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Determination of scaling exponents in Ag100) homoepitaxy with x-ray diffraction profiles
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Homoepitaxy of Ag100) at different temperatures has been studied by collecting the angular distribution of
the intensities ok rays diffracted from the growing film, in real time without interruption of the growth at
relatively high growth ratesone atomic layer every 80 second¥he 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 i§3018l8-182008)01811-6

Diffraction techniques based on electrons, neutral atomdaxial growth of Ad100) at rates of 80 s per atomic layer. As
or x rays have been extensively used in the last years ta result of these measurements several scaling parameters of
study the epitaxial growth of thin filmsUnder the appropri- the growth were determined. The data allow to directly ex-
ate scattering conditions the diffracted intensity may show aitract the values of the coarsening exponent that informs on
oscillatory behavior with a period equal to the time requiredthe temporal variation of the medium-range correlations on
to the growth of one atomic layer. This has traditionally beerthe surfacethe distances between the islapéls a variety
interpreted as a consequence of the temporal oscillations &f temperatures ranging from 140 to 365 K. Further analysis
the density of surface atomic steps that occur during th@f the experiments allows to evaluate the numerical values of
nucleation, growth, and coalescence of two-dimensional isthe roughening exponent at different temperatures. This has
lands. In most cases the amplitude of the oscillations of th&een possible by taking advantage of the weak interaction of
diffracted intensity exhibits a damping that causes the oscilX rays with the surface that causes the kinematical approxi-
lations to disappear after a certain time. The intensity reache®ation for the scattering to be valith contrast with electron
a nonzero stationary value that reveals a constant step defliffraction). Thus, the intensities of the central peak have
sity that is characteristic to the so-called step flow growth inbeen evaluated with a simple model consisting in a set of

which the deposited atoms do not nucleate new islands b@oupled rate equations containing the populations of the dif-
migrate to the neighboring steps. ferent atomic levels that exist on the surface during growth.

In most cases the time-resolved diffraction experiments he resulting diffracted intensities evaluated with our model

have been done by collecting the most intense and sharp pdit the measurements very accuratélye have not found in
of the angular distribution of the diffracted intensity that in- the literature similar accurate fitand allow to determine
forms on long-range correlations on the surface. More rethat the roughening exponent varies from 0.05 to 0.11 in the
cently, a number of growth experimefit have measured temperature range of our measurements. In addition, from
broader angular profiles of the diffracted intensitiespot  the fit to the data, it has been found that the interlayer trans-
profile analysisin order to gain insight on the medium-range Port between surface levels has an activation energy of 90
correlations of the surfaces as may be the distances betwe&V that might be an indication of a low Schwoebel barrier
the islands. Contrary to the studies of the time dependence &' adatoms descending atomic steps.
the intensity of the central peak, spot profile measurements The experiments were performed at the Surface Diffrac-
have been, in general, performed by interrupting the growtfiion beamline(ID3) at the European Synchroton Radiation
while the diffracted intensity was measured. There is onlyFacility that has been described previoublihe end station
one exception known by l}sbut in that case the growth rate consist of an uItrahigh-vacuum chamber coupled to a hlgh
was extremely low. Interrupting the growth means, in prin-precision diffractometer. Prior to installation into the vacuum
ciple, a profound alteration of the detailed balances betweeghamber, the AQLO0 crystal was etched with a mixture of
the rates of the different surface processes that may altélitric and hydrofluorhidric acids. In the vacuum, it was pre-
some physical aspects of the growth problem unless the tenpared by successive cycles of ion etching and annealing until
peratures are sufficiently low to prevent significant masderraces of~2000 A lateral dimensions were obtained as
transport on the surface. indicated by the width of the diffracted beams. The tempera-
Here we report on noninterrupted growth experiments orfure of the crystal was measured with a thermocouple in
transverse profile analysis done by diffracting x rays at verycontact with the crystal. Ag was evaporated from a commer-
grazing angles. For practical reasons, we were interested fial Knudsen cell. The crystal lattice was described with a
growing the films at rates as close as possible to those usiasisa;, a,, az with a;, a, in the (100 plane anda; along
ally employed in thin-film technologyof the order of one [100]. Their magnitudes area;=a,=nearest-neighbor
atomic layer every 10)sWith the help of a charge-coupled distance=a,/y2 and az=a, (a,=bulk lattice constant
device (CCD) camera, transverse profiles of the diffractedWith this basis, Bragg conditions are fulfiled aH (K)
intensity were recorded with an exposure time to the beam of (1,0) andL=1,35. .. . Bysetting the scattering vector at
only two seconds, allowing to monitor in detail the homoepi-(1,0,0, the phase difference between two consecufhi®)
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095 0975 100 1025 105 _ FIG. 2. Characterlst_lc Iengths dgr_lved from the _posmons in re-
ciprocal space of the diffuse intensities, as a function of fractional
(a) parallel wavector (r..u.) >
coverages for growth at different temperatures. The slopes of the
0.08 T T T T r T adjusted lines give the values of the coarsening expoments
0.08 [ A :'_ profiles att#0. The diffuse peaks have been adjusted with
0.04 ki ‘1., . two components, symmetric with respect to the central peak,
> ] having positions, widths and intensities as free parameters to
£0.02 - , . . .
a i fit the data. Figure (b) displays the temporal evolution of
£ 1.00 ——+——————+—+— the intensities of the central and diffuse peaks as obtained
T 080 § - from fits to the raw data. The central peak exhibits the famil-
G060 L 8 N iar damped oscillations with periodicity of one atomic layer.
§040 The diffuse intensity, much weaker, shows also an oscilla-
S 0.

tory behaviour with a phase lag of half oscillation with re-
BREERARKLE spect to the central peak. The intensity of the diffuse peak is
%0 2000 4000 6000 maxima at coverages, 3, 3 ... where the density of steps
(b) Time (s) is higher and the intensity of the central peak shows minima.
The separatiohH of the diffuse components and the central
FIG. 1. (8) Temporal evolution of the angular distribution of the peak directly informs on the distances between islands on the
diffracted intensity during growth of AG00) at 313 K. The depo- surface.
sition time and the corresponding coveragesatomic layers are Figure 2 summarizes our results at different growth tem-
indicated. The different curves are not drawn to the same scalgyeratures. The characteristic length in the ordinates defined
Each profile was recorded in 3.5(8 s exposure time plus 1.5 s a5 27/AH, has been plotted as a function of the deposited
redout timg. The co_ntinuous Ii_nes are Lorentzian fits to the data-coverage. The data points on the figure correspond to frac-
(b) Temporal evolution of the |ntenS|t.|es of the pentral péhdt- tional coverages, ¥, $--- since for these values, as the
tom) and diffuse peak&op). Note the different ordinate scales. The jiensity of the diffuse component relative to the central one
C;n_t'nuous lines are fits using the model described in Bjsand g 5196 the deconvolution described above is better. At a
(2 in the text. coverage of 0.5 layers, the characteristic length varies from
planes of the crystal isr and the corresponding amplitudes 60 to 400 A in the temperature range investigated. Evalua-
cancel each other. As it has been discussed in the literaturéon of the effective energy determining that variation may
these are suitable conditions for epitaxial growth experibe achieved by evaluating the slope of (daracteristic
ments since the sensitivity to surface atomic steps is highesength vs 1/T. This results in 62-2 meV that is similar to
Our measurements were performed_at 0.1, which corre- previously published values in epitaxial growth of (C00)
sponds to grazing incidence and exit anglabout 0.1 de- that were found to be around 70 méWThe same exercise at
grees. The diffracted line profiles were collected with a a deposited coverage of 5.5 layers results in the slightly
binned CCD camera mounted in the detector arm of the difsmaller energy of 58 3 meV.
fractometer. It was equipped with a phosphorous screen and For a fixed temperature, the increase of the characteristic
a tapered fiber optics as focusing stage allowing to collect %ength with coverage displayed in the figure, is usually de-
rays within a solid angle of-6 mstereorad from the sample. scribed with the help of the scaling exponents describing
Figure ¥a) shows several representative profiles duringgrowth processes. The one relevant here is the coarsening
the growth at 310 K. The diffuse scattering at symmetricexponenin defined from (charac. lengt}". The slopes of
positions from the central peak is most clear at fractionathe lines that fit the data in the figure give the values éér
coverages due to the higher density of steps. The profiledifferent temperatures. They range from 0.27 to 0.13 that
have been decomposed into three Lorentzian components asy be compared ta=0.23 found in Ref. 7 for C{100
shown in the figure. the Lorentzian describing the centragrowth at room temperature. Previously published work by
peak atH=1.00 has been obtained by fitting the datat at Amar and Family on Montecarlo simulations of the growth
=0 and letting only a scale factor as free parameter for th@process on a metallic substrate, indicate that the numerical
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values of the coarsening exponent depend markedly on the
magnitude of the step barrier to interlayer diffusion. Accord-
ing to those simulations, at temperatures around 300 K, large
(~0.6 eV) Schwoebel barriers result mvalues of~0.33
whereas low barriers~<0.07 eV) given~0.16. On this ba-
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sis, our findings would suggest a low step barrier height al- z °
though this may be controversial since it does not quite agree 54,61
with the results in Ref. 7. To extract additional information
from the experimental data, we now turn to a more sophisti- 20,1
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cated data analysis. T

The continuous line that fits the temporal evolution of the
intensity of the central component displayed in Figb)1l
lower panel, has been evaluated with a modified version of g,
model due to Coheat al1° and with the use of the kinemati-
cal approximation in the scattered intensity. Our model does

FIG. 3. Arrhenius plot of the preexponential factor of E2).
e slope results in an energy of 90 meV.

not deal with the different microscopic steps in the growth | central peakt) <[ 3 — (1) 1%, (©)
process(as for example in Ref. 21but only pretends to

produce a phenomenological description of the distributiorwhere 5(t) is defined asd(t)=60,—6,+ 65— 6, ... . The

of levels in the growing film. alternance of signs in the consecutive coverages origins from

Suppose an initially flat and perfect substrate on top othe 7 phase shift between consecutive layers and theiterm
which a film is epitaxially growing. For an ideally perfect from the contribution of the substrat®.
layer-by-layer growth, only two levels would exist on the  The data in Fig. (b) have been fitted minimising the re-
surface. In reality, due to the limited mass transport, severaliduals (mean absolute relative errgreetween the experi-
levels will simultaneously coexist and grow. The concentra-ment and the calculation whil& and m were varied. For
tion of a certain level, ¢;, will vary with time as a result of every pair of @&,m) values, the set of Eq$l) was solved,
three processes: the direct impingement of atoms coming,.. i e.(t) was evaluated with E(3) and the agreement
from the vapor, the atoms that descend from the lével  with the experiment was calculated.
and the atoms that leave the levednd descend to the level  The values ofA are affected by an undetermined scale
i-1. This may be expressed by a set of rate equations:  factor which causes that only its relative changes with tem-
perature have to be considered. The calculated curve in Fig.
do;/dt=(17)(6;_1— 6;) +k(t)6;,1(6;i_1— 6;) 1(b) hasm=0.99. The residual is 0.17.
K O(6 = O ) ) This procgdure was applied to a set of ten different
RYi-2 =1 growth experiments with temperatures between 140 and 365

where 1# andk(t) are the rates of deposition and of inter- K. The residual of the fits were comparable to that in Fig.
layer transport, respectively. multiplied by the correspondingt(P) @nd ranged from 0.11 and 0.27. The average value of

concentration factors. For example, the transport of an atorind its standard deviation were found torbe= 1.00+0.06.
from level i+1 to leavei requires atoms in levei+1  The best fit values oA at different temperatures are dis-

(6;,,) and empty space in level(8;_,— 6;). played in Fig. 3. As it may be seen the pre-exponential fol-
As mentioned above, scaling laws applied to the growth

process, described, in general, relevant parameters of the sur- 05 F

face morphologyas for example the roughnesa the_form L2 05 ﬁ}
of temporal power laws. Based on that, the rate of interlayer 2 04

transportk(t) has been assumed to obey a power law of the 0.10 -

form i 03 =5 EE

Coverage (ML)
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k(t)=A/t"™, (2 @ 008

whereA andm are adjustable parameters. Other functional
forms ofk(t) were tried with less success in reproducing the

experiments. Although its microscopical understanding is 0.06 |- E

still in progress, Eq(2) naturally will cause that after long L E

growing times the interlayer transport will vanish and the

" . . 1 L | '

film will grow by attachment of the atoms from the vapor to 0-0%0_0 200.0 3000 400.0

pre-existing steps causing step displacements and a station-
ary step concentration. Also, the pre-exponential tekm
should be expected to increase with temperature due to the
enhancement of mass transport at elevated growth tempera- g, 4. Inset: Evolution of the roughness, in angstroms,
tures. with film thickness for growth at 313 K. The monotonously increas-

If the temporal dependence of the coverages of differening curve is a fit with(w)ot#, as explained in the text, and it allows
levels 6; is known, one may evaluate the diffracted intensityto extract the roughening exponefit Main figure: Dependence
of the central component as B with growth temperature.

Temperature (K)
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lows an Arrhenius type of activated behavior. The slope ofdifferent growth temperatures are displayed in Fig. 4. As it
the data gives an energy of 8@ meV. may be observed they increases with increasing temperatures
The temporal evolution of the diffuse intensity displayedfrom 0.05 to 0.11. These values should be compared with the
in the top panel of Fig. (b), may be shown to be described simulations in Ref. 9 that result in values gfabout 0.08 for
by | gitruse™ S(t)[1— 8(t) 1.2 The continuous curve in the fig- growth processes involving small or negligible step barriers
ure shows the results obtained by using #if€) values ob- and values of3 about 0.31 for large step barriers. Again, our
tained from the fit of the central component. The agreemendlata are consistent with a small step barrier.
with the experiment is worse than that of the central compo- Although the microscopic origin of Eq2) has not been
nent probably due to the fact that as the diffuse intensity is irestablished yet, the activation ener¢®0 me\) deduced
general much weaker than the central one, the accuracy éfom the temperature dependencefgfcould be tentatively
the fits is worst. taken as an upper limit of the magnitude of the Schwoebel
The distribution of surface levels resulting from the solu-barrier. Recent density-functional theory studfgsredict no
tions of Eq.(1) may be used to evaluate the surface rmsadditional energy barrier to descend a step in qualitative
roughnessv= ((h?)—(h)®) 2 with (h)=3j(6,— 6;.1) and  agreement with our findings.
<h2)=2j2(0j—0j+1). The inset of Fig. 4 showsv as a In summary, noninterrupted growth experiments of
function of coverage for the growth at 313 K. The oscillatory Ag(100 have been performed by measuring the transverse
behavior ofw reflects the oscillatory step concentration. Thedistribution of diffracted intensity. A phenomenological
temporal evolution of the average roughness may be evalumodel involving rate equations and a power law dependence
ated by simply averaging the valueswfat the local maxima of the interlayer transport rate, has been found to accurately
and minima as in Ref. 9. The resulting average roughnesdescribe the temporal evolution of the diffracted intensity.
(w) is described by the scaling layw)t? where g is the ~ The values of the coarsening and roughening exponents at
roughening exponent which may be deduced from the slopdifferent temperatures have been determined and suggest a
of the straight line in the inset of Fig. 4. The values@for  small energy barrier at the steps.

1For a review, see for example, B. A. Joyce, J. M. Neave, J.5L. C. Jorritsma, M. Bijnagte, G. Rosenfeld, and B. Poelsema,
Zhong, P. J. Dobson, P. Dawson, K. J. Moore, and C. T. Foxon, Phys. Rev. Lett78, 911(1997.
in Thin Film Growth Techniques for Low Dimensional Struc- 7J. K. Zuo and J. F. Wendelken, Phys. Rev. L@8, 2791(1997.
tures Vol. 163 of NATO Advanced Study InstitutSeries B: 83, Ferrer and F. Comin, Rev. Sci. Instruég, 1674(1995.
Physics, edited by R. F. C. Farrow, S. S. Parkin, P. J. Dobson, J°3. G. Amar and F. Family, Phys. Rev. 3, 14 742(1996.

H. Neave, and A. S. ArrotPlenum, New York, 1987 10p_|. Cohen, G. S. Petrich, P. R. Pukite, G. J. Whaley, and A. S.
M. Henzler, H. Busch, and G. Friese, inetics of Ordering and Arrot, Surf. Sci.216, 222 (1980.

Growth at Surfacesedited by M. G. Lagally(Plenum, New 11y ¢ Bartelt and J. W. Evans, Phys. Rev. L&, 4250(1995,
York, 1990, and also G. L. Nyberg, M. T. Kief, and W. F. and J. W. Evans and M. C. Bartelt, Langm@R, 217 (1996.

5 Egelhoff, Jr., Phys. Rev. B8, 14 509(1993. , 12|, K. Robinson, Handbook of Synchrotron Radiation, Vol. 3
J. K. Zuo, J. F. Wendelken, H. Durr, and C. L. Liu, Phys. Rev. (North-Holland, Amsterdam, 1991
Lett. 72, 3064 (1994, 13 ’ ’

J. M. Cowley, Diffraction Physics(North-Holland, Amsterdam,
1990, Chap. 7.
14B. D. Yu and M. Scheffler, Phys. Rev. Left7, 1095(1996.

4H. J. Ernst, F. Fabre, and J. Lapoujulade, J. Vac. Sci. Technol. A
12, 1809(1994.
5B. Grossman and P. Piercy, Phys. Rev. Lé#. 4487(1995.



