However, the slow-switching region is smaller
or eliminated as the LNO electrode is driven positively
[Fig. 10(b)]. Actually, any other factors responsible for
slow-switching at the electrode/ferroelectric interface are pos-
sible. Among them, we believe that the formation of Schottky
potential plays a major role for the slow-switching due to the
significant improvement by LNO electrode. Here, since the
Schottky potential builds up a depletion region following the
formula [21], several hundred angstroms in F; and F3 can
be roughly estimated by parameters of a typical PZT film.
Accordingly, the depletion width can be reduced through three
ways: 1) small dielectric constant of a ferroelectric capacitor;
2) high doping concentration in a ferroelectric capacitor; and
3) low Schottky potential barrier at interface. It is our next
work to provide quantitative calculations by incorporating
slow-switching components in a PZT ferroelectric capacitor
and then considering the effect of electric field distribution on
the switching behavior.

The switching behavior at different temperature is also inves-
tigated. Fig. 11 shows the slow-switching effect becomes more
serious at higher temperatures, and Fig. 12 also shows that the



TSAI et al.: MECHANISM FOR SLOW SWITCHING EFFECT IN ADVANCED LOW-VOLTAGE, HIGH-SPEED Pb(Zr; _« Tix )O3 FERROELECTRIC MEMORY 221

25

Vmea=3'V
V=3V

prog

20

15t _o°® a7 mT=5C |
AT ® T=75C
A °
A T=125C
10 , , ;
107 10° 10° 10" 10
Programming pulse width (sec.)

Polarization (WC/cm?)
\
[y
»

Fig. 11. Effect of programming pulsewidth on switching polarization at
different operation temperatures.

6
2 107F <. A -1.5V
£
< 107}
~—
S 8 o,
£ 10%F = T=25C
= A T=125C
© 10° Lew :

10° 107 10"

Programming pulse width (sec.)

Fig. 12. Impact of operation temperature on the transient polarization
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transient switching current increases with higher temperature.
At elevated temperature, the dielectric constant of the PZT is
expected to increase [18], and the interface region (F'3 in Fig. 9)
induced by the Schottky built-in potential should be enlarged
accordingly [21]. The enlarged interface region at high tem-
perature thus leads to larger transient current and worse slow-
switching effect.

The slow-switching effect can also be expected when the
reading pulsewidth is shortened (Fig. 13). The read transient
current shows nearly identical dependence with the program
transient current. This is because the sensed polarization
charges (integrated from the I-t curve) also increase with
longer reading pulse width. Since the read operation of 1T/1C
FeRAM is destructive and is the inverse of program operation,
slow-switching in the read operation may in the same way
deteriorate the amount of sensed polarization charges and the
resulting sensing margin. Thus the slow-switching will affect
both programming and reading speed.

Fig. 14 illustrates the roles of slow-switching and fast
switching components (shorter than 50 ns) through the pro-
gramming time range. During high-speed writing and reading,
only the polarization charges with fast switching characteristics
can contribute to the sensing window of FeERAM. The reduction
of Schottky built-in potential not only is beneficial to remove
the slow-switching component for low-voltage and high-speed
applications but also is effective in suppressing the decrease
of remanent polarization and the increase of coercive electric
filed caused by an aggressive thickness-scaled ferroelectric
capacitor [17], [18].
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Fig. 13. (a) Plot of transient switching current versus reading pulsewidth with

various programming pulse width. (b) Pulse sequence for the measurement of
transient switching current.
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Fig. 14. Schematic diagram of the programming pulsewidth dependence
on the switching polarization charge. Slow-switching and fast-switching
components are identified. The time range for circuit operation is also noted.

IV. CONCLUSION

A slow-switching model induced by the Schottky built-in po-
tential is proposed. This built-in potential reduces the local elec-
tric field and thus slows down the switching speed of domain
reversal. The Schottky potential effect is evident in the polarity
dependence of LNO/PZT/Pt structure and in the temperature
dependence of slow-switching effect. To minimize the slow-
switching effect in low-voltage and high-speed operation, elec-
trodes with low Schottky barrier to PZT film is recommended.
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