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Leakage current mechanisms in lead-based thin-film ferroelectric capacitors
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Current-voltage [-V) behaviors of P{Zr, Ti)Os-based capacitors witti.a, S CoQ; electrodes were studied
to investigate the dominant leakage mechanism. Epitdkia|SyCoO;/Ph(Zr, Ti)O3/(La,SpCo0; capacitors
were fabricated to simplify the analysis and eliminate any effects of granularityl-NMheharacteristics were
almost symmetric and temperature dependent with a positive temperature coefficient. The leakage current at
low fields (<0.5 V or 10 kV/cm) shows Ohmic behavior with a slope of nearly 1 and is nonlinear at higher
voltages and temperatures. Further analysis suggests that at higher fields and temperatures, bulk-limited field-
enhanced thermal ionization of trapped carrigns., Poole-Frenkel emissipiis the controlling mechanism.
The activation energies calculated for the films are in the range 0.5—-0.6 eV. These energies are compatible with
Ti** ion acting as the Poole-Frenkel centd$0163-182(09)01124-9

INTRODUCTION unambiguous and quantitative studies on ferroelectric thin
films addressing this issue. There are several studies of leak-
Ferroelectric thin films are well recognized as capacitorage in perovskite-type titanate thin films including
materials in nonvolatile and dynamic random access memor{Ba,SyTiOs, SrTiO; and PiiZr, Ti)Oj thin films2~** Studies
(RAM) applications. Leakage current through thin dielectricon PYPZT/Pt structures reported Schottky emission with a
films is usually unavoidable and its magnitude and mechabarrier potential of 1.41 e¥%~* There are very few studies
nism depend on the material parameters, fabrication procén the oxide-electrode/PZT interface, which comprehen-
dure, and testing conditions. Unlike in dynamic RAM'’s, Sively address leakage current mechanisms in such capaci-
leakage current is not of serious concern in nonvolatilelors. Since, it is most likely that oxide electrodes will be used
RAM’s, though a low leakage current is still one of the de-to contact PZT-based ferroelectric capacitors, it is imperative
sirable qualities. This is because leakage currents can impaltat an exhaustive understanding be developed. Such an un-
the long-term reliability of storage elements. However, leak-derstanding would also enable one to model and predict the
age currents can also be used as a scientific tool to undepehavior of these interfaces. In this paper, we report on the
stand the basic properties of the capacitor. A systematiteakage current mechanisshin LSCO/PZT/LSCO capaci-
study of the mechanism of conduction can provide a wealtfiors. The correlation between the degradation of ferroelectric
of information regarding interface and bulk space charge¢apacitors and their leakage current mechanisms will be dis-
This knowledge in turn can be invaluable in understandingcussed in future publications.
device-related reliability issues such as imprint, fatigue, po-
larization relaxation, resistance degradation, and breakdown. DEFECT CHEMISTRY
Fatigue is the loss of polarization due to bipolar cycling of
the capacitor, and imprint is the preference of a ferroelectricf_ S
capacitor for one polarization stat@here is limited under-

In order to develop a comprehensive understanding of the
CO/PZT interface one needs to consider the point defects
standing of fatigue in PUREr,Ti)O,/Pt (PUPZT/P} hetero- " (e two materials, LSCO and PZT. Both materials have

gerovskne—type structures, and are built around an oxygen

structures, with considerable disagreement regarding th tahedron. A h th n be expected to have similar
degradation mechanism. For example, fatigue has been a?-c anedron. As suc €y can be expected to have simiia

tributed to domain pinnirfyor space charge.However, ypes of defects._For example, interstitial cationic defects are
when Pt electrodes are replaced by oxide electrodes such Egown r_10t to .eX'St mégese types of structures, as de_mon-
RuO,, SrRuQ and (La,SHCoO; (LSCO), the capacitors strated in earlier s'gudl .Therefore only oxygen vacancies
show excellent fatigue and imprint propertfesit has been and cation vacancies need to be considered. \%‘zéjxyge” va-
proposed that oxide electrodes act as sinks for oxygen vacafidncy will ionize to give two electrons as follows:
cjes, thereby elimingting fatigug. Unfortungtely, there is no (0P =) =120,+ (Vo)™ + 26 (1)
rigorous understanding of the differences in the Pt/PZT and
LSCO/PZT interfaces. We believe these interfaces are reFhe above reaction uses the I§es-Vink notatior?® wherein
sponsible for the observed differences in the behavior of th¢he structural element is represented 8s)€, whereSis the
capacitors. This study is part of an effort undertaken to rig-speciesP is the crystallographic position amds the charge;
orously understand the LSCO/PZT interface with an endk is for neutral, the prime implies a negative charge, and
goal of correlating the leakage current mecharigro the  implies a positive charge. Since, LSCO and PZT are both
degradation mechanisms of LSCO/PZT/LSCO capacitors. p-type materials, i.e., holes are the majority electronic carri-
The correlation between trap states and electrical propeers, the electrons can recombine with the holes, né.,
ties has been extensively studied in §i@hich is a tradi- =e’+h". To summarize, oxygen vacancies decrease the
tional dielectric materiai=*! In contrast, there are very few number of holes as follows, as is observed in these systems:
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2h"+ (0% 2-)*=30,+ (Vg2-)™". 2) o ' ' e
b | - b
- -
Furthermore in PZT there are lead and oxygen vacancies due = | |
to PbO volatility, created via the Schottky reacfiorf [ i pm A A 1
g (5 ]2 N
(P pi)*+[ (0% 02-)*]= (Vpip+)" + [ (V2-) "]+ PbO. R sco S
g e _ 1
- 0 6 120 180 240 300 360
Also, P ions can oxidize to PY, thereby creating a lead S S ¢ (degren) S g
site vacancy for every two oxidized Pb ions, as shown & | S i
below3! N
3(PB o)+ Op=(Vpz+)" + 2(PB* piz+) "+ 2PbO. L_ . R s :
(4) 20 25 30 35 40 45 50

20 (degrees)
The oxidized PB" ions are singly positively charged holes '
compared with the neutral lattice. These mobile holes would FIG. 1. X-ray-diffraction pattern for LSCO/PZT300 nm/
lead to a lowering of the electrical resistivity of the film and LSCO heterostructures. Inset showsscans for LSCO and PZT
to poor ferroelectric performance of the devices. Finally,showing in-plane orientational symmetry.
some of the Ti" ions can be present in the®Tistate due to EXPERIMENTS
oxygen loss, shown as

PZT capacitors with LSCO electrodes were fabricated to

2(Ti* 1) + [ (0% 2-)¥]=2(Ti% ia+) " +[(Voz-)"'] investigf_:lte the_ I_eakage current mechanism. Epitaxial
PbZr, ,Tig 05 thin-film capacitors with LgsSr, sCoO; elec-
+30,. (5)  trodes were grown at a temperature of 650 °C (601)

LaAlO5 substrates by pulsed laser ablation. The thin-film ca-
All these defects need to be considered when analyzing theacitor stacks were grown in an oxygen pressure of 100
interfacial and transport behavior of these materials, and amn Torr, and after deposition cooled in 760-Torr oxygen. The
considered in our analysis of the current-voltage mechathickness of the PZT films was varied between 1200 to 3600
nisms. Furthermore, in polycrystalline materials, grainA (in steps of 600 A and the thickness of the LSCO elec-
boundaries can increase defect concentrations, as demotmedes was fixed at 1000 A. To investigate the effect of dop-
strated in other materiaf$.In PZT films this may give rise to  ants, epitaxial PigLag 1Zr sTiosOs (~2000A) capacitors
a distribution of energy states throughout its band gap, thugith LSCO electrodes were also fabricated. The phase purity
altering the band structure. To simplify our analysis andof each of the stacks was confirmed by using x-ray diffrac-
eliminate any granularity effects, we worked with epitaxial tion. Figure 1 shows the x-ray-diffraction spectrum for a

ferroelectric capacitors in this study. 300-nm PZT film with LSCO electrodes. Note that strong
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FIG. 2. (a) I-V-T plots for a typical LSCO/PZT/LSCO capacitor showing nonlinea¥ characteristics and a positive temperature
coefficient of the curreni(b) o-VY%T plot (o plotted on logarithmic scajdor a typical LSCO/PZT/LSCO capacitor showing linear trend
at fields higher than fov/cm.
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(00) reflections for LSCO and PZT are observed, along I
with smaller (100 reflections of PZT corresponding to a y v 7 M . . E
minor fraction of a-axis domains. The inset shows the 04l -~ . o o ¢ ° . ]
scans for the LSCO and PZT01) reflection. The four peaks [ *~— 4 A A &4 4 ]
separated by 90° indicate locking of in-plane orientational g 45t A \.\0 * ° ]
symmetry and cube on cube growth of the film. For electrical = * E
measurements, test capacitors with Pt dots ofuB0-diam- E el . ]
eter on the LSCO top electrodes were delineated by a pho- = - "
tolithographic lift-off process, followed by etching the un- 3 107 . " - ]
covered top LSCO layer by nitric acid. Contact to the bottom 2 . "
electrode was achieved by capacitive coupling from a large S o s . " ]
Pt contact on the wafer. F B 20°C e 150°C 4 250°C & 300°C v 350°C]
For all samples, polarization-voltagé’{V) loops were ool —v v . ]
measured using Radiant Technologies pulsed testing system 10 8 20 25 80 85
(RT66A). The leakage current through the capacitors were (VOLTAGE)™ (v")

measured using Keithley 617 programmable electrometer 12 . .
over a temperature range of 300—600 K. The ferroelectric FIG. 3. oV T plot for a typical LSCO/PZT/LSCO capacitor

capacitor was switched by increasing the applied voltage tgt fields higher than £0//cm.

o .
+10 V before measuring the leakage current from G:tt0 ield range of 16-10F vicm. Beyond 16Vicm, a similar

V. This method was adopted to prevent any contributions' ; ST .
P P y iend is observed for all temperatures indicating one domi-

from switching currents. Further, the steady-state leakag ant leakage mechanism, which we have investigated in this
current was measured through a step voltage technique wi . ’ -
9 P g d study. In this field range, the l-VY? trend is linear as seen

a hold time of 1 min at each step. At each voltage, an aver=_"_: N . X
age of five current readings was taken. Thus the transpo Fig. 2(b), |nd|ca_t|ng the possibility of either Schottky or
oole-Frenkel emission.

behavior in these capacitors cannot be attributed to domai o . L. . .
b Current transport in dielectric thin films at high fields and

rocesses involving either 90° or 180° domains. 90° domain . : . > <
P g fc'emperatures is usually determined to be interface limited

are believed to be immobile during switching, while the D -
switching of 180° domains leads to a switching transientSChOttky emission ~or bulk-limited Poole-Frenkel

iecinnll-15,34 fecinn i . B
current of a duration much shorter than the hold time used iﬁ:mlssmrﬁ . fSch(?[Ltky errtnslsmnf IS Vl?r)t/ err:lllar to therm|.th
this experimentl min). Since our measurements are carriedOnc eMmission from the metal surface into the vacuum, wi
out under steady-state conditions, we believe that the cwl—he following difference. In the case of Schottky emission,

rents measured in our experiments are primarily due to théhe dcar:!ersbareden;ltthed f“”T‘ th% elttactroq((ja Zuga(t:ﬁ w;)to t_he
transport of charged species. conduction band of the semiconductor, aided by the barrier

lowering produced by the combined effect of the image force
interaction and the applied field. The current-voltage rela-
RESULTS AND DISCUSSION tionship for the Schottky emission is given®fy

A number of conduction mechanisms are possible through J=A*T?exp— (O — BsVY?)/KT, (6)
thin insulating films depending on the microstructure, tem- 3 U2 nx s .
perature, thickness, and interelectrode barrier. More than o here3s=(q /47780Kd.) 'A. Is the .mOd'f'e.d Rlch_ardson—
mechanism can simultaneously operate, or separate mec ushman constantp is the interfacial barrier height and
nisms can dominate at different conditions of field and tem
perature. The current-voltage characteristics were nearl
symmetric for all capacitors investigated with respect to volt-
age polarity, as shown in Fig.(@. The current densities
measured a2 V and room temperature, for films Ow@n

V¥2is the lowering of the barrier height due to the image
rce interaction and the applied field. Poole-Frenk@)
mission is the field-assisted thermal ionization of trapped

carriers into the conduction band of the insulator, and the PF

conductivity is given by’

thick, were of the order of I0° A/lcm?. Notice the tempera- o=cexp—(E,— BpVM2)/KT where
ture sensitivity of the conduction, specifically the positive 7
temperature coefficient, in Fig.(&@. This pronounced tem- Bpr= (g3 e Kd)12

perature dependence and exponentig behavior rules out

the possibility of tunneling and space charge limited conduc@nd
tion. Further graphical analysis of the data in Fi¢p)andi- _
cates that the conduction is Ohmic at fields lower than 10 70=Cexp(— & /kT). ®
kV/cm, and nonlinear at higher fields. Ohmic behavior hasE, is the trap ionization energy, angerV? is the barrier
been observed at low fields by other authors as well idowering due to applied field. It can be seen that their func-
(Ba,SHTiO5 SiO,, and TiQ thin films1433-3"However, the tional relationships are similar but with one key difference.
behavior is not very clear in the field range betweehd®d  The barrier lowering coefficienBpg in the case of Poole-
10°Vicm, especially at lower temperatures. Though theFrenkel emission is twice that of the Schottky-barrier lower-
In o-V*2 trend is linear in this range, at altohiV there is an  ing coefficientBs. This is because of the fact that the dis-
increase in slope at lower temperatures, while there is a degance between the escaping electron and the trap site, in the
crease in slope at higher temperatures as shown in Fig. 3. ¢ase of PF emission, is half that between the escaping elec-
appears that more than one mechanism is operating in thteon and the image charge, in the case of Schottky emission.
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The second possibility is that, during the top electrode
deposition, oxygen vacancies accumulate near the interface
making it ann-type region, in which case a Schottky barrier
of height equal to the difference between the work functions
of LSCO, andn-type PZT will be formed. This is how one

Prior to analyzing the experimental data for the type ofcan explain the additional formation of a Schottky barrier in
emission, we examined the possibility of formation of aPt/PZT/Pt capacitors. However, irrespective of the type of
Schottky barrier, considering a simple band diagram of thd®ZT near the interface, any interface states present, depend-
material systems used in this investigation. A Schottky baring on the magnitude and nature, can have a deciding role on
rier is possible with am-type semiconductor, if the work the barrier formation.
function of metal®d, is greater than the work function of In case there are ionized oxygen vacancies formed at the
semiconductor® . while it is reverse for a-type semicon- interface, there will be free electrons making the interface
ductor (@.>®,,). The work function of LSCO is 4.6 e¥2  type [see the defect chemistry equati¢h], which could
The work function of undoped PZ™py is 3.5 eV# and  then lead to a Schottky-type contact. Therefore, to investi-
the band gap of PZT is about 3.5 &¥If one treats PZT as gate further the possibility of a Schottky-type contact, the
a wide-band-gap semiconductor, then depending on the n&xperimental data were analyzed as explained below. The
ture of PZT(viz. p or ntype), a Schottky barrier may or may distinction between Schottky and Poole-Frenkel emission is
not be formed. These scenarios are discussed below. based on whether the effect is electrode or bulk dominated,

Undoped PZT is reported to exhilpttype conductivity, —along with the respective activation energies that can be re-
which is attributed to lead vacancies in the PZT unit ¢&ll. lated to the difference in work function between the elec-
There is some scatter in the work-function data for PzZTtrode material and the dielectric or possible traps in the di-
(2.6—4.4 eV and for LSCO[4.2 eV (Ref. 5 to 4.6 eV(Ref.  electric. The high-frequency dielectric constant obtained
40)] reported in the literature. If one believes the work func-from the slope of Schottky or Poole-Frenkel plots can also
tion for PZT to be 2.6 eV(Ref. 3D or 3.5 eV, which are less indicate the possible mechanisfh.Though the current-
than that of LSCO(4.6 eV), holes can flow from LSCO to Vvoltage data gave a linear fit to both Schottky and PF plots,
PZT, leading to accumulation, i.e., no Schottky barrier will the right order of the high-frequency dielectric constant of
be formed. If the work function for PZT is larger than 4.6 about 7 was obtained for all the films studied only from PF
eV, then a depletion layer will be formed. Figure 4 showsslopes. The high-frequency dielectric constamt?)( of
energy-band diagrams pftype PZT with a work function of  (Pb,LaTiO; and BaTiQ films atA=0.4um is about 6.5
4.4 eV, and LSCO with a work function of 4.2 eV before and Assuming PZT to have a similar value, the experimentally
after contact. As such, holes would flow from PZT to LSCO, obtained value of about 7 indicates that the observed conduc-
and a depletion layer is formed at the interface that rectifiesion mechanism is Poole-Frenkel emission.
holes[Fig. 4b)]. The same argument would hold true for Pt  The |-V measurements for PZT films of various thick-
electrodes $p=5.3eV) with PZT (when considering elec- nesses show a linear voltage-thickness dependence for a cer-
tron exchangeand as such one would not expect a Schottkytain current as shown in Fig. 5. This indicates that the field
barrier. We note that several investigators have attributed thetrength is uniform throughout the film, and that the current
|-V characteristics of Pt/PZT/Pt to a Schottky-type contactdepends on voltage and film thickness only through the elec-
Therefore it would be premature to disregard the possibilitytric field. Further, the voltage at which the linear trend in
of Schottky contact in the LSCO/PZT/LSCO case at thisIn o-V*¥2 plot starts reduces as the temperature is increased,
stage. as can be seen in Fig. 3. These observations verify that the

(b) after contact

FIG. 4. Band diagram of LSCO/PZ{p type) assuming an ideal
interface.
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103 T T - . : 1 " 3 centers in the high-temperature, high-field region. The ion-
i ] ization energy of T to Ti** is estimated to be-0.5 eV for
PZT2 This indicates that Ti ions act as Poole-Frenkel cen-

1074 _ o 3 ters, and give rise to PF emission as follo\gse Eq.(4)]:
B A Ti* =Ti¥* +h". (9)
—~ 1S . 5 The released holes give rise to PF conduction.
g o . SUMMARY
;; 0 F @ . 3 The study of the leakage current mechanism through PZT

and PLZT capacitors shows that the conduction is Ohmic at
low fields. At higher fields and temperaturésy plots are

o'E @ pzT R . 3 nonlinear and nearly symmetric. ThedAv'’2 plots at high
A pLZT A ] temperatures and fields are linear, their slope yielding a
R value of 7 for the dielectric constant of PZT and PLZT films.
108 : ' . L — This indicates that the mechanism of conduction could be the
' 20 28 80 85 bulk-limited Poole-Frenkel emission at high fields and tem-
1000/T (K™) peratures. The fact that the electric field is uniform in the

ferroelectric film and that both temperature and field activate
FIG. 6. 0o-1/T plots for PZT and PLZT capacitors with LSCO the current further confirms the mechanism to be Poole-
electrodes. Frenkel emission. The trap ionization energies calculated
from the slope of Iro-1/T plots, are in the range 0.5-0.6 eV
emission is field and temperature activated, which are thegr pzT and PLZT capacitors. This suggests that the same
characteristics of Poole-Frenkel emission. trap center acts as the Poole-Frenkel center in both PZT and
The ionization energy of the traps obtained from the slopep 7T films. The fact that the ionization energy of*Tito
Of In 0'0'1/T pIOtS (F|g 6) are in the range Of 0.5-0.6 eV for '|'i3Jr is ~0.5 eV Suggests thatAm Cou|d be the possib'e PF
PZT and(Pb,LaZrTiO3 capacitors. Note that the trap ioniza- center. The absence of a space-charge region at the interface

tion energy in both ferroelectric films is similar, suggestingcould be the reason for good fatigue and imprint character-
that the trap center is common to them. This implies that Lastics in these capacitors.

doping does not influence the leakage mechanism in PZT-

based capacitors. Though not shown here, Nb doping also ACKNOWLEDGMENTS

does not influence the trap activation energy. In PZT, there
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