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Lifetime estimation due to imprint failure in ferroelectric SrBi > Ta,0Og
thin films
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Two different failure modes for a ferroelectric memory cell caused by imprint, the read failure due
to the loss of polarization, and the write failure due to the shift of the hysteresis loop are
investigated. The quasistatic hysteresis loop allows us to distinguish which failure mode is
dominating in a ferroelectric random access memory application and, hence, it can also be used as
a powerful tool for lifetime estimation of ferroelectric thin films limited by imprint failure under
operating conditions. The experimental results show that the write failure is only decisive for very
low voltage operation\{,<1.25V), whereas for the Pt/SrHia,Og /Pt under investigation the read
failure is the dominant failure mode for operating voltages exceeding 1.25 V20@ American
Institute of Physicg.S0003-695(000)02503-1

SrBi,Ta,0y (SBT!2 and Plzr,Ti) O; (PZT* thin  procedures provided by the aixACCT Analyzer can be found
films are promising candidates for the use as ferroelectrielsewherg?®8
materials in nonvolatile ferroelectric random access memo- In Fig. 1(a) the operation principle of a FeRAM cell is
ries (FeRAMS. Besides fatigue and retention failure, imprint sketched. The two logic states can be assigned to the two
failure is one of the important failure mechanisms for these?PPOsite orientations of remanent polarization. To read out
ferroelectric thin films. In general, two different mechanismsthe stored information a voltage pulsé) is applied to the
are discussed in the literature to explain the imprint effect if€TO€l€ctric capacitor, which drives the capacitor into the

ferroelectric materials, the alignment of defect dipctésr ppsitive saturatior] P(V)]. The sense amplifier us_,es.the
. . .. _difference betweenAP and a threshold polarization
the trapping of charges near the electrode thin film

interface>’ Imprint affects the ferroelectric behavior of the gﬁvﬁéhﬁfg gtc;:;tilr;gu;stgrggtx\ge”e Srthf,,s)WItChmg and the non-
thin films in two ways. On the one hand, a shift of the ferro- o

electric hysteresis loop on the voltage axis is observed and, Ap_— AP, .= 0= switching case (1)
on the other hand, imprint also leads to a loss of remanent
polarization. Hence, imprint can lead to two different failure AP, AP < 0=nonswitching case. 2

modes of a memory cell. First, the voltage shift might be-
come too large so that the programming voltage cannot
switch the ferroelectric capacitdwrite failure). Second, if
the loss of polarization is dominant the sense amplifier can-
not distinguish between the two logic statgsad failure.
Many groups have reported imprint investigations on PZT
and SBT thin films in the past by either evaluating the volt-
age shift or asymmetries in the pulse respchséFrom a (@
device point of view, it is most important to provide a
method to estimate the lifetime of a ferroelectric capacitor
limited by imprint under operating conditions. Hence, the
guestion arises, which one of the two imprint effegisite

or read failurg is dominating and leads to a cell failure and,
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more important, what is the precise criterion for cell failure? / Ve
Thus, the aim of this work is to evaluate the time depen-

dence of both the voltage shift and the loss of polarization. (b)

Based on this analysis is a precise criterion for cell failure is Voltage

defined and a tool for lifetime extrapolation is presentedgig, 1. (g Hysteresis loop of a virgin ferroelectric capacitor showing the

Details about the sample preparation and the measuremelntation of the coercive voltagevg, ,V._) and of the relaxed remanent
polarization @ ,P-); introduction of the threshold polarization

(APyre9 and of the change of polarization in the switching and nonswitch-

dAuthor to whom correspondence should be addressed; electronic maiing case APg,AP,J. (b) Hysteresis loop of a capacitor after imprint treat-
grossmann@iwe.rwth-aachen.de ment (150 °C 100000 s, 2 V bias
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FIG. 2. Quasistatic hysteresis loo5 °C) with varying driving voltage -2 I
(SBT, 190 nn. &
E
8 37 B
For a symmetrical initial hysteresis loop the threshold (5)_
polarization is equal to the polarization value at the program- =—-T;_4_,
ming voltageAP,es= P (V). o BS OCJ
Notice thatAPs and AP, are determined by the differ- -5 1(1)0 550 70000 100000
iati initial
ence betweer?(V,) and therelaxedvalues of polarization (b) Elapsed time [sec]

(Prelr @and P.2). These relaxed values of polarization are
smaller tha.n the dyr!amlca”y measured ones, I'e." O.btamelglG. 3. Time dependence of imprint as a function of the applied l§@s:
under continuous triangulaf100 H2 voltage excitation. linear time dependendgog scalg of the voltage shift ¥/ ). (b) Nonlin-
However, for the device operation this relaxation has to bear time dependence of the loss of relaxed polarizatRg)( (SBT, 190
taken into account Figure Xb) shows an hysteresis loop of nm.
an SBT capacitor after imprint treatme(i50 °C at+2 V
bias for 100 000 s Establishing gositivepolarization leads time dependence of the voltage shift is plotted for different
to a loss of thenegativerelaxed polarizatiorP,— and, ad- applied biases during an imprint treatment. In good approxi-
ditionally, to a shift of the hysteresis loop to the left. The mation a linear dependence is obtained on a log scale.
value of P, even changed its sign. In that case the loss oHence, the lifetime of the ferroelectric limited by the write
the remanent relaxed polarizatiéh, - would lead to a read failure can be easily estimated by extrapolating this linear
failure of the memory cell. Based on these considerationsiiependence of the voltage shif {4 to the failure crite-
the following criteria for the read and the write failure can berion V,—V,. However, for the read failure no linear de-
defined.(i) The read failure occurs when the sense amplifiependence for the polarization loss versus time is observed
cannot distinguish between the different polarization stateFig. 3b)]. Hence, the extrapolation for the read failure
This happens when one relaxed remanent polarizatioseems to be more difficult. A careful evaluation, however,
(Prelr» Prei-) drops to zero. Hence, the failure criterion for reveals a correlation between the loss of polarization and the
the read failure can be defined as the point when the loss afoltage shift. Plotting the relaxed values of polarization
polarization equals the value of the relaxed polarizatior] P(t)] versus the corresponding values of the voltage shift
states of the initial hysteresis logfii.) On the other hand, the with reversed sign —V, qix(t)] reveals a correlation of
write failure occurs when the ferroelectric capacitor cannothese two effects in a way th@(t) vs —V, gnir(t) lie
be switched sufficiently to the opposite polarization state. Towithin the dynamically measured hysteresis loop. Taking the
switch a ferroelectric, a sufficiently high voltay,, has to  quasistatic hysteresis lobpinto account one finds that
be applied so that the resulting remanent polarizaBeuis Prel(t) vs =V qnir(t) fit very well on the quasistatic hyster-
high enough to meet the circuit design requirements. In thesis loop[Fig. 4(a)]. This correlation becomes clearer by the
case of SBTV,,, amounts to approximately 1 VFig. 2).  following considerations: the relaxed values of polarization
Hence, the failure point due to the write failure depends orare the starting points of the dynamic hysteresis Ifi6ig.
the difference between the minimum required voltagg;() 4(b)]. In good approximation the imprint treatment causes
of the thin film material and the programming voltagé,Y  the same shift V. ¢nir) Of the dynamic as well as of the
of the memory device. If the voltage shifY/{ i) exceeds quasistatic hysteresis loop. But still, after the imprint treat-
the difference betweew|, andV,, the ferroelectric capaci- ment the starting points of the shifted dynamic loop fit on the
tor cannot be switched sufficiently, resulting in a write fail- shifted quasistatic loof=ig. 4(b)]. Hence, plottingP,¢(t) vs
ure. Hence, the precise failure criterion for the write failure — V. 4hi¢(t) reveals the static hysteresis loop.
can be defined as the point when the voltage sNft ) Now, with this correlation each value of the loss of po-
equals the difference between the programming voltage darization can be assigned to a certain voltage shift and thus
the memory cell and the minimum required voltagé,( the nonlinear time dependence of the polarization loss can be
—Vmin) Of the ferroelectric capacitor. transformed to the linear time dependence of the voltage
Since the failure criteria are defined, a lifetime estima-shift (in log scal¢. Most important, the failure criterion for
tion due to imprint failure can be obtained by the analysis ofthe read failure P, drops to zerpcan be redefined by trans-
the time dependence of these two effects and an extrapol#erming the loss of polarization to the corresponding voltage

tion to the required lifetime of the device. In Fig@Bthe  shift: the relaxed value of polarization drops to zero when
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frd FIG. 5. Lifetime extrapolation at 85 °C fot P, established and for severe
£ stress conditior(unipolar rectangular voltage excitatioWye,=3 V, 100
°Q kHz) reveal lifetimes of well over ten yeafSBT, 190 nm.
o : . . .
= tric which emulates a permanent read and write without
€ changing the polarization state. In Fig. 5 it can be seen that
= A for both cases, even for unipolar stress, a lifetime of well
© static loop . .
N _ 1 over ten years is estimated.
P dynamic loop To summarize, the results presented above show that
© both failure modes, the read and the write failure, can affect
o ‘ ; : fetati ;
0 the FeRAM operation. With the quasistatic hysteresis loop a
(b) Voltage [V]

tool is provided to estimate the dominance of each failure
FIG. 4. (a) Virgin dynamic (100 H2 and quasistatic hysteregielaxation mOde over the cher and to estimate the lifetime (_)f th? de-
time: 1 9 loop at 200 °C; symbolBP ¢(t) vs — V. ¢(t)] measured during ~ Vice. For operation voltages/(,>1.25V) the read failure is
imprint treatment(200 °C, +2 V) fit very well on the virgin quasistatic  found to be decisive. That means that at the preSevi Si
hysteore5|s Ioop._(b) Imprinted dynamic and quasistatic hysteresis loop logic levels, imprint will limit the read operation but in the
(200 °Q both shifted by ¢ to the left(SBT, 1990 nm. . . . . . . .
’ 1.1 V Si chips anticipated in the near future, imprint will

) ) ) decisively affect write operations. Lifetime extrapolation at
the corresppndmg voltage _Sh'ft equals the coercive voltaggs o reveals a lifetime of the device of well over ten years
of the quasistatic hysteresis loop. Thus, the lifetime of th&en under severe unipolar voltage excitation stress.
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