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Self-organized pattern formation in the oxidation of supported iron thin films.
l. An experimental study
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The evolution of patterned morphology during thermal oxidation of a supported metal thin film is examined
as a case of strained reaction-diffusion system; the strain originates from the large density difference between
the oxide and the metal. In the moderate temperature regime, where bulk diffusion is weak, the pattern reflects
the length scale of the original metal film grain structure, with local features characteristic of self-organized
chemical microreactors, as well as large scale polygonal surface undulations presumably caused by stress
accommodation. At higher temperature, where bulk diffusion is brisk, the process of Ostwald ripening strongly
reforms the morphology formed at lower temperature, and leads to distributed spiral-type configurations. These
observations and analysis are supported by a simulation study reported in the accompanying paper Il by Abhijit
S. Ogale[Phys. Rev. B64, 035409(2001)]
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[. INTRODUCTION dence of pattern formation is also given. After deposition,
the films were oxidized bgx situannealing in flowing oxy-
Development of self-organized patterns and textures ifgen at temperatures ranging from 500 to 1050 °C for differ-
natural systems has always been an exciting field of resear@ht durations. The rate of heatirigooling was 20 °C/min
inquiry due to its obvious aesthetic appeal, and the challengelO °C/min in all cases.
it poses for identification of unifying principles underlying
such phenomen¥? Understanding the process of self-
organization has become all the more important in recent |n Fig. 1 are shown atomic force microscofdFM) im-
times in view of its direct significance in the context of the ages of the morphologies obtained for oxidized films. The
rapidly developing field of nanotechnology, which aims for morphology at all temperatures below 950 °C exhibits local
self-assembly to achieve higher device packing densities anslrface undulations wrapped by an irregular polygon pattern,
responses emerging from quantum size effécts. as in Figs. 1a) and Xb). The surface elevation is about 20
Recently Aggarwakt al® demonstrated that oxidation of nm higher on the polygon edges as compared to that within
supported metal films can lead to a fairly uniform self- the polygon area. At temperatures abeve000 °C, separate
assembly of metal-oxide hillock patterns. Generically, this ishillocks begin to get defined. In Fig(d), which corresponds
a case of a reaction-diffusion system evolving under the into a hold time of 10 s at 1050 °C, one observes a high density
ternal stress caused by the significant density difference bef small elongated hillocks, with fracture lines cutting
tween the metal and its oxit®. Since oxides offer a rich across. A further increase in the duration of the high-
and wide variety of electrical, structural, magnetic and opti-temperature treatment leads to the development of a necklike
cal property options, controlled self-organized growth oflabyrinth geometryFig. 1(d)] and finally, disappearance of
such structures has significant application potential to futur@ecks leading to a greatly improved definition of individual
electronic, optoelectronic, and spintronic devices. Howeverhillocks [Fig. 1(e)]. These hillocks are isolated from each
in order to control and possibly tune the pattern formation inother and there is no connectivity in the film. It should also
this or similar cases, a deeper understanding of the partiche noted here that these hillocks are arranged in a spiral
pating processes is essential. In this and the accompanyirmpordination. In Fig. (), it can also be seen that some hill-
paper by Ogalé we address some key issues in this contextocks are brighter in contrast than others, indicating that they
are taller than the rest. Height analysis shows that these are
Il EXPERIMENTAL over ~150 nm in height, and when the shorter ones are fil-
tered out, the pattern appears as shown in FHify. Interest-
Here we study the oxidation of Fe films as a representaingly, this pattern is polygonal and resembles the patterns of
tive case, although similar pattern formation is observed irFigs. 1a) and Xb) in appearance and length scale. Similar
other metal films as well. Fe films were deposited on singlepatterns are also found by height filtering performed on the
crystal SrTiQ(100) substrates by pulsed laser depositionimages in Figs. (c) and 1d) as well.
(PLD). The KrF excimer laserN=248 nm) was employed We performed fast Fourier transfor(RFT) analysis on
for the ablation of Fe target and the depositions were perall the patterns in Fig. 1 and the results are shown in Fig. 2.
formed in vacuum (X lO‘GTorr). The laser fluence and the The curve identificatioria)—(f) in Fig. 2, corresponds to the
substrate temperature were kept at 2.5 3/amd 30°C, re- patterns of Fig. 1. It can be seen that the curagb, andc
spectively. Typically, data for films with thickness 6500 are bimodal, representing one shétoad peak located at
A are analyzed in this paper, although the thickness depenargeq~3.5.m™1) and one longsharp feature at very small

IIl. RESULTS AND DISCUSSION
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T = 1050°C, 240 min
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FIG. 2. The curvesa)—(f) represent the fast Fourier transforms
corresponding to patterrn®)—(f) of Fig. 1. The successive curves
are shifted along thg axis for clarity.

tinues to hold in place for the entire pattern formation pro-
cess.

In Fig. 3 we show the bearing analysis for some of the
patterns shown in Fig. 1. The height distribution sharply
changes near the highest oxidation temperature 00 °C.
The amplitude of surface undulations also changes from

; ; ~10-20 nm to over 100 nm. In the inset of Fig. 3, we give
. the estimated bulk diffusion length for Fe in its oxide as a

function of temperature for different times. The length in-
creases dramatically abovel000 °C. The fact that ripening
of hillocks occurs above this temperature implies the role of
Bulk diffusion in this process and points to Ostwald ripening.

FIG. 1. (a—(f) AFM images (1010 xm?) of 500 A Fe films
oxidized at different temperatures and durations. The contrast in th
image corresponds to different heights of the film surface: full white L . .
representing the highest elevation and full black representing th? It is |mp0rtant_ to mention here that the morphologlcal
substrate. Th& range used for each AFM scan is given in respec-_e"’Itures and_ th?'r development reported 'for |r0r'1 fllms sub-
tive image. Figuref) is obtained by filtering out the features below J€Cteéd to oxidation wereot observed for iron oxide films
a height of ~150 nm. The line coordinations of these are also9roWn by PLD and then subjected to a comparable treatment.

shown.

g~0.3—-0.6um™ 1) length scale in the pattern. The feature at
small g is present in curved ande also, and is not clearly 14
discernable because of the low statistics on the small image
frame. The fact that it is present is, however, clear from
curve(f) which represents the pattern of the taller hillocks in
Fig. 1(e). The sharp peak in these curves reflects the length
scale of the polygons observed in Figga)land Xb) and
also the spread of the spiral in Figfil As we shall see, the
large q feature is due to the grain structure in the film.

The transforms in Fig. 2 reveal sharpening of the lagge s - : s ‘ s
feature with increase in temperature, but its weight starts 0 50 100 150 200 250 300
shifting to lowerq only at temperatures above1000 °C. Height (nm)

The sharpening reflects local organization, as in chemical riG, 3. Bearing analysis curves highlighting the changes in the

microreactors. The shift to lowerq implies increased mean  fijm morphology as the annealing temperature and the duration are
separation between individual hillockgraing, which in  rajsed. Each point on the curve shows the fraction of the film in the

turn implies ripening or coarsening. Interestingly, the posi-imaginary plane drawn at corresponding height above the substrate.
tion of the smallq feature is roughly fixed, suggesting that The inset shows diffusion length as a function of temperature and

the long length scale, which evolves during early stages, corennealing duratiortRef. 12.

% Area

(a) —o—950°C/ 10 sec
(b)—a— 1050 °C /10 sec
(6)—s—1050°C /10 sec

035408-2



SELF-ORGANIZED PATTERN ... I.... PHYSICAL REVIEW B 64 035408

(a) Fe film (b) Fe film- etched 25
204

154

B3

104

5_

(c) Oxidized at 500 °C (d) Oxidized at 950 °C 04

0.0 0.4 038 1.2 1.6

node-node distance (um)

FIG. 5. Node-node length distribution for the polygon patterns
in Fig. 1(a).

even for single reactive speciés.g., oxygen in the present
case and are suggested to be dynamic objects. In the case of

FIG. 4. AFM images (508500 nn?) of (a) as-deposited Fe F€ the oxidation proceeds through coupled reactions
film, (b) as-deposited film subjected to acid etch to expose graind, €t O—FeO—Fe&0O,+Fe,  followed by  2Fg0,+O
(c) as-deposited film oxidized at 500 °C, afdj as-deposited film — 3F&0s;, wherein the fresh supply of Fe on the surface
oxidized at 950 °C. results from bulk cation diffusioft
In order to get some insight into the length scales perti-

This clearly suggests the importance of the chemical reactionent to the polygonal pattems, we analyzed the node-node
y sugg port: : e nength distribution for the pattern in Fig(d and the same is
to form the oxide and the resulting evolving oxidative stress

(caused by the large density difference between the met§1hown in Fig. 5. This is a rather broad distribution centered
. I . around a length of about 0g#m. This can also be taken as a

and its oxide in the pattern formation process. In the present h f th . he Iif ‘

case the relevant densities in gmi*cme 7.86(Fe), 5.972 rough measure of the separation between the lifted surface

features(bright contrast reflecting undulations caused by
(FeO, 5.197 (F&0O,), and 5.27 {-F&0s). . stress relaxations. This issue of stress relaxation in thin films

We also address the obvious question of the possible rol
used an acid etch to expose the grain boundaries in the Sis of crack formation under tensile stress. In our case the
etched Fe films are shown in Figs(@fand 4b), respec- ompared to the metal, hence the su_rface _undula_tes instead of
: . forming cracks. The general considerations discussed by
tively. In Figs. 4c) and 4d) we also reproduce the patterns
a flat film, as in Fig. 4a), grows features as in Fig.(@), minimum intercrackundulation spacing\, is given by
which are similar to the grain-boundary features in Fidp) 4 05
aries. At higher temperature of 950 °C, ripening is clearly 1= V 1= (o\t/k)?
seen to occur. Note, however, that these are the small scale
feature in the FFT spectra. The large scale structures, such fgcture toughness of the film. Use of the expression for criti-
the polygonal patterns or the spirals, are not directly relate¢al stress required to induce a single créamkundulation in

We first discuss the patterns formed when the highest oxiabove, yields a minimum cractor undulation spacing of
dation temperature is less tharl000 °C. At such tempera- about eight times the film thickness. Since oxidation is a
work, and strong compressive stresses develop in thpected to be introduced every time the local stress builds to
surrounding regions due to the large density difference bethe value of the critical stress, keeping the mean stress below
propagate out at the velocity of sound. Such fields, originattion spacing is expected to be of the order of @ or
ing from different random line sources, would interfere, more. This is fairly consistent with the distribution shown in
thereby promoting morphological instability’* The po- ever, a much better estimate of lengths is hard to expect from
lygonal distribution of surface undulations is a signature ofa uniform stress model.
growth of oxide in our case may also reflect the character oévolution, from high density of small hillocks, to necklike
a chemical microreactdr.Such reactors can self-organize labyrinth, to a polydisperse distribution of large, isolated

of grain boundaries in the process of initial oxidation. Weﬁas been discussed by Thouf€sa the context of the analy-
deposited Fe film. AFM pictures of the as-deposited an tress is compressive due to a lower density of the oxide as
of Figs. 1a) and ib) at the same length scale. The fact thatThoules%3 are, however, still applicable. In his analysis, the
suggests that initial oxidation does occur near grain bound- \= 8t

structures in the patterns that are represented by the targewheret is the film thicknessg is the stress, andt is the

to grain-boundary structures. a film, namely, 0.R/+\t, in conjugation with the equation
tures, the oxidation proceeds along the grain-boundary nesequential process, the undulations in our film can be ex-
tween the oxide and the metal. The resulting stress fieldthe critical value. Thus, in our 50-nm thick film, the undula-
causing inhomogeneous surface stress distribution, anig. 5. The process of oxidation being quite complex, how-
such an instability on a long length scale. The early local It is now important to discuss the further stages of pattern
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FIG. 6. Results of spiral mapping functidi(b,c) for (a) ex-
perimental datdimage area of 10@m?), and(b) computer gener-
ated random data points averaged over 4 sets.

hillocks. Drucket* has analyzed the influence of elastic en-
ergy on the chemical potential and growth rate of diffusion-
ally interacting islands, employing the results derived by
Jesser and Kuhlmann-Wisddrf,for equilibrium strain en-
ergy in supported clusters. His work suggests a significant
role of elastic energy in the late stages of microstructural ,
evolution (Ostwald ripeningin strained systems. In another yy
study, Schusteet al® have identified the influence of stress T

on step kinetics in the ripening process. It is suggested that '
the steps at the bottom of different islands repel each other
due to stress in the connecting film, while the steps at the
edges of each isolated relaxed island bunch together causing
hillock shapes of islands. The hemispherical shapes of our
final hillocks and their narrow size distribution indicate a
strong role of stress in the process and seem to have all the
features of stress-controlled Ostwald ripentAdror the rip-
ening to occur however, a diffusion mechanism is needed to :
transport atoms between islands. Processes such as self- 0 10 pm

diffusion involving vacancy motioff or coarsening of va- FIG. 7. AFM images (1610 um? of (a) 250, (b) 500, and(c)
cancy clusterS have been suggested in this context. Inter-1000 A Fe-films oxidized at 1050 °C for 4 h

estingly, for the case of annealing at 1050 °C for 4 h, the data '

on Fe diffusion in F§O; (Ref. 12 gives the diffusion length Note that 2r/c is the pitch and is the initial rotation of

VDt of ~0.5 um. This is comparable to the characteristic ihe gpjral. We obtain a correlation function between the data

lengths of the hillock geometry in Fig.(d), indicating a  gnd the ideal spiral for various values Iof
scenario of coarsening by transport and reaction of Fe. X-ray

diffraction data show that in the course of raising the tem- dataideal,  dat
perature, the film is fully oxidized by the tinie~500 °C is F(C,b)=2i 070 (r ™9,
reached. However, in view of its inability to follow the com-

bined chemical-strain equilibrium, the film accepts strain in-  \ve then obtain the peak of the functiéifc,b) to detect
homogeneities and vacancy concentrations. The ripeningye pest-fit equation for the observed spiral pattern. Such a
mechanism then operates under inhomogeneous stress fieldse|ation was good to within 15% for the experimental data
leading to further morphology development. _ around different centroids of spirals. The comparison of the

The spiral organization of the final hillock assembiyg.  gpiral correlation function for our experimental data, and that
1(e)] is interesting. In our case, the island ripening processy; a random arrangement of points generated using a ran-
appears to wind as a spiral under stress fields. The spirgdom number generator over comparable length staler-
pattern can be characterized by seeking a correlation betwe%ed over four datasétss given in Fig. 6. The arrow in Fig.
the observed pattern and an ideal Euclidean spiral. The €4Ugta) points to the best-fit values @b,c). No specific corre-
tion of an ideal Euclidean spiral in polar coordinatest) is  |ation is seen for the case in Fig(5.

written as In the accompanying paper Paper e case of oxida-
tion of iron thin film is modeled as a reaction-diffusion sys-
0=(cr+b)ymod2m)— = for the range- r<f=<r. tem. When the process of Ostwald ripening is not included in
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the simulation, leaflike patterns similar to those obtained exthicker films, the isolated hillocks are not observed in the
perimentally for the films oxidized at lower temperature films having thickness more than about 1000 A.

(<1000 °Q, are indeed obtained. Since the diffusion lengths We also studied the pattern formation for the Fe films
at these temperatures are very smaiket of Fig. 3, the  deposited on different substrates such as LaAK,0O5, and
ripening mechanism is not expected to be dominant undeGd;Ga;0,,. The patterns obtained on these surfaces are very
such conditions. However, when the Ostwald ripening prosimilar to those reported here. This indicates that the sub-
cess is included in the simulation, the leaflike pattern arestrate does not play any major role in the pattern formation.
seen to transform into fully developed hillock pattern

through different stage@ig. 4 of Paper Il,” as observed in [V. CONCLUSION

our experiments. Interestingly, these patterns also show the : . . .
In conclusion, interesting morphology evolutions are ob-

spiral coordination of the hillockgFig. 5 of Paper I),” which : T . ! )
is suggested to result from a greater stability of spiral diStri_tSr?nr/ridlmxitQ":i f'rllmgn?f”'ron lsubjnedctle? o hlgljh-t(;mpterraturer
bution against stress deformati@aper ). ermar oxiaation. all scale and large scale struciures are

Figure 7 compares the patterns obtained after the oxide{pund to evolve under inhomogeneous stress fields. The pos-
tion of Fe films(at 1050 °C/4) having different thickness sible roles of chemical microreactors, bulk diffusion, and Os-
In the thinnest film the hillocks are significantly smaller in t.Wa'd fipening are .d|s.cussed. D|str|buted. spiral configura-
size. This is because the small amount of available Fe igons are observed in films processed at high temperatures.
consumed quickly, and the connectivity between the hillocks
is lost in the early stages of pattern evolution. This prohibits
the diffusional interactivity and further growth of isolated  This work was supported by NSF-MRSEC under Grant
hillocks. On the other hand, due to larger amount of Fe in théNo. DMR-00-80008.
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