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Barium zirconium titanate �Ba�Zr0.05Ti0.95�O3, BZT� thin films were prepared by pulsed laser

ablation technique and dc leakage current conduction behavior was extensively studied. The dc

leakage behavior study is essential, as it leads to degradation of the data storage devices. The

current-voltage �I-V� of the thin films showed an Ohmic behavior for the electric field strength lower

than 7.5 MV/m. Nonlinearity in the current density-voltage �J-V� behavior has been observed at an

electric field above 7.5 MV/m. Different conduction mechanisms have been thought to be

responsible for the overall I-V characteristics of BZT thin films. The J-V behavior of BZT thin films

was found to follow Lampert’s theory of space charge limited conduction similar to what is

observed in an insulator with charge trapping moiety. The Ohmic and trap filled limited regions have

been explicitly observed in the J-V curves, where the saturation prevailed after a voltage of 6.5 V

referring the onset of a trap-free square region. Two different activation energy values of 1.155 and

0.325 eV corresponding to two different regions have been observed in the Arrhenius plot, which

was attributed to two different types of trap levels present in the film, namely, deep and shallow

traps. © 2007 American Institute of Physics. �DOI: 10.1063/1.2433717�

I. INTRODUCTION

Ferroelectrics thin films with high dielectric constant and

low leakage current are important in fabricating capacitor

cells of gigabit dynamic random access memories

�DRAMs�.
1–3

Barium titanate related thin films, such as

barium strontium titanate ��Ba1−xSrx�TiO3 �BST��, barium

zirconium titanate �Ba�ZrxTi1−x�O3 �BZT��, and barium stan-

nous titanate �Ba�SnxTi1−x�O3� are the leading materials that

have attracted great attention in recent years for their signifi-

cant applications
4–7

in this field. Among various materials,

BST has attracted the most attention because of its high di-

electric constant, low leakage current, and low dielectric dis-

persion. However, the limitation of BST thin films is that

they have a very high leakage current behavior at low elec-

tric field,
8

which in turn limits the thickness of the film and

electrode area of the capacitor. Among the other materials,

which have been recognized as substitute of BST, BZT

seems to be a promising material to solve the recent prob-

lems. Though the substitution of Ti by Zr induces a reduction

in the average grain size and decreases the dielectric constant

��r�, it maintains low leakage current
9–11

and becomes more

stable against thermal degradation as compared to BST thin

films.

The performance of the data storage devices depends on

their ability to retain stored charges of the corresponding

materials, which in turn stores the information in terms of

charges. Various issues such as polarization switching, fa-

tigue, and imprint have been extensively investigated for

many other ferroelectric materials before integrating them in

miniaturized circuits. Another significant feature, which is

very important for the quality and the reliability of the ferro-

electric devices, is low leakage current. Particularly, for thin

films, where a nominal voltage across the sample produces a

very high electric field, the mechanism of charge transport

becomes very complicated and crucial. Not many studies are

done on the conduction behavior of thin films of

Ba�Zr0.05Ti0.95�O3 �BZT�, while it is believed that high leak-

age current is responsible for polarization degradation of

ferroelectric memory devices.
12

It is therefore essential to

have an insight of charge transport mechanism in BZT thin

film under a dc electric field. There are several proposed

mechanisms, which explain charge transport phenomena at

high and low electric fields.
13–15

Conduction mechanism in-

side a BZT thin film will depend on distribution of charge

traps, which are inevitably present within any real sample.
16

In this article, we have presented the results of dc conduction

measurements on thin films of BZT that were prepared by a

laser deposition process.

II. EXPERIMENT

Pulsed laser ablation was used to deposit thin films of

BZT, due to its advantage in terms of good stoichiometric

control, faster growth rate, and ease of control. In the present

work Ba�Zr0.05Ti0.95�O3 thin films were deposited using this

technique. The target used for this purpose was well-sintered

stoichiometric ceramic pellet of Ba�Zr0.05Ti0.95�O3. A 248 nm

KrF pulsed laser operating at a repetition rate of 5 Hz and a

fluence of 3 J /cm2 was used for the fabrication of these

films. The oxygen pressure in the deposition chamber was

kept at 100 mTorr with substrate temperature at 675 °C.

Thus, the films were annealed inside the deposition chamber

itself. Hence, the films obtained were in situ crystallized. The
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films were deposited on Pt �111� /TiO2 /SiO2 /Si substrates.

Crystallinity and phase purity have been confirmed using

x-ray diffraction and microstructural analysis has been car-

ried out using scanning electron microscopy �SEM�. Using

cross sectional SEM we have confirmed the film thickness

near 0.41 �m. The composition of the film was confirmed

using Energy dispersive analysis of x rays �EDAXs�. Gold

dots of 500 �m diameters were deposited using thermal

evaporation on the top of the film for electrical measure-

ments.

III. RESULTS AND DISCUSSION

A. Structural characterization

In Fig. 1, x-ray diffraction �XRD� study shows the tem-

perature effect on crystallization of in situ grown BZT thin

films. From the XRD plot it is clear that the film has perov-

skite structure.
17

Between the two XRD plots, it is clearly

seen that 650 °C annealed films are �110� oriented whereas

675 °C annealed films have come out as multioriented. We

have studied the growth of films at annealing temperatures

400, 500, and 600 °C, but they are amorphous in nature.

Hence, according to our study of in situ growth of BZT thin

films, we can say that their crystallization starts above

600 °C for the particular deposition condition stated in the

Experiment section.

B. dc leakage behavior of Ba„Zr0.05Ti0.95…O3 thin films
on Pt †111‡ substrate

Leakage current behavior is supposed to be an important

part in the study of dielectric thin films. As BZT thin films

can be used as a capacitor material in DRAMs, correlation of

processing and properties has a definite impact in improving

device properties and costs. When a voltage is applied to a

ferroelectric capacitor, the current flowing through the exter-

nal circuit comprises of two components, polarization contri-

bution and leakage contribution. The polarization current

shows a transient behavior until certain time and might con-

tribute to the overall response of current voltage �I-V� behav-

ior if the measurements are taken within the transient time.
18

To perceive any interference of the transient response into

the measured value we have performed the I-V measure-

ments at different delay times �time delay between the

change of voltage and acquisition of data�, namely, 10, 50,

and 100 ms. The result did not show any significant change,

confirming that the experimentally measured current for

100 ms delay time was the true leakage behavior of the

sample. Hence, all further measurements were done with a

delay time of 100 ms. Here, it is noteworthy that a detail

analysis of transient response and leakage current of dielec-

tric thin films was reported earlier by Dietz and Waser.
18

Figure 2 shows the variation in leakage current versus

applied voltage at different temperatures, varying from

−60 to 200 °C. Different conduction mechanisms such as

Schottky
12

and space charge limited conduction
19

�SCLC�

have been verified to explain the true nature of charge trans-

port phenomenon in BZT thin films. Leakage current is seen

to begin with a linear dependence with voltage, as it is evi-

dent from its slope in the log-log plot. After a voltage of 3 V

and above, the slope of the I-V curve has increased up to a

value about 9–13 and then has come down to a value of 4.5

referring the saturation above a voltage of 6.5 V. The sudden

initial increase of current in the I-V plot was obtained repeti-

tively, which ruled out the possibility of breakdown phenom-

enon in the applied voltage range to be the reason for sudden

increase of current above 3 V. Each plot shows a change in

the leakage current characteristic with an increase in tem-

perature. There are certain other facts recognized along with

the increase in leakage current with respect to applied volt-

age as well as temperature. Among the other facts, the

change in trap filled linear voltage �VTFL� is the most notice-

able fact. The voltage corresponding to VTFL is found to shift

towards lower values as the temperature is raised from

−60 to 40 °C, but this voltage seems to rise to higher values

as we go to higher temperatures. Apparently a lowering of

VTFL value is again observed at very high temperatures start-

ing from 100 °C. The detail explanation has been noted in

Sec. III C.

FIG. 1. X-ray diffraction plots of BZT thin films �a� as deposited and in situ

annealed at 650 °C �b� annealed at 675 °C at 100 mTorr oxygen pressure

for 30 min on Pt �111� coated Si substrates.

FIG. 2. dc leakage current vs voltage behavior of BZT thin films at different

temperatures.
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The observed I-V behavior may be due to electrode-

limited processes such as Schottky-type conduction or may

be due to bulk-limited conduction such as space charge lim-

ited conduction �SCLC�. Schottky emission mechanism is an

electrode-limited conduction, where the Schottky barrier

generated at the interface of the electrode and film dominates

the entire leakage current. The electrode-limited current den-

sity �so called Schottky current density� upon application of

an electric field behaves according to the following equation:

J � T2 exp�− ��o − �E1/2�/�T� , �1�

where “�o” is the work function difference between the

metal and the insulator, “�” is a constant given by

� =
e3

��0K
, �2�

K denotes the high frequency dielectric constant of the

sample.

To check for the Schottky emission theory, we plotted

current density �J� as a function of electric field �E1/2� in

semilog scale, which is shown in Fig. 3.

The expression for current density should give rise to a

linear graph for the above plot if Schottky conduction

mechanism is followed. But nonlinearity was observed in the

high field region ��7.5 MV/m�. So concentrating only in

the lower field region, where the curves seem to be straight

lines, the high frequency dielectric constant was calculated

for ln J vs E1/2 at 100 °C, as shown in Fig. 4. The slope of

this straight line must be equal to � /�T, from where the �
value was obtained, and the calculated dielectric constant

from the � value should match well with the high frequency

dielectric constant.

The calculated dielectric constant and refractive index

��r=n2� values are 0.12 and 0.35, respectively, which are one

order less than the expected values for dielectric constant and

refractive indices for BZT thin films. The expected high fre-

quency dielectric constant ��r� for BZT thin films is 100.

Hence, the nonlinear nature of the curve and highly different

dielectric constant values rules out the possibility of

Schottky-type conduction.

Secondly, the temperature dependence of the I-V curve

was also compared with that of Schottky-type conduction. It

is evident from Eq. �1� that the exponent of the equation

should decrease with increase in electric field at all tempera-

tures. But the Arrhenius plot of ln�J /T2� vs 1000/kT shown

in Fig. 5 depicts an increase in activation energy with volt-

age, which is contrary to the expected result. Activation en-

ergy values have been calculated from the slope of the curves

obtained by linear fitting. So this phenomenon also discards

the Schottky-type conduction. These two verifications dis-

qualify the Schottky-type conduction and, hence, the possi-

bility of Schottky emission controlled conduction was ruled

out.

FIG. 3. ln J vs E0.5 plot of BZT thin films at various temperatures to exam-

ine Schottky-type conduction mechanism.

FIG. 4. Plot of ln J vs E0.5 of BZT thin films measured at 100 °C.

FIG. 5. Arrhenius plot for BZT thin films at different voltages.
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Then the charge transport behavior inside BZT thin films

may be described by the theory suggested by Lampert and

Mark,
20

for space charge limited current in insulators. Con-

sidering a SCLC mechanism in our films, the shift in the

VTFL can be assumed as a direct indication of its validity. The

space charge limited conduction has explained better what is

observed in I-V characteristics. A pure SCLC should exhibit

square law dependence at high electric field, where I-V plot

in log-log scale will appear as a straight line with a slope of

2. According to SCLC mechanism, in a typical I-V plot there

should be a region where the current varies as square of the

applied voltage and this region of the plot is defined as “trap-

free square” region. However, this behavior can be modified

in the presence of the bulk-generated charges in the sample,

as the thermally excited valence band electrons or the pres-

ence of free electrons due to oxygen vacancies can take part

in the conduction mechanism. These electrons may com-

pletely screen the effect of the excess injected charge from

the electrode. This is worthy to note that space charge con-

duction arises due to excess charge injection from the elec-

trode in the sample. As long as the number of injected charge

does not exceed the number of charge carriers already exist-

ing in the sample, the effect of space charge will not be

observed. Hence, the bulk generated charge carrier would

give rise to linear I-V characteristic. In the case of SCLC, the

linear region extends up to a certain voltage, known as the

crossover voltage, where there is an abrupt rise in the mag-

nitude of the current and after this region the current value

saturates and varies with the voltage as power law:

I � V2, �3�

defined as “Child’s square law.”

However, in our samples, we suspect that there are sev-

eral trap sites, which capture the injected electrons and pre-

vent them from showing the space charge effect. In general,

there are two types of traps: the traps above the Fermi level

are the shallow traps and the traps below the Fermi level are

the deep traps. As the Fermi-Dirac �FD� distribution func-

tion, which describes the probability to occupy an energy

level, has a value less than the unity above Fermi level, dur-

ing charge trapping both deep and shallow traps will be par-

tially empty.

However, the deep traps would get completely filled at

trap filled limit voltage �VTFL�. Beyond this voltage, all the

excess charges would be injected into the conduction band,

for which there will be an enormous increase in current with

applied voltage. For a set of traps distributed in energy, the

increase in current would be less abrupt and would follow

I � V	, �4�

until it shows a trap-free square region.

For our measurements, the linear region extended up to a

voltage of 3 V, after which, it was found that the current

showed an abrupt increase following the power law with an

exponent 	�13, and after this region there is a saturation

zone, which had a slope �4. These three regions formed a

triangle called the Lampert triangle.
21

But we were not able

to see a trap-free square region, as the applied voltage may

not be sufficient to show saturation, and we were not able to

supply still higher voltages as that was causing the break-

down of the film.

C. Trap filled voltage

We have analyzed our measurements obtained from the

current-voltage characteristics with variation in ambient tem-

perature in their respective Arrhenius plots. Figure 6 shows

the ln J vs 1000/T plots for the BZT thin films. The current

in the linear region has been found to fit with the Arrhenius

equation:

ln J = ln J0 − �Ea/k 
 1000��1000/T� , �5�

where J is the current density, Ea is activation energy of the

charge carriers to participate in the conduction process, k is

Boltzman’s constant, and T is temperature in Kelvin scale.

Here J0 is the intrinsic current density of the sample.

We have calculated the activation energy equating the

slope of the plots �shown in Fig. 6� with �Ea /k
1000�. It

has been found to have two distinctly different regions, one

region has an activation energy �Ea� value of 1.155 eV and

the other one has 0.325 eV. These values consolidate the fact

that there are two distinctly different types of trap levels

existing in our films, namely, the deep and shallow traps. As

deep traps are the one with higher activation energy and the

shallow traps are the ones with lower energy values,
15

in our

case the first region is related to deep level traps whereas the

other region is due to shallow traps. Though we have already

raised the issue earlier in Sec. III B, to explain it clearly, in

Fig. 7, the variation of trap filled voltage �VTFL� of BZT films

is shown as a function of temperature. It is observed that

from room temperature to 100 °C the VTFL exhibits an in-

creasing trend, but above 100 °C, it shows a decreasing

trend up to 200 °C. Beyond 200 °C it was not possible to

carry out further experiment due to electrode damaging. But

the phenomenon can be explained by space charge theory.

According to the space charge theory, the space charges are

represented by their equilibrium distribution, which is iden-

tical to Fermi-Dirac distribution function, at all temperatures.

But to achieve the equilibrium a certain time is required. The

FIG. 6. Arrhenius plot of BZT thin films measured at 0.5 V in order to

calculate the activation energy values of trap levels.
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charges, immediately after being injected into the sample,

have to equilibrate with the surrounding, to reach the time

independent distribution of electrons amongst various energy

levels. This has to occur throughout the entire sample. For

that, the electrons have to migrate uniformly through the

sample, so that they could seek equilibrium trap sites. This

means that space charge transient would govern the phenom-

enon of the trap distribution if observed in a short time scale.

It is known that the space charge transient in thin films could

be of a time scale of several seconds depending upon the

sample. The electron distribution would therefore be limited

by the competition between the rate of trapping and detrap-

ping of electrons. The trapping rate would be represented by

TEc→Et
= N�Ec���Et�N�Et� , �6�

where T represent the rate of transition between the energy

states mentioned in the suffices, N represents the density of

unoccupied energy states at energy E, and � �Et� is the cap-

ture cross section of the traps.

The detrapping of electrons would be given by

TEt→Ec
= �XN�Et�exp�− E/kT�N�Ec� , �7�

where the energy difference has been denoted by E and the

attempt frequency to escape is �.

At a lower temperature, there would be very few elec-

trons in the upper energy state �from where it is captured to

the trapped sites�, and trapping rate also would not change

much with temperature. Therefore, the entire process would

be limited by the detrapping of electrons only. If the tem-

perature was increased, few of the filled traps would reemit

some electrons from the trap sites, and again those sites

would become empty. The ratio of the free electron to the

trapped electrons would increase with temperature. As a re-

sult, one would have to apply a higher voltage to inject fur-

ther electrons into the sample, so that all the trap levels get

filled with electrons. This explains the rise in VTFL value

from room temperature to 100 °C. Therefore we can say the

value of trap filled voltage was found to increase according

to Lampert’s space charge law.
16

But at higher temperature there would be significant

amount of electrons in the conduction band �due to thermal

generations�, which in turn would increase the rate of trap-

ping, causing a greater number of trapped electrons. There

would be contribution from detrapping also, but the in-

creased rate of trapping might overcome the detrapping rate

at higher temperature. Therefore, it is expected that the num-

ber of electrons required to fill all the traps would be less at

a higher temperature than it was at lower temperature. This

might bring down the trap filled voltage closer to the actual

lower values.
16,22

In our samples, above phenomenon is seen

to be prominent above 100 °C. However, this can saturate at

the equilibrium value of VTFL. It has been seen that the re-

duction of VTFL exhibits a saturating trend after 180 °C.

IV. CONCLUSIONS

In this present paper, we have analyzed the leakage cur-

rent behavior of BZT thin films at different temperatures. We

have ruled out the possibility of Schottky emission con-

trolled conduction and explained the phenomena with SCLC.

The I-V characteristics have been seen to follow Lampert’s

theory of SCL conduction. Ohmic and trapped filled limited

regions have been clearly observed in the I-V characteristics.

A perfect “trap-free square” region has not been observed

because of breakdown voltage, but considerable amount of

saturation at higher voltages indicates the fact that “Child’s

law” might have been followed at higher voltages. Existence

of both shallow and deep traps has been found to be present

in the sample within the experimental conditions. The trap

energies calculated from the J-T characteristics were found

to be 0.325 and 1.155 eV for the shallow and deep traps,

respectively. The onset voltage �VTFL� of the trap filled lim-

ited region in the I-V curve has showed an increasing and

decreasing trend with temperature and that behavior of VTFL

has been explained considering the dynamical equilibrium

between thermally generated and injected charge carriers.
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