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Electrode contacts on ferroelectric Pb(Zr,Ti, -JO3 and SrBi2Ta209 
thin films and their influence on fatigue properties 
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Mrginia Polytechnic Institute and State University, Department of Materials Science and Engineering, 
Blacksburg, Wrginia 24061-0237 

(Received 1 May 1995; accepted for publication 5 July 1995) 

The degradation (fatigue) of dielectric properties of ferroelectric Pb(Zr,Ti,-,)O, (PZT) and 
SrB&Ta,O, thin films during cycling was investigated. PZT and SrBi2Ta,0g thin films were 
fabricated by metalorganic decomposition and pulsed laser deposition, respectively. Samples with 
electrodes of platinum (Pt) and ruthenium oxide (Ru02) were studied. The interfacial capacitance (if 
any) at the PVPZT, RuO.$PZT, and Pt/SrBi,Ta20s, interfaces was determined from the thickness 
dependence of low-field dielectric permittivity (E,.) measurements. It was observed that a low er 
layer existed at the Pt/PZT interface but not at the RuO#‘ZT and Pt/SrBi2Ta,0, interfaces. In the 
case of Pt/PZT, the capacitance of this inter-facial layer decreases with increasing fatigue while the 
er of the bulk PZT film remains constant. This indicates that fatigue increases the interfacial layer 
thickness and/or decreases interfacial layer perrnittivity, but does not change the bulk properties. For 
the capacitors with Ru02/PZT/Ru0, and Pt/SrBi,Ta,Og/Pt structures, however, the 4 does not 
change with ferroelectric film thickness or fatigue cycling. This implies no interfacial layer exists at 
the interfaces and which can be correlated to the observed nonfatigue effect. Additionally, the 
equivalent energy-band diagrams of these different capacitor structures were proposed to 
complement the proposed fatigue mechanism. 0 1995 American Institute of Physics. 

I. IPJTRODUCTION 

Ferroelectric thin films for use in nonvolatile memories 
have drawn much attention in recent years due to their 
bistable nature.lm3 Among the many families of ferroelec- 
tries, perovskite Pb(Zr,Ti,-,)O, or PZT thin films are the 
most extensively studied. Fatigue, retention, and imprint 
problems, however, limit the realization of these memories 
on a commercial scale. There has been great concern and 
interest in understanding the fatigue phenomena and in find- 
ing a fatigue free ferroelectric material for use in non-volatile 
memories. Some of the models that are pertinent to thin films 
suggest space-charge layers at the interface,4 accumulation of 
charged particles at the interface,5 or growth of conductive 
dendrite8 to be the cause of fatigue. Regardless of the details 
of the proposed mechanisms, most of the fatigue models re- 
late the loss of polarization during reversals to the movement 
of point defects. Recently, Desu and Yoo7 have quantitatively 
proposed that defect entrapment at the ferroelectric-electrode 
interfaces, which is followed by an effective one-directional 
movement of defects by an internal field difference, to be the 
fatigue mechanism for thin-film ferroelectrics. The most ob- 
vious candidate for a mobile defect that can be trapped at 
ferroelectric-electrode interfaces is the oxygen vacancy, 

” VO* 7-9 which has been identified as being responsible for the 
degradation of the leakage current (dc degradation) in ca- 
pacitors based on similar materials.‘* Additionally, the newly 
developed fatigue-free ferroelectric thin films based on a Bi- 
layered structure, e.g., SrBi,TazO, and SrBi,Nb,O,, have 

“Current address: SHARP Microelectronics Technology, Inc., 5700 NW Pa- 
cific Rim Blvd., Camas, WA 98607; Electronic mail: j lee@shqwa.com 

been produced in many laboratories,‘*-13 and the fatigue-free 
effect could be due to their low-oxygen vacancy concen- 
trations.” 

Fatigue is the decrease of switchable polarization with 
increased number of switching cycles. It is well known that 
ferroelectric PZT thin films with Pt electrodes exhibit severe 
fatigue problems, while less fatigue is observed for PZT thin 
films with oxide electrodes. It is believed that oxygen vacan- 
cies in PZT thin films can easily exchange with the oxygen 
in oxide electrodes, thereby reducing the oxygen vacancy 
pileup at interfaces and reducing the fatigue. One of the 
goals of this work is to provide indirect experimental evi- 
dence that is consistent with the postulation of oxygen va- 
cancy entrapment at ferroelectric-electrode interfaces.7v8 
Ferroelectric capacitors with Pt/PZT/Pt and RuO,/PZT/RuO, 
structures are fabricated. Whether the oxygen vacancies ac- 
cumulated at PtfPZT and RuO#ZT interfaces during the 
fatigue process is determined from the thickness dependence 
of low-field dielectric measurements. l4 Consequently, 
equivalent energy-band diagrams for fresh and fatigued ca- 
pacitors with Pt/PZT/Pt and RuOz/PZT/RuO, structures can 
be proposed to complement the observed effects. 

For the Bi-layered ferroelectrics, however, less oxygen 
vacancy concentration, [Vi], could be present due to the low 
volatility of their oxide components, e.g., SrO, Bi203, 
Ta205, Nb,O,. The Bi-layered ferroelectric crystal (e.g., 
SrBi,TazOs) can be considered to be a combination of a ma- 
terial having the formula Bi,Os and a material having the 
formula SrTa,O,. The latter has a tungsten bronze structure 
by itself, but has a perovskite structure within the SrBi2Ta,0g 
unit cell. ” Therefore, even if the Vi exist, they can be 
trapped in the B&O3 layers during the course of fatigue with 
no polarization loss. The equivalent energy-band diagram for 
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1 4 0 0 ,  .  .  .  ,  I  .  .  ,  ,  ,  I  I  .  ,  P t/SrB i ,Ta ,O&‘t capaci tors  is a lso  p r o p o s e d  for compar i son  
wi th the p rev ious  two p r o p o s e d  b a n d  d iagrams.  

II. E X P E R IM E N T  

T h e  test P Z T  samp les  chosen  for this s tudy w e r e  fabr i -  
ca ted by  m e ta lorganic  decompos i t ion  ( M O D )  o n  
P t/Ti/S iO# i  a n d  R u O # i O # i  substrates.  Al l  P Z T  samp les  
h a d  the s a m e  composi t ion:  PbZr,T i t -x03 wi th x=0 .53  a n d  
1 0 %  excess P b O . Th in  film s  w e r e  s in tered in  a  p rehea ted  
fu rnace at 6 5 0  “C  for 3 0  m in  in  a n  0, a tmosphere .  Laye red  
ferroelectr ic SrB i*Ta,O,  th in film s  w e r e  depos i ted  by  pu lsed  
laser  depos i t ion  (PLD)  on to  PUTi lS iO, /S i  substrates.” Fi lms 
of four  to six di f ferent th icknesses w e r e  fabr icated a n d  their  
th icknesses w e r e  de te rm ined  by  var iab le  ang le  spect roscopic  
e l l ipsometry.  S a m p l e s  w e r e  then  l o a d e d  in  sput ter ing systems 
for depos i t ion  of top e lec t rodes th rough  a  s h a d o w  mask.  T h e  
P t top e lec t rodes w e r e  depos i ted  o n  SrB i ,Ta ,O@ W ’Ti lSiO,ISi  
a n d  PZT/Pt /T i lS i02/Si  samp les  at r o o m  temperature ,  wh i le  
the R u O , top e lec t rodes w e r e  depos i ted  o n  
PZT/RuO, /S iO# i  samp les  at 2 0 0  “C. 

Electr ical  measu remen ts  w e r e  d o n e  o n  d iscrete capac i -  
tors us ing  a  p r o b e  stat ion. Low- f ie ld  dielectr ic proper t ies  
w e r e  car r ied  out  us ing  a  mul t i f requency L C R  m e ter (HP-  
9 1 9 2 A )  wi th a n  osci l lat ion vo l tage of 5 0  m V  a n d  f requency  
of 1 0  kHz. T h e  i m p e d a n c e  spec t rum analys is  was  pe r fo rmed  
over  the f requency  r a n g e  of 102 - l o5  Hz. T h e  h igh- f ie ld  
P - E  hysteresis loops  w e r e  character ized o n  a  R T 6 6 A  S tan-  
da rd i zed  Ferroelectr ic  Test System. T h e  fat igue character iza-  
t ion was  a lso  car r ied  out  by  the R T 6 6 A  in  con junct ion  wi th 
a n  externa l  s igna l  genera tor ,  a n  H P - 8 1 1 6 A  pulse/ funct ion 
genera tor ,  wi th cycl ing f requency  r a n g e  of O S -  1  MHz.  Var i -  
ous  fat igue per iods  w e r e  car r ied  out  f rom 1 0 ’ to lo9  cycles. 
Fo l low ing  e a c h  of the fat igue per iods,  low-f ie ld dielectr ic 
measu remen t  a n d  i m p e d a n c e  spec t rum analys is  w e r e  per -  
fo rmed.  

111 .  R E S U L T S  A N D  D I S C U S S I O N  

A . P ffP Z V P t 

T h e  th ickness d e p e n d e n c e  of the dielectr ic permitt ivi ty 
of the capaci tors  wi th the P t/PZT/Pt  structure is i l lustrated in  
Fig. 1. T h e  effect ive dielectr ic permitt ivi ty (6,) increases 
f rom 6 8 0  (0 .11  p m )  to 1 1 0 0  (0 .73  ,um)  in  f resh samples .  It is 
a lso  demons t ra ted  in  Fig. 1  that e r  of P Z T  capaci tors  de -  
c reases  as  cycl ing p roceeds .  S imi la r  th ickness d e p e n d e n c e  of 
e r  has  b e e n  repor ted  for P M N , BaTiO, ,  a n d  P L Z T  thin film s  
p r e p a r e d  by  var ious techniques.  T h e  p r o p o s e d  mechan i sms  
to interpret  this behav io r  inc lude the format ion of Schot tky 
barr iers  at the interfacesI a n d  changes  in  g ra in  s ize o r  d e n -  
sity effects.t7”* Recent ly ,  it has  b e e n  demons t ra ted  by  L e e  
a n d  Dey r4’t9 that the format ion of a  low e r  Schot tky dep le -  
t ion layer  at the P t/P L T  contact  lowers  the effect ive e r  for 
th in P L T  films.  T h e  Schot tky dep le t ion  layer  exh ib i ted a  
lower  e r  d u e  to the dielectr ic saturat ion a n d  p iezoelectr ic  
compress ion .  

S imi la r  to the P t/P L T  contact,  the Schot tky behav io r  of 
the P t/P Z T  contact  has  a lso  b e e n  observed .20  T h e  equ iva len t  
e n e r g y - b a n d  d i ag ram of a  P t/PZTlPt  capaci tor  is schemat i -  
cal ly i l lustrated in  Fig. 2(a) .  T h e  space-charge  concent ra t ion 

L  

_  !=- t lPzT lR 

- 0 - O  
-9- l  
-. l o6  
-v -10’ -  
. . ..- I# 
-0,. 1 0 9  

2 0 0  ’ ’ * ’ a  ’ . ’ ’ ’ a  3  
0 .0  0 .2  0 .4  0 .6  0 .8  

Thickness @ m )  

P IG . 1. Th ickness  a n d  fat igue cyc les d e p e n d e n c e  of d ie lectr ic  permit t iv i ty 
for capac i tors  wi th P t/PZT/Pt  structure. 

d u e  to the oxygen  vacancy  (i.e., [Vi])  at the sur face a n d  the 
inner  ferroelectr ic reg ion  for P Z T  thin film s  h a v e  b e e n  esti- 
m a ted to b e  5  X  1 0 ” a n d  1  X  1 0 1 8  cme3,  respect ively.2’ There -  
fore, the b a n d  b e n d i n g  assoc ia ted wi th Schot tky contacts ex-  
h ib i ted a  h ighe r  s lope  n e a r  the contacts a n d  a  lower  s lope  
n e a r  the bu lk  of the P Z T  film . No te  that the dep le t ion  reg ions  
ex tend  r ight  into the inter ior  of the P Z T  thin film , a  resul t  of 
the h igh  e r  of the PZT,  o r  of the total space  cha rge  be ing  too 
low. B e c a u s e  the dep le t ion  reg ions  d o  not  effectively sc reen  
the inter ior  f rom the surface, the ene rgy  f rom the lowest  
po in t  of the bo t tom of the conduc t ion  b a n d  to the Fermi  level  
[i.e., q V ,, in  Fig. 2(a) ]  is g rea ter  than  (q  t,bj -  qx),  w h e r e  q  t,bi 
a n d  q,y a re  the work  funct ion a n d  e lect ron affinity of P Z T  
film , respect ively.  

Accord ing  to Fig. 2(a) ,  the m e a s u r e d  capac i tance (C,) 
of P t/PZT/Pt  capaci tor  is c o m p o s e d  of th ree capaci tors  in  
ser ies:  a  capaci tor  represent ing  the bu lk  m a terial  (C,) a n d  
two represent ing  the inter faces (Ci). T h e  capac i tance va lue  
of the samp le  can  b e  fo rmula ted as  fol lows: 

(a)  
T o p  Bo t t om 

(b)  

F K L  2. P r o p o s e d  ene rgy -band  d iag rams  of capac i tors  wi th P t/PZT iP t  struc- 
ture at states of (a )  f resh a n d  (b)  after fat igue. T h e  dash  l ine  in  (b )  is for the 
s a m e  capac i tor  wi th f resh state. 
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Thickness (fhm) 

FIG. 3. The fatigue cycle and thickness dependence of l/C, for Pt/PZT/F’t 
capacitors. The parallel l ines indicate that the g does not change with fa- 
tigue cycles. 

1 1 2 -= 
c, c,‘c,’ (1) 

dn, dB 2di 
-= 
VOA 

-+- 
EBM ei eOA ’ (2) 

where d, and er are total sample thickness and dielectric 
constant respectively; d, and es are bulk thickness and di- 
electric constant respectively; di and Ei are interfacial layer 
thickness and dielectric constant respectively; 6  is the per- 
mittivity of free space; and A is the sample area. The inter- 
facial layer thickness (di) has been estimated to be -200 
A ‘9*22 which is much smaller than the film thickness (d,). 
Therefore, dB ==d, , and E@ (2) can be approximated by 

1 d, 2  

c,=-+- EBEOA Ci * (3) 

Thus, a plot of l/C, vs d,, yields l/Ci from the y-axis in- 
tercept and bulk thin-film permittivity 6s from the slope. 
Figure 3 illustrates such plots for capacitors with different 
fatigue periods along with their corresponding Ed. Note that 
if d, was known and l/C, vs dB were plotted, the slopes of 
these plots should be same as in Fig. 3. Hence, Fig. 3  can 
distinguish the factors of inter-facial capacitance (CJ and 
bulk dielectric constant (eg) for each period of fatigue cy- 
cling. The almost parallel lines among all the fatigue periods 
implied that es was constant and Ci was decreasing as the 
fatigue progressed. By rearranging the data, Fig. 4  illustrated 
the change ratio of es and Ci along the fatigue periods. In 
summary, more capacitor fatigue resulted in a wider deple- 
tion width and/or a smaller dielectric permittivity at the in- 
terface but the bulk dielectric permittivity remained constant. 

A quantitative fatigue mechanism has been developed by 
Desu and Yoo7 based on defect entrapment at ferroelectric- 
electrode interfaces. These defects can drift to interfaces due 
to the resultant internal field difference. The most probable 
candidate for the mobile defect is the oxygen vacancy 

Initial 10' 10s 10' 109 

Number of Cycles 

FIG. 4. The change ratios of Ci and ES on Pt/PZT/Pt capacitors after various 
fatigue periods. 

(Vi). Note that the oxygen vacancy concentration for the 
fatigued PZT capacitor could be higher than that of the fresh 
sample, and that the mechanism for the generation of Vi was 
proposed by Mihara et ~1.~~ Interestingly, the observed data 
(Ed constant, Ci decreasing) in this study also indicates that a 
higher concentration of Vi was introduced at the Pt/PZT 
interfaces as the fatigue progressed. The equivalent energy- 
band diagram for the fatigued PZT capacitors with the struc- 
ture Pt/PZT/Pt can then be represented as in Fig. 2(b). The 
higher concentration and higher total amount of Vi induce a 
deeper band bending and a higher effective interfacial layer 
thickness (di), respectively, at the Pt/PZT interfaces. The 
former results in a higher interfacial electric field and conse- 
quently a lower E, at the interfaces. These two effects (i.e., 
low 6r and high di) keep lowering the interfacial capacitance 
(CJ and effective er of the PZT capacitor as the fatigue 
progresses. Note that the internal electric field [i.e., slope of 
the conduction band in Fig. 2(b)] in the bulk PZT thin film is 
diminished as the Vi moves toward the interfaces, explain- 
ing the slight increase in eB with increasing fatigue period 
(Fig. 4). 

The P-E hysteresis loops for a Pt/PZT/Pt capacitor 
measured under various conditions are shown in Fig. 5. A 
symmetric P-E hysteresis loop with P,-21 ,&/cm2 and 
EC-37 kV/cm was observed in the fresh PZT capacitor with 
an applied voltage of 5  V (loop A in Fig. 5). This capacitor 
was then subjected to a fatigue test (+5 V, 1 MHz) with 
4X lo7 cycles which yielded a diminished P, (loop B in Fig. 
5). The P, of the fatigued capacitor, however, can be re- 
gained with an applied voltage of 14 V (loop C in Fig. 5). 
This experiment indicates that domains within the bulk of a  
fatigued PZT thin film can be activated by a higher applied 
voltage. Alternatively, the physical properties of the bulk of 
PZT thin film are not altered by the fatigue cycling. The 
lowering of P, at lower applied voltages of the fatigued ca- 
pacitor could be due to either domains locked by the surface 
space charges or a smaller fraction of the applied voltage 
seen by the bulk of PZT thin films. This result is consistent 
with the unchanged 6s for fatigued capacitors. 

Furthermore, we can represent the PZT capacitor as an 
equivalent RC circuit shown in the closed caption of Fig. 6. 
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0.33 pm 
40 Am: 2.1X104 cm’ 

htlgw: +/- .5v, 1 MHZ, 

L-a- 
B  20 

3 

s 0 

5 

= B -20 

-5 0 5 10 15 

Voltage (V) 

PIG. 5. The P-E hysteresis loops for a Pt/PZT/Pt capacitor measured under 
various conditions. Loop A: fresh capacitor with an applied voltage of 5 V 
Loop B: fatigued capacitor with an applied voltage of 5 V. Loop C: fatigued 
capacitor with an applied voltage of 14 V. 

By using impedance spectroscopic techniques, different RC 
components in the equivalent circuit of any dielectric me- 
dium can be separately identified. The total impedance of a 
simple RC circuit can be expressed as Z= R -jX. The resis- 
tance (R) and reactance (X) of the impedance (Z) for this 
equivalent RC circuit can be derived from following equa- 
tions: L 

R= 
2Ri RB 

1 + o’R;C; + 1 + w’R;C; ’ 

x= 
20R~Ci wR&, 

1 + w’R;Cf + 1 + w’R;C; ’ (4b) 

where R, and R, are the resistance of interfacial layer and 
bulk, respectively; and w is the applied frequency. Note that 
the reactance X also equals (- ~/WC,). Therefore, the effects 
of the various RC components can be separately identified 
by looking at the low-frequency peaks in the impedance 
spectra (plotting -X vs w) if the various C’s have signifi- 
cantly different values from one another. 

The impedance spectrum of the fatigued Pt/PZT/Pt ca- 
pacitor is illustrated in Fig. 6. The impedance spectrum re- 

1 10 

Frequency (kHz) 

FIG. 6. Impedance spectrums of the Pt/PZT/Pt capacitor after various fa- 
tigue periods. 
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FIG. 7. (a) Thickness and (b) fatigue-cycle independence of l , on 
Ru02/PZTiRu02 capacitors. 

vealed low-frequency peaks which were beyond the scope of 
the analyzer. These peaks were the effects of RC resonance 
at the interface of Pt/PZT, since we assumed that CB had a 
significantly lower value compared with Ci in Eq. (4). As the 
fatigue cycles progressed, the resonance frequencies gradu- 
ally increased (right shifted) due to the reduction of the RC 
constant at the interface. Although the shift implied the re- 
duction of either Ci or Ri, it was consistent with the above 
discussion that Ci decreased gradually with fatigue due to 
the increasing of depletion-layer thickness and decreasing of 
depletion-layer permittivity. 

B. RuO,/PZT/RuO, 

For the capacitor with the structure Ru02/PZT/Ru02, 
however, values of er are essentially constant (-1200) for 
different capacitor thicknesses [Fig. 7(a)]. Note that the .+ of 
the Pt/PZT/Pt capacitor presented in Fig. 4  is also -1200. 
Additionally, er of Ru02/PZT/Ru02 capacitors does not de- 
grade with increasing fatigue cycles [Fig. 7(b)]. These obser- 
vations imply that there is no interfacial layer between RuO, 
and PZT. The absence of depletion layers at RuO,/PZT in- 
terfaces and the ability of RuO, electrodes to consume V, by 
increasing their nonstoichiometry prevent the accumulation 
of Vi at RuO,/PZT interfaces during fatigue cycling. 

The equivalent energy-band diagram of a capacitor with 
the Ru02/PZT/Ru0, structure is illustrated in Fig. 8(a). 
Since the contact between RuO, and PZT is of the Schottky 
typcz3 band bending should be observed at the two inter- 
faces. The Schottky barrier height (qq5Bn) at the RuO,/PZT 
contact, however, is much lower than that at the Pt/PZT con- 
tact. Therefore, the depletion regions are very short and can 
effectively screen the interior from the surface. The effect of 
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FIG. 8. Proposed energy-band diagrams of capacitors with (a) 
RuO$PZT/RuOZ, and (b) Pt/SrBiaTaaO&‘t structures. 

interfacial capacitance on the total effective capacitance is 
diminished in this case due to small depletion layer thickness 
and high interfacial capacitance. The commonly observed 
high leakage currents associated with Ru02/PZT/Ru02 ca- 
pacitors can also be explained by the low Schottky barrier 
heights. 

C. Pt/SrBi,Ta,OJPt 

Similar to the previous case, a relatively constant er was 
observed for various thicknesses of capacitors with the 
Pt/SrBi,Ta,O@t structure [Fig. 9(a)]. The fir of 
Pt/SrBi,Ta,Og/Pt capacitors also does not degrade with in- 
creasing fatigue cycles [Fig. 9(b)]. These two effects clearly 
indicate that Vi do not accumulate at Pt/SrBi2Ta209 inter- 
faces during fatigue cycling. This could be due to the inher- 
ently low defect (Vi) concentration of the SrBi2Ta20, crys- 
tal structure and that the Bi203 layers in the layered crystal 

350 *.*.I*.,.,**‘.- 
(a) 

2 

rl l l l 

l l 

3 

q ., *$F<y, I, ,] 
0.1 0.2 0.3 0.4 

Thickness (pm) 

I_/, ,gty, j 
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FIG. 9. (a) Thickness and (b) fatigue-cycle independence of er on 
Pt/SrBi2Ta20&‘t capacttors. 

structure block the Vo from propagation during the course of 
fatigue. The equivalent energy-band diagram is then pro- 
posed in Fig. 8(b). Band bending is not observed at the 
Pt/SrBi,Ta,O, Schottky contact due to the low defect con- 
centration of the SrBi2Ta20g. Therefore, no high-field in- 
duced low-q interfacial layer was observed and the thickness 
independence of E,. can be demonstrated. 

IV. CONCLUSIONS 

It was found that a low E, layer exists at the Pt/PZT 
interface but not at the RuO+PZT or Pt/SrBi,Ta20g inter- 
faces. The low er layer at the Pt/PZT interface is the 
Schottky depletion layer where dielectric saturation and pi- 
ezoelectric compression occur as a result of the strong elec- 
tric field. The capacitance of this Schottky depletion layer 
decreases as fatigue proceeds while the er of the bulk of the 
PZT film remains constant. This suggests that fatigue in- 
creases the interfacial layer thickness and decreases the in- 
terfacial layer permittivity, but does not change the bulk 
properties. The observed data may indicate that oxygen va- 
cancies pile up at the Pt/PZT interfaces. For the capacitors 
with a Ru02/PZT/Ru02 or PtiSrBi,Ta,Oflt structure, the er 
did not change with thickness or fatigue. This may indicate 
that oxygen vacancies do not pile up at these interfaces and, 
therefore, no significant fatigue was observed. The energy- 
band diagrams of these three different capacitor structures 
were proposed to complement the proposed fatigue mecha- 
nism. . 
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