1066

Brazilian Journal of Physics, vol. 36, no. 3B, September, 2006

Scaling Laws in PZT Thin Films Grown on Si(001) and Nb-Doped SrTiO3(001) Substrates
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A dynamic scaling and kinetic roughening study was done on digitized atomic force microscope (AFM) im-
ages of Pb(Zrg 53, Tig.48)O3 (PZT) thin films. The films were grown on Si(001) and Nb — SrTiO3(001) (STNO)
substrates via rf-sputtering technique at high oxygen pressures at substrate temperatures of 600 °C by varying
the deposition time and keeping other growth parameters fixed. By using a specific self-designed algorithm,
we can extract from digitized 512-pixel resolution AFM-images, quantitative values of roughness parameters,
i.e., interface width (G (¢)), lateral correlation length @H) and, roughness exponent (o). Herein, we report on
the sputter-time deposition dependence of the parameters describing roughness for both kinds of substrates. We
report o-values for different time depositions (between 15 and 60 minutes) close to 0.55 for Si substrates and
0.63 for Nb — SrTiOs3 substrates, indicating that the surface becomes more correlated in STNO substrates. The
a-values are associated to the Lai-Das-Sarma-Villain model.

Keywords: PZT; Thin films; AFM; Scaling laws

I. INTRODUCTION

Ferroelectric thin films are today widely used in many
fields, such as nonvolatile memories, thermal or ultrasonic im-
age sensors, and surface acoustic wave filters, since they have
better distinct electric properties than those of bulk materi-
als. Many methods, such as pulsed-laser ablation (PLD), rf-
sputtering, chemical vapor deposition (CVD), metal organic
decomposition (MOD), sol-gel process, and multiple elec-
trophoretic deposition are used in the preparation of ferroelec-
tric thin films. However, rf-sputtering has gathered consider-
able interest given the high quality of thin films and their rel-
ative low surface roughness. Solid films grown far from equi-
librium conditions (rf-sputtering-like) are consistently pre-
dicted to have self-affine surfaces [1], and cannot be described
by any equilibrium growth models. In 1985, Family and Vic-
sek introduced the notion of dynamic scaling to incorporate
both temporal and spatial scaling behaviors [2].

Pb(Zrg 52, Tip.4g)O3(PZT) is one most promising materials
for ferroelectric memory applications and has excellent fer-
roelectric properties with wide operating temperature range.
Previous work on PZT thin films has focused on processing
methods and the resulting crystallographic, electric and di-
electric properties. Relatively little attention has been paid
to the morphological studies in PZT thin films and less in the
fractal surface analysis [3].

Surface and interface roughness are important in determin-
ing the properties and technological applicability of many sys-
tems [4]. Rough surfaces develop as a consequence of compe-
tition among different effects, such as surface tension, surface
diffusion, thermal fluctuations, lattice effects, applied forces,
and so on. Thus, in equilibrium, a particular surface can be
rough under certain conditions and macroscopic “flat” under
others. These two regimes are usually separated by a rough-
ening transition [4,5].

Since the development of the atomic force microscope
(AFM), this nondestructive technique has been used to ob-
tain (2D,3D) images that can be characterized by a fractal ap-
proach, such as scaling laws [4,6]. In recent years, surfaces

were extensively studied using scaling concepts. Statistical
analysis of digitized AFM images allows for directly probing
roughness, 6(¢), and its characteristic length scale, é\l'

The paper is organized as follows: We present the PZT sam-
ple preparation on Si and Nb — SrTiOs3 substrates followed by
ex-situ AFM measurements and statistical analyses carried out
upon AFM images. From statistical analyses, roughness pa-
rameters were obtained on both substrates and compared to
each other.

II. EXPERIMENTAL DETAILS
A. Growth of PZT thin films and AFM analysis

PZT thin films were grown on 0.1% Nb-doped SrTiO3(001)
and Si(001) substrates via rf-sputtering at high oxygen pres-
sures. A PZT target with a lead oxide (PbO) excess of 10%
was necessary to compensate for the loss of this volatile com-
ponent and it was used to grow stoichiometric thin films.
We systematically varied deposition times (15, 30, 45, 60
minutes) and held the other deposition parameters constant.
Growth temperature was at 600 °C, oxygen pressures was
1.1 x 10! mbar, and 50 watts of power in the rf-system.
Each thin film was extracted for immediate ex-situ AFM mea-
surements after growth. AFM images were obtained in con-
tact mode (set point forces 1-10 nN) by using a Park Scien-
tific Instrument AFM Microscope at room temperature and
atmospheric pressure. From AFM images we extracted the
value of intensity profiles (i(x,7,)) in a 512 x 512 data matrix
i.e., we have information of the heights of the surface point
to point in pixels for each deposition time, 7;. We developed
an algorithm to calculate the corresponding local roughness
from the data matrix, 6y (¢,#4), Eq.1. From these curves in
log-log plot we can obtain the roughness exponent, o, corre-
lation length, &H, and the roughness saturation value, Ggy.
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B. Statistical treatment of images and scaling laws

In the last decade, many studies have witnessed the de-
velopment of an array of theoretical tools and techniques in-
tended to describe and characterize the roughening of non-
equilibrium surfaces and interfaces. [4,7-11]. Initiated by ad-
vances in the statistical mechanics of various non-equilibrium
systems, it has been observed that the roughness of many nat-
ural surfaces follows rather simple scaling laws, which can be
quantified using scaling exponents. Since kinetic roughening
is a common feature of sputter surfaces, before we discuss the
experimental results on sputtering, we need to introduce the
main quantities characterizing the surface morphology.

In thin film growth, it is not easy to have information about
growth dynamics. We only have information about the final
stage of the process. This information can be obtained from
AFM images and they allow us to know the height function
defined as h(x,t,); where #; is the deposition time and x is
any vector on the substrate. The surface is studied by using the
scaling of the local roughness (local width) defined by [4,11]

o7 (ta) = ([h(x.ta) — (. 1a)7) M

we selected a “window” of length ¢ on the AFM image and
averaged the height in this window. L is the size of the AFM
image (4um in this case). The brackets (---), denote spa-
tial average over x direction. As ¢ increases, the local rough-
ness, 61,({,t;) increases as well, and the dependence follows
a power law o1 (¢,7) ~ £* for £ < §)|(t4). o is called rough-
ness exponent and is a critical exponent that characterizes sur-
face roughness. ‘:H (t4) defines a crossover length, sometimes
called correlation length because it defines the limit in which
the heights on surface remain correlated. For £ > §)(t4) a sat-
uration value, Ggy, is reached [2] and becomes /-independent.
Correlations can appear on surfaces due to the finite size of
the substrate, and we need to quantify the length of the corre-
lation. For 74 >t the saturation value &|(z4) ~ D, is reached,
where ¢ is the time to saturation and D is the substrate size.
The local roughness scales with time as 6y (¢,7) ~ 1B, where
B is the growth exponent. The correlation length scales with
time as & ~ /%, where Z is the dynamic exponent (Z = a/B)
[12].
To characterize the scaling behavior of surfaces using AFM,
it is necessary to have an image set with image sizes varying a
few orders of magnitude given the scale dependence of rough-
ness. The relationship between the heights in AFM images is
only given by a self-affine surface (h(x,t) ~ b~%h(bx,t)), see,
for example, reference [9]. To increase critical exponent eval-
uation accuracy, we acquired several images for each region in
the film surface and averaged all parameters. We applied the
Flatter process making (h(x,#7)); = O before any statistical
analysis of the digitized images to be sure to take into account
only the fluctuations of the heights intrinsic to the surface.
Finally, the scaling exponents allow us to define a univer-
sality class, i.e. the critical exponent characterizes the h(x,1)
surface completely. These exponents are independent of sys-
tem details in contrast with Ggyt, §||.
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FIG. 1: AFM images of PZT on Si(001) (left column a, b, ¢ and d)
and STNO (rigt column e, f, g and h) substrates with z; between 15
and 60 minutes (top to bottom). AFM image size is 1 um?.

III. RESULTS

Figure 1 shows AFM images of PZT thin films on Si (left
column) and STNO (right column) substrates for each depo-
sition time, #;. AFM images reveal a rough microstructure
formed by grains of various sizes, corresponding to column
tops separated by curved (bright) regions. It is clear that grain
size is homogeneous for each of the images, but for long de-
position times on STNO substrates the grains become bigger.
The roughness parameters were calculated using 16 um> AFM
images to get information on larger surface.

In Fig. 2 we show several profiles extracted from the AFM
image for PZT films on STNO substrates. The dependence of
the average heights to deposition times shows typical evolu-
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FIG. 2: Height profiles of a PZT film grown on a STNO substrate
extracted from digitized AFM images for different deposition times.

tion known in thin film growth. The plot shows the increase of
the average heights with the increase of the deposition time.

Figure 3 shows window width ¢ dependence of the local
roughness, 6.(¢,1,) in log-log plot for PZT films. Fig.3a dis-
plays the size dependent local roughness for films grown on Si
substrates, and Fig.3b for those grown on STNO substrates.
Each curve corresponds to different deposition times: (H) 15
min; (o) 30 min; (A) 45 min; ($) 60 min. We just show
one curve for each #4, given that they present similar scaling
behaviors. These curves exhibit self-affine typical behavior
characteristic of surfaces grown in non-equilibrium processes
[4]. From these curves, we obtain the roughness exponent, q,
correlation length, &H and the saturation roughness, Gy, by fit-
ting the data to the expression 6(¢) = Gsa(1 —exp(—(£/§)))*)
[13,14]. The quantitative values of these parameters are sum-
marized in Table 1. Interestingly enough, for the samples
grown on Si substrates, the roughness exponent revealed a
value of a = 0,56 £0,02; whereas, for samples grown on
STNO substrates it took the value oo = 0,60+ 0,02. These -
values can be addressed to the Lai-Das-Sarma-Villain (LDV)
model [15]:

oh 4 2 o2

g:RD—VV h+AV=(Vh)" 4+, 2)
where Rp is the deposition rate; the VV4h term accounts for
smoothening by surface diffusion and is weighed by the v pa-
rameter; the nonlinear term, AV2 (Vh)z, models the fact that
steps can act as a source or sink of atoms on a growing surface
and 1 is a stochastic roughening term. This model has scaling
exponents of 0 = 2/3, B = 1/5, and Z = 10/3. We could not
obtain the B-exponent due to the fact that we don’t not have
enough points in (Ggyvs.fy)-plot smaller than ¢, value.

The correlation length values extracted from Fig.3 increase
globally with the deposition times, indicating these heights
become more correlated, i.e. although the growth process
is local, information on the height of each of the neighbors
spreads globally, see Table I. However, deposition time de-
pendence of the G, is not evident.

Figure 4a, in log-log plot, shows the saturation roughness,
Csat> as a function of deposition times for both series of sam-
ples: grown on f; on STNO (o symbols) and on Si substrates
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FIG. 3: Log-Log plots of local roughness (local width) vs local win-
dows for PZT layers on a) Si and b) STNO substrates for 15 (H), 30
(0), 45 (A) and 60 () minutes.

(O symbols). For the series grown on Si substrates, we ob-
serve an anomalous behavior of the G, with deposition times.
Saturation roughness does not increase monotocally with de-
position times, but decreases at characteristic time deposition
and then continues increasing again. Grain size dependence
of deposition time for the two series of samples is shown in
Fig.4b. We observed that for the series of samples grown on
STNO substrates, grain size increases with increasing deposi-
tion times, showing similar anomalous behavior for samples
grown on Si substrates. This behavior may be due, proba-
bly, to mismatch between the PZT film and Si cells. The film
initially grows under a given stress and for a characteristic
thickness (deposition time), the stress relaxes and grain size
and saturation roughness decrease. If the deposition contin-
ues, the film average roughness and grain size increase again.
The roughening mechanisms of PZT thin films grown by rf-
sputtering has been preliminarily studied, and our results re-
vealed that more than one roughening mechanism is present in
the growth process in addition to the stochastic and diffusion
effect. From these curves B-exponent could not be obtained
either.

IV. CONCLUSIONS

Self-affine scaling of PZT thin films was observed by sta-
tistical analysis of digitized AFM images. The roughness ex-
ponent was obtained for PZT films grown on Si and STNO
substrates for different deposition times. The film surface be-
comes more correlated for PZT films grown on STNO sub-
strates, (o0 ~ 0.63), than for those grown on Si substrates,
(o0 ~0.55). The samples grown on STNO substrates showed
a more homogeneous surface and lower grain size than those
grown on Si substrates, for z; < 30 minutes. Deposition time
dependence of the saturation roughness and grain size for
samples grown on Si substrates show anomalous behavior. It
seems that for PZT films grown on Si substrates the stress
relaxes at deposition times (15 < t; < 45). The a-values ob-
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TABLE I: PZT Roughness parameters for Si and STNO substrates obtained from AFM images with 4um of lateral size.
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Substrate t4 [min] o g [nm] Gsar [nm] Grain size [nm]

15 0,6140,02 243+£10 2,1240,01 33

Si 30 0,5040,04 135+23 2,74£0,01 37

45 0,5540,04 173+£15 1,49+0,01 33

60 0,5840,03 262+11 2,70+0,01 40

15 0,5440,04 30312 0,6040,01 20

Nb — StTiO; 30 0,6040,02 39610 1,58+0,01 33
45 0,65+0,02 427%10 1,94+0,01 48

60 0,6440,02 621+£10 3,13£0,01 67
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FIG. 4: Plot of grain size for PZT thin films on Si (o) and STNO
substrates ([J) calculated from AFM images of lateral size 1um. The
error bar of the fitted parameters has the size of the symbols. Lines
are visual guides.

tained wereassociated to LDV modd.
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