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We report on a measurement procedure to separate ferroelectric switching current and dielectric
displacement current from the leakage current in leaky ferroelectric thin-film capacitor structures.
The ac current response is determined for two adjacent frequencies. Taking advantage of the
different frequency dependencies of the ferroelectric switching current, dielectric displacement
current and ohmic current, the hysteresis loop is calculated without performing a static leakage
current measurement, which causes a high dc field stress to the sample. The applicability of the
proposed measurement procedure is demonstrated on aBt/PiBO,/IrO, ferroelectric capacitor
revealing a high leakage current. 2005 American Institute of Physid®Ol: 10.1063/1.1897425

Over the past 15years, ferroelectrics such agoints, several minutes are required to measure thie-dc
PbZrTi,_,O5 (PZT) or SrBi,Ta,Og (SBT) have been inten- characteristic. In some cases, the sample cannot withstand
sively studied in view of their suitability as dielectrics for the continuous dc field stress, and the characteristic of the
future nonvolatile high integ%rated random access memorgapacitor will change during the static leakage current mea-
thin-film capacitoryFeRAM).” Key material parameters for surement, e.g., due to resistance degradation. Since this ten-
memory applications are the remnant polarizafiyrand the  dency increases with reduced sample thickness, the charac-
coercive voltage/c or the coercive fieldE.. Since the rem- terization of ultrathin ferroelectric films is a tough business.
nant polarization directly correlates with the amount ofIn view of the continuous trend to miniaturization, an in-
charge that can be detected during the read operation of thigease of leakage current originating from a contamination of
memory cell, high values are desired for memory applicathe edges of the cell capacitor during the proceSsimgight
tions. The coercive voltage is closely linked with the operat-also complicate the material characterization.
ing voltage of the storage element. In an ideal system, We propose a measurement principle, further denoted as
determines the voltage that is needed to switch the polarizalynamic leakage current compensati@iCC) for leakage
tion inside the ferroelectric thin film. In real materials, the current compensation without dc stressing the sample. The
operating voltage might be twice the coercive voltage, sinc&ey idea concerns the utilization of different frequency de-

a voltage higher thaW, is required to switch the polariza- pendencies of the dielectric, the ferroelectric and the ohmic
tion completely and a low interface layer may reduce the contribution to the total current that allows an elimination of
field inside the ferroelectric layérBoth values can be ob- the leakage current on the basis of two ac current measure-
tained from the hysteresis cur¢B—V characteristicof the ~ ments performed at adjacent frequencies. First, the principle
ferroelectric capacitor. For a loss-free ferroelectric capacitorof DLCC will be discussed for a ferroelectric model capaci-
the hysteresis loop can be acquired by an integration over tHer. Subsequently, the concept will be applied to real data
displacement current passing through the capacitor. In corpbtained for a PZT capacitor. At a given frequency, the elec-
trast, real ferroelectric capacitors show a leakage current itrical behavior of the ferroelectric capacitor might be repre-
addition that superposes the displacement current and thaented by an equivalent electric circuit consisting of a paral-
can affect the shape of the hysteresis cinde integration  lel association of a passive resistive and a passive capacitive
of the monitored current may then result in a nonphysicaelement in parallel with a time invariant voltage controlled
increase of remnant polarization and coercive field. charge source serving for the displacement current in case of

Graphica‘f as well as numerical methoteave been re- ferroelectric switching. In good approximation, we assume
ported to eliminate the leakage contribution from the currenthe resistive elemerR only to depend on the applied voltage
response. A common method is to monitor and to withdrawVex A significant frequency dependent@v) is not consid-
the static leakage current from the dynamic currentered.R is then given by
measurementHere, the voltage is changed stepwise and the
dc current is recorded. This measurement procedure has to be R=f(Vgy) # f(w) (1)
repeated for each data point, whereby the duration of a volt- .

. o and the current through the resistgramounts to
age step mainly depends on the relaxation time of the tran-
sient signal response and on the required resolution of the
monitored current. A typical duration for a voltage step isin = j = -2 % f(y). 2)
the order of seconds. Depending on the number of data

The capacitive elemer@ might also show a voltage depen-
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FIG. 1. Frequency dependent current response of an idealized ferroelectrigG. 2. Current response in reply to a triangle voltage excitation of a leaky
capacitor(simulation. Since the time integral over the current peak corre- ferroelectric thin-film capacitofdashed ling at 100 Hz and compensated

sponds to the polarization charg® and the time window, in which the  current response calculated from the difference of kwi curves obtained
applied voltage is sufficiently high to switch the polarizatibiere between gt 100 and 200 H#full line).

0.5 and 1.5V, reciprocally scales with the frequency, the switching current
has to increase linearly with frequency. Furthermore, a slight increasg of

with frequency is found experimentally. izip+ wig + wig. (8)
Let us now definé\i as the difference between two currents
C=1(Vex- (3 i(wy)-i(w;) obtained for two frequenciess; and w,,
The current passing through the capacitive element can theinereby we assume,> ;. Since the resistive element is
be calculated to assumed to be frequency independent, we obtain a quantity
that contains only the capacitive and the ferroelectric contri-
ic=jwC X Vou* . (4) bution of the signal:
To estimate the frequency dependence of the current initiated A = (w; = ) (i +i). 9

by switching the ferroelectric polarization, we assume thaﬁz
by sweeping the external voltage from,, attg to Vaxatty,

the spontaneous polarizatioRs of the ferroelectric will Ai :(wl)(i?:+ig) = wijic+ w1iF = icomf 1) (10
switch completely. ThenPg might be given by

or w,=2w,, EQ. (9) simplifies to

Here, ic,md ;) denotes the current response that might be

1 (4 obtained for a leakage free capacitor at the frequescy-or
Ps= j igdr, (5 the practical application, both frequencies should be chosen
to close enough to fulfill the assumption made in Eds.and

wherebyir is the ferroelectric displacement current caused®)- For any frequencyw, the leakage current free current
by a switching of the spontaneous polarization Adenotes ~ "esponse is calculated to

the area of the capacitor. Since the time windgwt, recip-

rocally scales with the frequeney of the voltage source, the i comg @) =
switching current has to increase with frequency to kBgp w2~ Wy

constant. The relation betweenandi is illustrated in Fig. A further limitation in the choice of both frequencies has
1. If the shape of the ferroelectric current contribution doesg pe seen in the signal to noise ratio. Good results are ob-
not depend on frequency, the ferroelectric switching curren{ained for 1.2< w,/w;<2. For ;—0, we find the static
reveals a similar frequency dependence as the dielectric di?eakage compensation as shown in Ref. 5.

placement current: To confirm the proposed procedure, measurements are
) carried out on a Pt/PZT/IrQcapacitor structure. In three
IF* . (6) coating steps, PZT films of 150 nm thickness were crystal-
In real ferroelectric thin-film capacitors a weak increase ofliZ€d 0on a platinized silicon substrate by a chemical solution
V¢ with frequency has been obsened? Thus, Eq.(6) has deposition method. After annea]mg at 700 °C for 20 min,
to be regarded as a first order approximation, where the frdfO2 top electrodes of 50 nm thickness were deposited. Fi-

w

[i(wp) ~i(wy)]. 11

quency dependence . is neglected. nally, a postarmealing step_of '700 ‘jC for 5 min was per-
The total current through the capacitor is given by the formed. Electrical characterizations in virtual gr_ound mode
sum of the individual component currents: are performed by the TF ANALYZER 2000 F&ixACCT
Systemi Measurements with triangular waveform and 5 V
iZig+ic(w) +ip(w). ) peak to peak voltage are performed at different frequencies

_ _ o =100 Hz andw;=200 Hz. Results at 100 Hz are illus-
In case of a linear frequency dependenceécgéndir, ic(w)  trated in Fig. 2(dashed ling Beside two current peaks at
might be replaced bj2 X w andig(w) by i2X . Then, the +1V and -1V that can be attributed to the polarization

currenti amounts to reversal, a strong current increase is found at higher voltages.
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60 T L ] then give a quantity nonequal to zero, which directly corre-
| =7-- beforecomp. | .t lates to the size of the gap. The proposed method might
40+ after comp. - ;] therefore be even more interesting, if ferroelectric capacitors
— ] ] with different electrode materials will be studi&t.
E 204 g Summarizing our results, the present contribution ad-
c\:;_ . dresses the problematic of leakage current and leakage cur-
s 0 rent compensation in ferroelectric thin-film capacitor struc-
-.% T tures. It is shown that an ohmic contribution in the current
% 20+ T response of a leaky ferroelectric capacitor has a significant
S 0] A impact on the shape of the hysteresis curve and lead to non-
physical values of the remnant polarization and the coercive
60 | field. It is demonstrated that the proposed measurement pro-
: : : : cedure is an efficient method to drastically reduce the influ-
-8 -4 2 ] 2 4 6 ence of the leakage current without performing a static leak-

Voltage [V] age current measurement.  Simultaneously, short
measurement periods compared to the static leakage com-
FIG. 3. Uncompensated and dynamic leakage current compensated hystgsensation method enable more efficient device testing and
esis curve of a leaky ferroe‘Iectrlc thin-film capacitor. As shown, both rem-.aquce the dc field stress of the sample. This might improve
nant polarization and coercive voltage may not reflect the real ferroelectric . . . . .
behavior of the material in the presence of leakage currents. the certainty of hysteresis data, if the electrical properties are

affected by a static monitoring of leakage current, e.g., by

The respective hysteresis curve calculated from the unco _esll(stance degrtagatlonaThe (iﬁnceplt '?t als;)tﬁppllcaF l%’ i tITe
pensated current response is shown in Figd&hed ling eakage current depends on the polarity ot the applied volt-

By current integration, we obtain a typical hysteresis curve?d€: Which might originate from different work functions of

for a leaky ferroelectric capacitor. In contrast, the compen!OP @nd bottom electrode.
E‘,"‘t‘hed currlfnt respg)nse ddo?s nt?]t obey the curretngw(];ease al The authors are indebted to S. Halder for fruitful discus-
igher voltages observed for the uncompensate a
Fig. 2, solid ling. An integration of the compensated current
is shown in Fig. 3(solid ling). Obviously, the presence _Of a 13, F. ScottThe Physics of Ferroelectric Ceramic Thin Films for Memory
leakage current strongly effeCtS_ bO.th remnant polarIZE}tlon Application, Ferroelectric Review(Grodon and Breach, Amsterdam,
and coercive field. As illustrated in Fig. 3, remnant polariza- 2199&
tion and coercive field seem to be increased in the uncom—'\/lr-1 Gfossmanni 0. gohse, D. Bolten, U. Bottger, and R. Waser, J. Appl.
ensated®—V curve, which is of course a nonphysical inter- ,~hYs- 92 2688(2002.

gretation phy ®H. N. Lee, D. Hesse, N. Zakharov, and U. Gésele, Scie86 2006

: _ _ (2002.
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lation was carried out except the above given procedure. Wewése?rtgerbeh'm G Masure It o F'erroeslgeﬁ:‘1257 (igrgg en R
conclude that for the investigated capacitors, the unclosedg_ ; M. pormans, P. K. Larsen, G. A. C. M. Spierings, J. Dikken, M. J. E.
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tion related phenomenofrelaxation of Pg). A reasonable 8electr. 6, 93(1995.
explanation for this unexpected result might be as follows: J F- Scott, Integr. Ferroelecti2, 71 (1996.
Due to an asymmetry in the contact properties, the |eakage0. Lohse, M. Grossmann, U. Béttger, D. Bolten, and R. Waser, J. Appl.
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