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Determination of scaling exponents in Ag„100… homoepitaxy with x-ray diffraction profiles
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~Received 26 November 1997!

Homoepitaxy of Ag~100! at different temperatures has been studied by collecting the angular distribution of
the intensities ofx rays diffracted from the growing film, in real time without interruption of the growth at
relatively high growth rates~one atomic layer every 80 seconds!. The temporal evolution of the long- and
medium-range surface correlations has been used to determine the coarsening and roughening exponents at
different temperatures. A simple phenomenological model based on rate equations has been found accurately
to fit the data. The results suggest that the energy barrier to descend steps is small.@S0163-1829~98!01811-6#
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Diffraction techniques based on electrons, neutral ato
or x rays have been extensively used in the last year
study the epitaxial growth of thin films.1 Under the appropri-
ate scattering conditions the diffracted intensity may show
oscillatory behavior with a period equal to the time requir
to the growth of one atomic layer. This has traditionally be
interpreted as a consequence of the temporal oscillation
the density of surface atomic steps that occur during
nucleation, growth, and coalescence of two-dimensiona
lands. In most cases the amplitude of the oscillations of
diffracted intensity exhibits a damping that causes the os
lations to disappear after a certain time. The intensity reac
a nonzero stationary value that reveals a constant step
sity that is characteristic to the so-called step flow growth
which the deposited atoms do not nucleate new islands
migrate to the neighboring steps.

In most cases the time-resolved diffraction experime
have been done by collecting the most intense and sharp
of the angular distribution of the diffracted intensity that i
forms on long-range correlations on the surface. More
cently, a number of growth experiments2–7 have measured
broader angular profiles of the diffracted intensities,~spot
profile analysis! in order to gain insight on the medium-rang
correlations of the surfaces as may be the distances betw
the islands. Contrary to the studies of the time dependenc
the intensity of the central peak, spot profile measureme
have been, in general, performed by interrupting the gro
while the diffracted intensity was measured. There is o
one exception known by us,3 but in that case the growth rat
was extremely low. Interrupting the growth means, in pr
ciple, a profound alteration of the detailed balances betw
the rates of the different surface processes that may
some physical aspects of the growth problem unless the
peratures are sufficiently low to prevent significant ma
transport on the surface.

Here we report on noninterrupted growth experiments
transverse profile analysis done by diffracting x rays at v
grazing angles. For practical reasons, we were intereste
growing the films at rates as close as possible to those
ally employed in thin-film technology~of the order of one
atomic layer every 10 s!. With the help of a charge-couple
device ~CCD! camera, transverse profiles of the diffract
intensity were recorded with an exposure time to the beam
only two seconds, allowing to monitor in detail the homoe
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taxial growth of Ag~100! at rates of 80 s per atomic layer. A
a result of these measurements several scaling paramete
the growth were determined. The data allow to directly e
tract the values of the coarsening exponent that informs
the temporal variation of the medium-range correlations
the surface~the distances between the islands! for a variety
of temperatures ranging from 140 to 365 K. Further analy
of the experiments allows to evaluate the numerical value
the roughening exponent at different temperatures. This
been possible by taking advantage of the weak interactio
x rays with the surface that causes the kinematical appr
mation for the scattering to be valid~in contrast with electron
diffraction!. Thus, the intensities of the central peak ha
been evaluated with a simple model consisting in a se
coupled rate equations containing the populations of the
ferent atomic levels that exist on the surface during grow
The resulting diffracted intensities evaluated with our mo
fit the measurements very accurately~we have not found in
the literature similar accurate fits! and allow to determine
that the roughening exponent varies from 0.05 to 0.11 in
temperature range of our measurements. In addition, f
the fit to the data, it has been found that the interlayer tra
port between surface levels has an activation energy o
meV that might be an indication of a low Schwoebel barr
for adatoms descending atomic steps.

The experiments were performed at the Surface Diffr
tion beamline~ID3! at the European Synchroton Radiatio
Facility that has been described previously.8 The end station
consist of an ultrahigh-vacuum chamber coupled to a h
precision diffractometer. Prior to installation into the vacuu
chamber, the Ag~100! crystal was etched with a mixture o
nitric and hydrofluorhidric acids. In the vacuum, it was pr
pared by successive cycles of ion etching and annealing u
terraces of;2000 Å lateral dimensions were obtained
indicated by the width of the diffracted beams. The tempe
ture of the crystal was measured with a thermocouple
contact with the crystal. Ag was evaporated from a comm
cial Knudsen cell. The crystal lattice was described with
basisa1 , a2 , a3 with a1 , a2 in the ~100! plane anda3 along
@100#. Their magnitudes area15a25nearest-neighbor
distance5a0 /A2 and a35a0 (a05bulk lattice constant!.
With this basis, Bragg conditions are fulfilled at (H,K)
5(1,0) andL51,3,5 . . . . Bysetting the scattering vector a
~1,0,0!, the phase difference between two consecutive~100!
6325 © 1998 The American Physical Society
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6326 57BRIEF REPORTS
planes of the crystal isp and the corresponding amplitude
cancel each other. As it has been discussed in the litera
these are suitable conditions for epitaxial growth expe
ments since the sensitivity to surface atomic steps is high
Our measurements were performed atL,0.1, which corre-
sponds to grazing incidence and exit angles~about 0.1 de-
grees!. The diffracted line profiles were collected with
binned CCD camera mounted in the detector arm of the
fractometer. It was equipped with a phosphorous screen
a tapered fiber optics as focusing stage allowing to colle
rays within a solid angle of;6 mstereorad from the sample

Figure 1~a! shows several representative profiles dur
the growth at 310 K. The diffuse scattering at symmet
positions from the central peak is most clear at fractio
coverages due to the higher density of steps. The pro
have been decomposed into three Lorentzian componen
shown in the figure. the Lorentzian describing the cen
peak atH51.00 has been obtained by fitting the data at
50 and letting only a scale factor as free parameter for

FIG. 1. ~a! Temporal evolution of the angular distribution of th
diffracted intensity during growth of Ag~100! at 313 K. The depo-
sition time and the corresponding coverages~in atomic layers! are
indicated. The different curves are not drawn to the same sc
Each profile was recorded in 3.5 s~2 s exposure time plus 1.5
redout time!. The continuous lines are Lorentzian fits to the da
~b! Temporal evolution of the intensities of the central peak~bot-
tom! and diffuse peaks~top!. Note the different ordinate scales. Th
continuous lines are fits using the model described in Eqs.~1! and
~2! in the text.
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profiles attÞ0. The diffuse peaks have been adjusted w
two components, symmetric with respect to the central pe
having positions, widths and intensities as free parameter
fit the data. Figure 1~b! displays the temporal evolution o
the intensities of the central and diffuse peaks as obtai
from fits to the raw data. The central peak exhibits the fam
iar damped oscillations with periodicity of one atomic laye
The diffuse intensity, much weaker, shows also an osci
tory behaviour with a phase lag of half oscillation with r
spect to the central peak. The intensity of the diffuse pea
maxima at coverages12 , 3

2 , 5
2 . . . where the density of step

is higher and the intensity of the central peak shows minim
The separationDH of the diffuse components and the centr
peak directly informs on the distances between islands on
surface.

Figure 2 summarizes our results at different growth te
peratures. The characteristic length in the ordinates defi
as 2p/DH, has been plotted as a function of the deposi
coverage. The data points on the figure correspond to f
tional coverages1

2 , 3
2 , 5

2 ••• since for these values, as th
intensity of the diffuse component relative to the central o
is large, the deconvolution described above is better. A
coverage of 0.5 layers, the characteristic length varies fr
60 to 400 Å in the temperature range investigated. Eval
tion of the effective energy determining that variation m
be achieved by evaluating the slope of log~characteristic
length! vs 1/T. This results in 6262 meV that is similar to
previously published values in epitaxial growth of Cu~100!
that were found to be around 70 meV.6 The same exercise a
a deposited coverage of 5.5 layers results in the sligh
smaller energy of 5863 meV.

For a fixed temperature, the increase of the character
length with coverage displayed in the figure, is usually d
scribed with the help of the scaling exponents describ
growth processes. The one relevant here is the coarse
exponentn defined from (charac. length)}tn. The slopes of
the lines that fit the data in the figure give the values ofn for
different temperatures. They range from 0.27 to 0.13 t
may be compared ton50.23 found in Ref. 7 for Cu~100!
growth at room temperature. Previously published work
Amar and Family9 on Montecarlo simulations of the growt
process on a metallic substrate, indicate that the nume

le.

.

FIG. 2. Characteristic lengths derived from the positions in
ciprocal space of the diffuse intensities, as a function of fractio
coverages for growth at different temperatures. The slopes of
adjusted lines give the values of the coarsening exponentsn.
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values of the coarsening exponent depend markedly on
magnitude of the step barrier to interlayer diffusion. Acco
ing to those simulations, at temperatures around 300 K, la
(;0.6 eV) Schwoebel barriers result inn values of;0.33
whereas low barriers (;0.07 eV) given;0.16. On this ba-
sis, our findings would suggest a low step barrier height
though this may be controversial since it does not quite ag
with the results in Ref. 7. To extract additional informatio
from the experimental data, we now turn to a more sophi
cated data analysis.

The continuous line that fits the temporal evolution of t
intensity of the central component displayed in Fig. 1~b!
lower panel, has been evaluated with a modified version
model due to Cohenet al.10 and with the use of the kinemat
cal approximation in the scattered intensity. Our model d
not deal with the different microscopic steps in the grow
process~as for example in Ref. 11! but only pretends to
produce a phenomenological description of the distribut
of levels in the growing film.

Suppose an initially flat and perfect substrate on top
which a film is epitaxially growing. For an ideally perfec
layer-by-layer growth, only two levels would exist on th
surface. In reality, due to the limited mass transport, sev
levels will simultaneously coexist and grow. The concent
tion of a certain leveli , u i , will vary with time as a result of
three processes: the direct impingement of atoms com
from the vapor, the atoms that descend from the leveli 11
and the atoms that leave the leveli and descend to the leve
i -1. This may be expressed by a set of rate equations:

du i /dt5~1/t!~u i 212u i !1k~ t !u i 11~u i 212u i !

2k~ t !u i~u i 222u i 21!, ~1!

where 1/t andk(t) are the rates of deposition and of inte
layer transport, respectively. multiplied by the correspond
concentration factors. For example, the transport of an a
from level i 11 to leave i requires atoms in leveli 11
(u i 11) and empty space in leveli (u i 212u i).

As mentioned above, scaling laws applied to the grow
process, described, in general, relevant parameters of the
face morphology~as for example the roughness! in the form
of temporal power laws. Based on that, the rate of interla
transportk(t) has been assumed to obey a power law of
form

k~ t !5A/tm, ~2!

whereA and m are adjustable parameters. Other functio
forms ofk(t) were tried with less success in reproducing t
experiments. Although its microscopical understanding
still in progress, Eq.~2! naturally will cause that after long
growing times the interlayer transport will vanish and t
film will grow by attachment of the atoms from the vapor
pre-existing steps causing step displacements and a sta
ary step concentration. Also, the pre-exponential termA
should be expected to increase with temperature due to
enhancement of mass transport at elevated growth temp
tures.

If the temporal dependence of the coverages of differ
levelsu i is known, one may evaluate the diffracted intens
of the central component as
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2 2d~ t !#2, ~3!

where d(t) is defined asd(t)5u12u21u32u4 . . . . The
alternance of signs in the consecutive coverages origins f
the p phase shift between consecutive layers and the te1

2

from the contribution of the substrate.12

The data in Fig. 1~b! have been fitted minimising the re
siduals~mean absolute relative errors! between the experi-
ment and the calculation whileA and m were varied. For
every pair of (A,m) values, the set of Eqs.~1! was solved,
I central peak(t) was evaluated with Eq.~3! and the agreemen
with the experiment was calculated.

The values ofA are affected by an undetermined sca
factor which causes that only its relative changes with te
perature have to be considered. The calculated curve in
1~b! hasm50.99. The residual is 0.17.

This procedure was applied to a set of ten differe
growth experiments with temperatures between 140 and
K. The residual of the fits were comparable to that in F
1~b! and ranged from 0.11 and 0.27. The average value om
and its standard deviation were found to bem51.0060.06.
The best fit values ofA at different temperatures are dis
played in Fig. 3. As it may be seen the pre-exponential f

FIG. 4. Inset: Evolution of the roughnessw, in angstroms,
with film thickness for growth at 313 K. The monotonously increa
ing curve is a fit witĥ w&}tb, as explained in the text, and it allow
to extract the roughening exponentb. Main figure: Dependence
b with growth temperature.

FIG. 3. Arrhenius plot of the preexponential factor of Eq.~2!.
The slope results in an energy of 90 meV.



o

ed
d
-

e
po
s i
y

lu
m

ry
he
a

e

op

it
tures
the

ers
ur

bel

tive

of
rse

al
nce
tely
ty.
s at
est a

6328 57BRIEF REPORTS
lows an Arrhenius type of activated behavior. The slope
the data gives an energy of 9069 meV.

The temporal evolution of the diffuse intensity display
in the top panel of Fig. 1~b!, may be shown to be describe
by I diffuse}d(t)@12d(t)#.13 The continuous curve in the fig
ure shows the results obtained by using thed(t) values ob-
tained from the fit of the central component. The agreem
with the experiment is worse than that of the central com
nent probably due to the fact that as the diffuse intensity i
general much weaker than the central one, the accurac
the fits is worst.

The distribution of surface levels resulting from the so
tions of Eq. ~1! may be used to evaluate the surface r
roughnessw5(^h2&2^h&2)1/2 with ^h&5S j (u j2u j 11) and
^h2&5S j 2(u j2u j 11). The inset of Fig. 4 showsw as a
function of coverage for the growth at 313 K. The oscillato
behavior ofw reflects the oscillatory step concentration. T
temporal evolution of the average roughness may be ev
ated by simply averaging the values ofw at the local maxima
and minima as in Ref. 9. The resulting average roughn
^w& is described by the scaling laŵw&}tb whereb is the
roughening exponent which may be deduced from the sl
of the straight line in the inset of Fig. 4. The values ofb for
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different growth temperatures are displayed in Fig. 4. As
may be observed they increases with increasing tempera
from 0.05 to 0.11. These values should be compared with
simulations in Ref. 9 that result in values ofb about 0.08 for
growth processes involving small or negligible step barri
and values ofb about 0.31 for large step barriers. Again, o
data are consistent with a small step barrier.

Although the microscopic origin of Eq.~2! has not been
established yet, the activation energy~90 meV! deduced
from the temperature dependence ofA, could be tentatively
taken as an upper limit of the magnitude of the Schwoe
barrier. Recent density-functional theory studies14 predict no
additional energy barrier to descend a step in qualita
agreement with our findings.

In summary, noninterrupted growth experiments
Ag~100! have been performed by measuring the transve
distribution of diffracted intensity. A phenomenologic
model involving rate equations and a power law depende
of the interlayer transport rate, has been found to accura
describe the temporal evolution of the diffracted intensi
The values of the coarsening and roughening exponent
different temperatures have been determined and sugg
small energy barrier at the steps.
a,

. S.
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