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The surface morphology evolution due to the annealing process of Li@Goofilms deposited by

rf sputtering is studied by means of an atomic force microscope. Linear relationships were observed
in log—log plots of interface width versus window length, as predicted by scaling laws. For
as-grown films, only one growth exponemtis evidenced. For annealed films two different slopes

a, and a, were observed, indicating distinct growth dynamics in the system. The roughness
exponent for the as-grown film and the internal morphology of the crystalline grains for the annealed
films can be described by a diffusional process. The macrostructure shows characteristics of a
Kardar—Parisi—Zhang systel. Kardar, G. Parisi, Y. C. Zhang, Phys. Rev. Lé&if, 889(1986);

J. Krim and G. Palasantzas, Int. J. Mod. Phys9,B599 (1995]. An activation energy4=(0.11

+0.01) eV is determined for the diffusion process. 1©99 American Institute of Physics.
[S0003-695(199)02212-3

Thin-film LiCoO, (Ref. 1) can be used as cathodes in In this work, LiCoQ, were deposited by rf sputtering,
solid-state microbatteriés. The electrochemical charge/ and submitted to a postdeposition annealing process. The
discharge process is a simultaneous/ei” intercalation to/  dynamics of the evolution of the surface morphology due to
from the material structure. The electrons are inserted fronthe annealing process is studied.
the substrate and the ions from the film/electrolyte interface.  The films were prepared by the technique of reactive rf
High battery capacities mean high intercalation levels, andputtering, in an @+Ar atmosphere, as described
are strongly dependent on the morphology of the film surelsewheré. The (unheateli substrates were metallic Ni. The
face. thickness of the films was 0.2m, as measured by profilo-

The most important parameter to characterize a surfacgetry. Films were annealed up to 700 °C in air.
is the roughness. In the last decade, the concept of fractal X-ray diffraction (XRD) measurements indicated that
geometry was adopted to characterize the surface morphahe as-grown films are amorphous. Annealing temperatures
ogy. The increase in scanning probe microscfeM) tech-  higher than 300 °C promote crystallization of the films, evi-
nOIOgy and theoretical developments in the area of Scalin@enced in the diffractograms by the presence Otm) and
laws applied to surface growth promoted numerous works o1 01) LiCoO, lines and two other diffraction peaks, tenta-
fractal characterization of surfacés. tively attributed to the400) and (440) Li, 4,/C0,0, diffrac-

The fractality of a surface is determined by the surfacgjgn ines.
growth dynamics. Theoretical predictions for scaling growth  The images were obtained with a Topometrix TS2000
exponents were developed for distinct surface growth pro- s, in the atomic force microscog&FM) mode. Tips of
cesses, as the linear diffusive 6r7no’5de1r the nonlinear  pigh aspect ratigMicrolever tip, angle near 20°, from Park
Kardar—Parisi—Zhan@¢<PZ) model” . Scientific Instrumentswere used, in order to minimize con-

The interface widtt{or roughnesgof a window of area q|ytion effects. All images (308300 pixels) were acquired
LwX L, over the surface is defined as with a frequency equal to 2 Hz. The scan length was varied

from 200 nm to 7um. The topographic image data were

W2(Ly,,t)=([h(x,y,t) —F(t)]2>, (1) analyzeq by means ofa -posttreatment program basgd both on

a multiple-image variography, and a single-image
. _ . variography'>!! The mean-interface widths were estimated
whereh(x,y,t) is the height value at a positiofx,y) and  gyer nonoverlapping windows covering the original micro-
h(t) is the height mean value. The interface width and thegraphs.

window length can be related by a scaling law: Figure 1 shows a series of AFM images of as-grown
films and films annealed at 300, 500, or 700 °C. Peak dis-
w(Ly H)~LE, (2) tances, considered as representative values of grain size, and

grain angles, with respect to the mean-surface level, were

) estimated from height profiles, obtained from the cross sec-

where« is the growth exponent. tion in the scanning direction. The results are presented in
Simulations for (2+1) surface growth reveal am ex-  Tapje |. The as-grown filnfFig. 1(@)] reveals a series of

ponent equal to 0.385 and 1.0, for the KPZ and the diffujgjangs, with a characteristic diameter around 100 nm; and a

sional model, respectivefy. small peak anglé~2°), characterizing a flat smooth surface
for the amorphous film. Afte2 h of annealing at 300 °C, an
3Electronic mail: kleinke@ifi.unicamp.br island fracturing process starffig. 1(b)]. The result is a
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FIG. 1. AFM images of as-grown and annealed films. The scale was
0.5umx0.5um. (& as-grown film, micrograph heiglg=47 nm; (b) an-  FIG. 2. Variograms of interface width vs window lengtk) as-grown film;
nealed at 300 °Cz=35nm; (c) annealed at 500 °Cz=178 nm; and(d) (b) annealed at 300 °Gp) annealed at 500 °C; ar(d) annealed at 700 °C.
annealed at 700 °=158 nm. The crossover length valugis indicated in(d).

cauliflower-like structure. The mean-grain size is around siX0.77 to 0.43, when the annealing temperature rises from am-
times lower than before annealing. The peak angle increasddent to 700 °C. The presence of two distinct slopes in the
from 2°[as-grown film, Fig. 1a)] to 10°[T,,=300°C, Fig. interface width variogram plotgFigs. 2b), 2(c), and 2d)]
1(b)], indicating an asperity rise. The film annealedTgt, indicates distinct growth dynamics in the system. The growth
=500°C exhibits sharp terraces and edges. Crystallingrocess of single-crystalline grains is characterizedahy
grains are clearly seen in the micrographs, as the hexagonahd is dominated by short-range correlation. The predicted
grain is evidenced in Fig.(&). These results are in accor- value for the growth exponent in the diffusional model is
dance with the XRD results for films annealed at this tem-1.0’. This value is very close to the one calculated for the
perature. The peak angle increases from 10° to 24°. Figuras-grown film, and for ther; growth exponent in annealed
1(d) shows the morphology of the surface annealed afilms. These results indicate that the growth dynamics for the
700°C. The micrograpliFig. 1(d)] and the corresponding sputtered as-grown film and for the crystalline grains can be
topographic line manifest a clear increase in the height andescribed by a diffusional process. The macrostructure, ob-
length of the crystalline grains over the surfa@able ). served in larger length value images, presents various pref-
The increase in the peak distance wikh,, and the XRD erential growth planes. These grain distribution dynamics are
results are clear evidences of a transition from amorphous toharacterized by, , and present long-range correlation. The
crystalline structures with the appearance of crystallinecharacteristic of a KPZ system is the presence of nonlinear
grains, with well-defined terraces in the surface structure. preferential growth directions; in fact, the roughness expo-
Figure 2 shows thev(L,,,t) vs L,, log—log plots, for nent value ¢,=0.43+0.02) measured at 700 °C approaches
as-grown and annealed films at distinct temperatures. Linedhe predicted value for the growth exponent in the KPZ
relationships can be observed, as predicted by the scalirrgodef’ (a~0.39).
law in Eq.(2). The growth exponent is evaluated from the The transition between the line&iffusional) and non-
slope of these linear regions. The as-grown filaig. 2(@)]  linear process can be characterized by a crossover lghgth
presents only one linear region, before the width saturatiowbtained from the intersection of the linear fitting of experi-
value, wherw(L,, ,t—o) attain a steady state. For annealedmental data with two distinc slopes[see Fig. 2d)]. This
films [Figs. 2b), 2(c), and 2d)], two different slopes are

clearly seen, corresponding to two distirGt and «, values, w=10
for low and high window sizes, respectively. Figure 3 sum- 1.0 .
. =4 —————— & *—
marizes these results. The growth exponents nearly con- 5 . o
stant, with values in the range 0.91-0.95.decreases from §_ 0.8 \. !
®
TABLE I. Peak distances and angles estimated from topographic lines. % 0.6+
Annealing © 0.41.9% 0.39 \Otz.
temperature Peak spacing Peak angle ’
¢© (nm) (degreg 0 200 4060 600 800
RT (100:30) (2.5+0.5) Tm (C)
300 (14+5) (10+4)
500 (130+40) (24x7) FIG. 3. Growth exponent; anda, as a function of annealing temperature.
700 (180+10) (16.5+0.5 Values predicted by the diffusional model and the KPZ model are also

indicated in the figure.
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