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Surface morphology and kinetic roughening of Ag on Ag111)
studied with scanning tunneling microscopy

l. Heyvaert* J. Krim," C. Van Haesendonck, and Y. Bruynseraede
Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200 D, B-3001 Heverlee, Belgium
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The topography of Ag grown on A@11) measured with scanning tunneling microscopy reveals three-
dimensional, layered islands for film thicknesses below 500 A. For thicker Ag films, the layered structures can
no longer be observed. The induced surface roughness increases with increasing film thickness and corresponds
to the formation of self-similar surfaces with roughness expondntose to 1 for thicknesses up to 5000 A.

Our results are compared to the relevant theoretical moff&1€63-651X96)11307-9

PACS numbegps): 05.40+j, 61.16.Ch, 68.35.Bs, 68.55a

I. INTRODUCTION wheref is a scaling function. For many growth models the
characteristic scaling exponents have been calculated.
In deposition processes used to fabricate thin solid films, We have used the scanning tunneling microsc@EM)
one observes a very strong dependence of the film micrdo study the topography and the evolution of the surface
structure and the surface roughness on the growth conditiongoughness during the growth of Ag on Ad1). With the

A study of this microstructure and of the surface roughnes§vention of various scanning probe microscopes, techniques
might help to reveal the underlying growth mechanisms.became available to measure the surface roughness directly

This is important since the film structure as well as the sur90Wn to the nanometer scale. The surface roughness and the

face roughness have a profound influence on the physicg€@ling exponents will be compared to exponents obtained
properties of the film from growth models in order to reveal the underlying growth

The growth of vapor-deposited films has been extensivelWeChan'sm'
studied. Growth models have been developed that take into
account different physical processes. Films deposited under Il. EXPERIMENTAL PROCEDURE

ponequilibrium copditions have recer]tly aIsp been the gub— Our STM (WA Technology Ltd., Cambridgs installed
ject of many atomic-scale computer simulations and appllca]-n an ultrahigh vacuumUHV) chamber(10 ° mbaj to
tions of the scaling theorj1-5]. In many cases, interfaces which a deposition chamber is attach@® ' mbar during
growing under nonequilibrium conditiorthich is the case  the evaporation In between the thermal evaporation of the
for most thin-film deposition procesgesvolve into self-  gifferent Ag layers, the sample can be transferred to the STM
affine surface¢1,6—14. In this case, the root-mean-square chamber without exposing the surface to air.
(RMS) roughnessr increases with the size of the surface It is well known that the thermal evaporation of Ag on top
as o(L)=L", where the scaling exponemi (O<H<1), of freshly cleaved mica at a temperature of 275 °C produces
called the roughness exponent, is indicative of the topografiat Ag(111) surfaced16]. The mica substrate is introduced
phy of the surface. This regime of self-affine scaling is validinto the evaporation chamber in the vacuum system immedi-
for length scales smaller than the correlation lengthAt  ately after cleaving. Before evaporation of Ag, the mica is
length scales exceeding the correlation length, the roughnessinealed at a temperature of 400 °C. The heating of the mica
reaches a saturation valug. In dynamic processes, the is obtained with an electron beam directed into a hole in the
roughness also changes as a function of the growth timgubstrate holder towards the back side of the substrate. In
[8-15]. Often, the saturated roughnesgsincreases in time order to obtain a uniform heating of the substrate, a silicon
as o=t?, until a certain maximum roughness value iswafer is placed directly under the mica substrate. The sub-
reachedg, which is called the dynamic scaling exponent, isstrate temperature is calibrated with a thermocouple attached
related to the temporal evolution of the roughness. The temo the front side of the mica substrate during a test evapora-
poral and spatial behavior of the roughness can then be dgon. After deposition of the A@11) layer, the sample is
scribed by the dynamic scaling relatiph8]: cooled down to room temperature and transferred to the
UHV chamber, where the surface topography and roughness
are studied with STM.
a(L,t)=L"f(tL—HA), On the Ag111) surface at room temperature, gradually
more and more Ag is evaporated. In between the evaporation
of the different Ag layers, the sample is transferred to the
"Permanent address: Laboratorium voor Chemische en BioloSTM chamber. The morphology as well as the RMS rough-
gische Dynamica, Katholieke Universiteit Leuven, Celestijnenlaarness as a function of the length scale have been determined

200 D, B-3001 Heverlee, Belgium. for the various layer thicknesses. The procedure, which was
"Permanent address: Department of Physics, Northeastern Univefiellowed to determine the roughness exponent, has been de-
sity, Huntington Avenue, Dana Bldg, Boston, MA 02115. scribed elsewher¢l7]. Briefly, a variety of scang5-10
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FIG. 1. STM pictures show-
2000 X(A) ing the Ag surface topography at
various stages of the growth pro-
cess.(a) Ag grown on mica at a
temperature of 275°C reveals
large Ag111) grains with atomi-
cally flat surfaces. On the grain
surfaces atomic stepsee upper
arrow) and growing defect¢see
lower arrow can be found. The
evolution of the topography of
the Ag film evaporated at room
temperature on top of the flat
Ag(11)) area is given for an av-
erage layer thickness db) 31
. A, (0)31A,(d)62A, (e 483 A,
0 350 700 X(A) 500 1000 1500 X(A) and (f) 1997 A. In (c) a screw
dislocation appearing on top of a
Ag island grown on the A@.11)
surface is shown. The vertical
scalegblack to whitg are(a) 22
A, (b) 30 A, (c) 25 A, (d) 29 A,
(e) 40 A, and(f) 141 A.
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typically), each of size., are recorded at random locations well as dislocations can be observgske arrows in Fig.
on the surface. The RMS roughness values, given by thé(a)].
instrument software for the individual scans, are then aver- After evaporation of Ag on the Ad11) surface at room
aged. As soon as the average roughness at that length scéé¢nperature, circular, three-dimension@D) islands are
does not change by more than 10%, when more images agowing on top of the atomically flat AG11) terraces. In
averaged, data recording is stopped. This procedure is r¢sg. 1(b) a typical image of the surface is shown after evapo-
peated for numerous different scan sizes, generating a set pftion of 31 A of Ag. The island size at the base line is
averageo values as a function of the length scdle The  5009_1000 A. The steps between the terraces are one unit cell
obtained data are then plotted in a ig@) versus logy(L) i height and the top layers become increasingly smaller,
graph and a least-square fit to the data points is performeghading to a pyramidal-like structure. On some of these 3D
The slope of the fitted curve determines the roughness eXP@slands, a screw dislocation can be obseryEiy. 1(c)].
nentH. When evaporating more and more Ag, the islands are grow-
ing higher. In Fig. 1d), an island with a diameter of 1500 A,
which is comparable to the size of the underlying(A)
grain, is shown. The evaporated Ag thickness is 62 A. A
The STM measurements on the original(Agjl) surface similar behavior is observed up to a Ag thickness of about
[shown in Fig. 18)] indicate that the maximum size of the 250 A. At a thickness of around 500 A, the surface topogra-
atomically flat islands is about 2000 A. The islands are sepaphy has changed: the surface becomes more irregular and
rated by deep valleys. On top of the islands atomic steps adoudy. Sometimes, in between this cloudy areas, the under-

Ill. EXPERIMENTAL RESULTS



54 SURFACE MORPHOLOGY AND KINETIC ROUGHENIG . . . 351

z z
o 2 o 2 ‘
°1.8 °1.6 H=0.95+0.03
=] o] d
912 912 1
0.8 . @ 0.8 1 ®
0.4 . * 0.4
0 .« * 0
04te e N 0.4 . . N
14 18 22 26 3 34 38 14 18 22 26 3 34 38
g log,o L (A) < logso L (A)
2 = 5]
o] o}
246 | H=0.88+003 216 | *
o L
¢}
242 . %12
0.8 ] b) 038 @
0.4 1 0.4 1
0 o |
-0.4 -0.4 . . . . - .
1.4 1.8 2.2 2.6 3 3.4 3.8 1.4 1.8 2.2 2.6 3 3.4 3.8
= logyo L (A) 2 logse L (A)
1o ] Sie
° J e J H=0.9 .
8)1.6 81.6 0.96 + 0.03
=2 1.2 21.2
0.8 ] ¢ 0.8
L 2
0.4 | .o 0.4 .
0 . * 0
-0.4 hd . -0.4 . . . . . .
14 18 22 26 3 34 38 14 18 22 26 3 34 38
z logye L (A) = ‘ logyo L (A)
2 o 2] I -
[*) H=1.06 +0.04
216 | H =093 +0.06 % e ]
D‘; . c‘)‘ .6
212 . 212
0.8

1
. b 1. 4
8 1 0.8 1 ,
0.4 1 < @ 0.4 1 ®
0 1 o4 *
<
1.8 22 26 3

3.4 3.8 1.4 1.8 2.2 2.6 3 3.4 3.8

logyo L (A) logyo L (A)

2 J
6 | H=0.90+0.05
2

1

1.

0.8 1

0.4 ] / O]
O 4

.
1.4 1.8 2.2 2.6 3 3.4 3.8

logio L (A)

FIG. 2. logg(o) vs logo(L) plot for the growth of the Ag film shown in Fig. 1, with the scan size and the average RMS roughness:
for (a) the Ag(111) substrate and for Ag layers with an average thicknegb)a81 A, (c) 62 A, (d) 123 A, (e) 243 A, (f) 483 A, (g) 963 A,
(h) 1997 A, and(i) 5001 A. The values of the roughness exponéhtindicated in each plot, are determined via a least-square fit restricted
to the linear regime.

lying islands with atomic steps can still be obseni&iy.  not be reached because of the limited scan range of our STM.
1(e)]. In Fig. 1(f), the topography of a layer with a thickness Consequently, the dynamic scaling exponghtannot be
of about 2000 A is presented: the underlying topography isletermined. On the other hand, we observe that the rough-
completely mimicked. ness values increase with increasing layer thickness. This
In Fig. 2, loglog,q plots of the RMS roughness as a  increase is not very pronounced for the smaller thicknesses
function of the length scale are shown for the different Ag below about 250 Ai.e., in the regime where the layered 3D
layer thicknesses. The roughness increases with increasingjand growth occuns but becomes more evident for the
length scale, but it is clear that the saturation valyeould  thicker films showing the cloudy topography.
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T2 prevents the atoms from diffusing across downward steps
[18-21]. On top of the flat terraces, the incoming atoms can
11 PY move to the upper step edges where they become incorpo-
1 P rated in the Ag layer.
0.9 ° o L4 d The scaling exponents have been estimated for several
cle growth modelsH=1 has been found for a model describing
0.8 molecular beam epitax§MBE) growth, where the relaxation
0.7 , , , i , , process proceeds via surface diffusid8,22. This corre-
14 18 22 26 3 34 38 sponds to the atomistic model where the atoms are allowed

to relax via surface diffusion to positions with a maximum
number of nearest neighbdra3].
Our results can also be interpreted in terms of a growth
instability introduced by Villaif 18], by Johnsoret al.[24],
and by Siegert and PlischK@5]. In their models, mounds
are formed, which increase both in height and lateral size,
until only one mound on the order of the system size remains
For all the plots shown in Fig. 2, the roughness increasef24]. As soon as the islands have reached this size, a rough
with increasing length scale. For the flat A4 substrate surface starts to develop. In our experiment, the growth is
[Fig. 2a)], no linear regime can be detected, indicating thaiclearly limited by the size of the underlying Aljl1) islands.
the surface is not self-affine. After evaporation of Ag, a lin- A roughness exponeht=1 (as in our casewas reported by
ear regime gradually developgmigs. 2b)-2(f)]. At the  Sijegert and Plischkg25] for MBE growth where a growth
smallest length scales, deviations from the linear regime armstability is developing. In their model, the exponéthtis
observed. The tip shape and size impose a lower cutoff fopnly an effective exponent and does not describe the scaling
the application of the scaling laws. Therefore, the roughnesgnymore.
exponentH is determined via a least-square fit restricted to  Experimentally, structures similar to ours have been ob-
the data points belonging to the linear regime. served for GaAs films grown by MBE methods on
In order to emphasize the gradual increase of the roughgaAg100) substrate§24]. Furthermore, Ernset al. [26]
ness exponertt! with increasing thickness, we have plotted have observed unstable growth, resulting in a pyramidal-like
the exponent as a function of the total layer thickness surface profile, for Cu vapor deposited on a(Ti0) crystal
(see Fig. 3. For the smaller thicknessés<250 A), where gt 160 and 200 K. In the latter case, exponedtsl were
3D island growth occurs, the exponent varies betweerdound, in agreement with our results.
H=0.88+0.03 (for t=31 A) andH=0.93+0.06 (for t=123
A). For the thicker and more irregular films, the roughness
exponent varies betweein =0.95+0.03 (for t=483 A)
andH=1.06+0.03 (for t=5001 A). At larger length scales, We have studied the growth of Ag vapor deposited on
the error on the RMS roughness values is larger than thAg(111). For thicknesses below 250 A, the growth proceeds
presumed 10%, since the roughness values could only bga 3D island growth. For thicker layers, the surface becomes
determined for a limited number of independent locations onrregular. Roughness exponersclose to 1 have been ob-
the surface. Indeed, the atomically flat @42 islands, on tained, in agreement with other experimental results as well
which the 3D islands grow, have a limited size of about 2000as with theoretical models.
A. Consequently, the uncertainty on the roughness exponent
H is larger than might be expected from the least-square fit ACKNOWLEDGMENTS
to the data points and is estimated toH8.1. This implies
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FIG. 3. The values of the roughness exponnplotted as a
function of the average Ag film thickness.

V. CONCLUSION

IV. DISCUSSION
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