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Temperature and orientation dependence of kinetic roughening during homoepitaxy:
A guantitative x-ray-scattering study of Ag
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Kinetic roughening during homoepitaxial growth was studied fof14g) and Ag001). For Ag(111), from
150 to 500 K, the rms roughness exhibits a power lawt? over nearly three decades in thickneﬁ&% at
low temperatures, and there is an abrupt transition to smaller values above 300 K. In con{{@31) Aghibits
layer-by-layer growth with a significantly smallg. These results are the first to establish the evolution of
surface roughness quantitatively for a broad thickness and temperature range, as well as for the case where
growth kinetics are dominated by a step-ledge diffusion bafi&0163-1826)00247-(

INTRODUCTION to multilayer (three-dimensionalgrowth and the eventual
appearance of mounds. If, however, this step-ledge barrier is
Kinetic roughening, where an initially smooth surface negligibly small, then the atomic layer completes before the
progressively roughens as atoms deposit from a vapor, is ext one nucleates so that the growth is layer by I8yBL ),
subject of considerable fundamental interest, and it is imporyielding a relatively smooth surface. A characteristic signa-
tant to technological applications which rely on the ability to ture of LBL growth comes from reflection-high-energy elec-
control the surface morphology of thin films. Many theoreti- tron diffraction (RHEED measuredn situ, where oscilla-
cal studies can be found in the literatdreshich propose a tions of the out-of-phase reflected intensiRHEED
scaling behavior for a growing rough surface; however, ther@scillationg occur with the period needed to complete a
are comparatively few experimental studiesich criticaly ~ monolayer. In practice the intensity tends to weaken with
test the theories, nor do these adequately address the micrsuccessive oscillations due to the step-ledge bafti€here-
scopic origin of roughening. The importance of microscopicfore, the step-ledge barrier is centrally important in determin-
mechanisms has been recognized in recent theoretieald  ing the growth morphology and any discussion of power-law
experimentdf~1* work. It is, therefore, useful to examine exponents, if these are observable at all, must consider such
growth on the simplest crystalline systems, in order to estabmicroscopic kinetics which will certainly vary with the tem-
lish the fundamental behavior of kinetic roughening. perature as well as the orientation of the crystal surface. In
The time evolution of this type of roughened surface defact, a measurement of the temperature dependence would
rives from two sources: a noisyherma) flux of impinging  seem to be a prerequisite for establishing a particular growth
atoms and the relaxation physics that governs the rearrangeiodel.
ment of atoms once they arrive at the surface. Consequently, In this paper, we report the temperature dependence of the
it is essentidP to consider the specific relaxation mecha- surface roughness during homoepitaxy on (%) and
nisms that are relevant to growth at real crystalline surfacesAg(001), where the two orientations provide opposite limits
nucleation, surface diffusion, and diffusion over crystallineof step-ledge barrier effects. For Ad1), it is known that
surface step ledges. The importance of such mechanisms RHEED oscillations are not preséhtat any temperature,
highlighted by the well-known growth modes observed dur-indicating a large step-ledge barriér® and this represents
ing homoepitaxy—step flow, layer by layer, and the important limiting case where a single mechanism domi-
multilayer—which aregualitative manifestations of these re- nates the growth kinetics. A@01), in contrast, exhibits
laxation mechanisms. At presentgaantitativedescription RHEED oscillation&®?! at low temperature, suggesting a
of kinetic roughening that interrelates these qualitative pherelatively small step-ledge barrier. Our results for(Afl)
nomena has not been adequately established. show, remarkably, that over nearly three decades in depos-
A key issue concerns the formation of mounds duringited thickness and over the entire temperature range exam-
growth, and a number of recent experiments on singular oriined (150—-500 K the rms surface roughness is well de-
entation surfacé$™3 have revealed such growth instabili- scribed by a power lawye=t?. We observe a transition in the
ties. This situation arises from a diffusion bfass can be exponentB, whereB~1 at low temperature and rapidly de-
demonstrated by considering the stability during depositiorcreases above 300 K—this is concomitant with a steady de-
of a two-dimensional island having a single atomic-layercrease in the roughness magnitude. Fo(0®q), 8 also var-
height. If incoming atoms deposited atop the island experiies with temperature, but exhibits values that are significantly
ence a barrier to diffusion over the island’'s ed@ke smaller than what is observed on @Ag1) at a given tem-
Ehrlich-Schwoebel barrigrthen the next atomic layer may perature. We believe these results are roughly consistent with
nucleate before the previous layer completes, thereby leadingcent computer simulatiofis;?”?®although the quantitative
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FIG. 1. The specular x-ray reflectivity is shown for a smooth  FIG. 2. The mean-square roughness of the14g) surface,
Ag(111) starting surface(circles and a rough surfacésquares  measured by x-ray reflectivity, is shown as a function of the depos-
with 3.2 A deposited at 200 K. The solid and dashed curves are #ed Ag thickness at six different temperatures. The solid lines are
least-squares fit to Eq1) with geometrical corrections included. obtained from a fit tarPoct?s,

The inset shows the wave-vector dependence of the transverse an-

gular width of the specular peak; this gives a typical length ofonly be detected by measuring the rgflectiv_ity over this large
~9000 A for flat Ag111) facets. wave-vector range. The roughness is obtained over a lateral

area corresponding to the correlation lengtbf the surface,
information (roughness magnitude as well as expopentWhich was determined from the transverse angular broaden-
available from our experiments potentially affords a rigorousing of the specular peak, shown in the inset to Fig. 1. We

test of growth models. obtainL~9000 A, and this implies that our experiments take
place on large, flat Ad.11) facets whose roughness is just a
EXPERIMENT fraction of an A. Note that high-temperature annealing is

responsible for the formation of the facets, and these possess
The experiments used an ultrahigh vacuum charté®@r  terrace sizes that are much larger than what would be ex-
bient, low 10 *° Torr) located on the SUNY X3B2 beamline pected from the miscut of the crystal; in fact, we can directly
at the National Synchrotron Light Source. Ag was depositetbserve the increase in as the sample is annealed. Such
from a thermal oven, and the deposition flux was interruptedurfaces are routinely achieved. As we will demonstrate, the
to allow in situ x-ray reflectivity (1.1379 A measurements. starting surface quality is very important in kinetic roughen-
Substrates were mechanically polish@discut ~0.1°) fol- ing studies.
lowed by repeated cycles of annealifg00—750 °G and The evolution ofo? with film thickness is shown in Fig. 2
Ar-ion sputtering. No surface impurities were detectable byfor different temperatures. The deposition rate was either 7
Auger analysis. A highly smooth starting surface was preor 25 A/min, and the results did not depend on the choice of
pared before each deposition series by repeated sputtetite. As shown by the square data points in Fig. 1, the re-
anneal cycles. The specular x-ray reflectivity data, with theflectivity measured at grazing angles and near the Bragg re-
diffuse scattering subtracted, were analyzed accordiffg to flection yield the same roughness, indicating that the depos-
ited atoms enter the epitaxial lattice sites rather than form a
o2 Q,d polycrystalline film. We also confirmed the absence of an-
ex%—4?sin2( z )) nealing effects due to the interruption of the deposition
2 1) flux.?? This is consistent with a low rate for atoms to detach
from islands.
As shown in Fig. 2, the roughness evolution at each tem-
perature is well described by a power law. Figure 3 shows
which allowed the rms surface roughnesso be obtained. that, although the roughness decreases continuously with in-
Here Q,=4/\ sind is the wave-vector transfer perpendicu- C'€asing temperaturgg~ is constant at low temperature,
lar to the surface\ is the wavelengthg is the angle of and decreases rapidly above 300 K. We performed these
specular reflectiond is the atomic plane spacing normal to measurements many times, and carefully examined their re-

Rx|f(Q)|

Qgsinz( szd)

the surface, andi(Q) is the atomic form factor. producibility; consequently, the error bars in FigbBrepre-
sent the bounds of experimental reproducibility in obtaining
RESULTS B rather than statistical uncertaintywhich would be
smalley.

Figure 1 shows the specular reflectivity for an as-prepared A qualitatively different growth behavior occurs for
Ag(112) surface where the solid curve is a least-squares fit tgrowth on the A¢g001) orientation. As shown in Fig. 4, the
Eq. (1). We find 0<0.5 A, and such a small roughness canintensity near the anti-Bragg position exhibits pronounced
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0.3 } ~0.3 A/min). Ag(001) exhibits layer-by-layer growth, and each pe-
riod of intensity oscillation corresponds to one atomic layer depos-
0.2 ﬁ . ited. The oscillations are highly damped at low temperature,
U(°°)°(t whereas step-flow growth occurs at 500 K, where the oscillations
0.1 E are absent and the intensity decreases only slightly.
0 L L . for surface diffusion. This leads to multilayer growth, with
e formation of mounds;“>“*an e complete absernce
0 200 400 600 the f tion of d¥2324and th plete abserté
T (K) of intensity oscillations such as those observed fof08d)
in Fig. 4. A number of models which limit lateral relaxation

have yieldeds=

FIG. 3. The temperature dependencesa)fo at 100 A of de-
posited Ag andb) B are obtained from the data in Fig. 2. There is
an abrupt transition if8 above 300 K. Althougtﬂ~% is not chang-
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and this occurs when there is no
interlayer hopping, even in the presence iotralayer
hopping®® More extensive Monte Carlo simulatiofsyhich
include several relevant microscopic kinetic mechanisms as

ing below 300 K, the roughness magnitude decreases steadily Wi%ell as lead to mound formation. also gi\&F% when the

increasing temperature.

oscillations during deposition, indicating LBL growth. These
become highly damped at low temperature due to the rapidly
increasing roughness. At the highest temperature growth pro-
ceeds by step flow, as the oscillations are absent and the
intensity decreases only slightly. The thickness dependence
of the roughness is shown in Fig. 5, from which we find
B=0.28+0.03 at 200 K ang3=0.17+0.02 at 300 K. Thus,

for a given temperature the exponents are much smaller for
Ag(001) as compared to Ad.11), although we were not able

to check if 8 approacheg at lower temperature. At 300 K
there is a dramatic departure from a power law for large film
thicknesses; this result is entirely reproducible, and it is evi-
dently intrinsic to the growth behavior. We are not aware of
models which predict such a delayed, precipitous increase of
the roughness.

DISCUSSION

We now discuss the exponeft=3. First, it is important
to recognize that there is significant mobility on a flat
Ag(111) terrace at low temperatufdbut that the additional
energy barrier to diffusion over a step ledge on(&h) is
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FIG. 5. The mean-square roughness of thé08g) surface is

quite larget®*°being slightly greater than the energy barrier 5=0.17+0.02 at 300 K.

shown as a function of the deposited Ag thickness. The curves are
obtained from a fit tar?=t?#, yielding 8=0.28+0.03 at 200 K and
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able theoretical evidence that=3 is associated with a large 100 ¢ —— ——rrr —

step-ledge barrier. I .~
We also point out that the roughening of the (Agjl) 50 | Ag(lll) ,”

surface forB~3 does not arise from noise in the deposition T=300K /'u

flux. For a given deposited thicknelsghe noise contribution e

to the roughness is substantially reduced from its maximum «_ 20 g

of o?=dt because the height fluctuations come in increments g 10 /,’ |

of one atomic layer over lateral length-scales of a mean ter- & row ‘-

race size(which is many interatomic distancé$d. The %o I ,

roughness magnitude observed in our experiments at low y

temperature is much larger than what would be expected R

from the noise contribution; therefore, the roughening has a |

deterministic origin which is evidently related to the coars- L

ening dynamics of mounds. 1 2 5 10 20 50 100 200 5001000
Another interesting feature of our data is that, for tem- Thickness (&)

peratures below 300 K, the roughness magnitude decreases

?teadily with increasing temperature, despite the factfhat FIG. 6. Transient growth kinetics are observed when the surface

3 and does not change with temperature. This feature, along initially sputter roughened ta~3 A before deposition. The

with the data in Figs. 2 and 3, bear a striking resemblance tdashed curve is the result obtain@bm Fig. 2) for a smooth start-

computer simulations by Zhang, Detch, and Mé&tiwhich  ing surface.

address the effects of a step-ledge barrier. Although the.

. . . . . . ciated from previous experimental studies which report
simulations were performed in one dimension, these salient P P P

features should aiso hold in two dimensidfisunfortu- pov‘l\'/ﬁglgl\;;ence of mounds during homoepitaxial growth is
nately, very little can be found in the literature on the rough-

. . 1 well established for AgL11),'® as well as for other systems
ness magnitude for models which obtgr-3. such as F@01),*2 Cu(001)1° GaAg001),* and G&001).:3

~ Previously, few experiments have quantitatively exam-ajthough we measured the rms roughness which character-
ined the temperature dependence of the roughness in detgjeg the vertical surface evolution, another approach has been
Our studies show that the roughness decreases with increggr ook only at the lateral coarsening of mounds.
ing temperature for both A§11) and Ag00D), in contrastto  Experiment¥’ on Fe find that the mound separation coarsens
Cu(001) homoepitaxy” which exhibits the opposite tempera- as «t", with n between 0.17 and 0.25, consistent with a
ture dependence. There are several kinetic Monte Carlthodel by Siegert and PlischkéSP which predictsn=3. SP
simulation*%%’ showing that either temperature depen-originally suggested that the rms roughness evolves with the
dence may occurincluding reentrant growth'¥. These same exponent, i.e4=n=3%, which is in reasonable agree-
simulations generally include two mechanisms for surmountment with experiments on F&01). More recent theoretical
ing a step ledge: thermal activation and some higher-ordework?”?%*°shows thajg>n if the average mound slope does
step-crossing procegkink sites, downward funneling, ejc. not saturate. A@.11) would seem to fall into this category
which is significant only at low temperature where the ter-given the large value oB, as well as a slope which grows
race sizes are small. Based on this we discus®®t and linearly with coverage in studiéSperformed at low cover-
Ag(111). Below 300 K on the A¢L1]) surface, thermal ac- ages. However, it is not clear whether significant growth in
tivation over the step-ledge barrier is negligible, and the higtslope will persist over the nearly three decades in coverage
surface mobility on A¢l11) produces terrace sizZ&€shat are  for which we observg3~3. This brings two issues into fo-
too large to permit significant low-temperature step-crossingus: (1) the relationship between the vertical and lateral
processes, thus leading =3 in this limit. The transition to  mound coarsening needs to be carefully addressed{2nd
smallerg above 300 K is evidently due to thermal activation there may be different types of mounds. We note that the
over the step-ledge barrier, affappears to approach zero step-ledge barrier relative to the surface diffusion barrier is
rapidly at high temperature as the system tends toward stepauch smaller for F@01) (Refs. 5 and Bthan for Ag111),°

flow growth!’ For Ag(001) the B values are significantly so that mounds might behave quite differently in the two
smaller than for A¢l11), and both the roughness magnitude systems. Therefore, future experiments need to measure the
as well aspB decrease with increasing temperature. This im-lateral (h) and vertical(8) evolution during mound coarsen-
plies there is thermal activation over the step-ledge barrieing simultaneously.

for the measured temperature ranges160 K, consistent Finally, we address the effects of an imperfect starting
with the observation in Fig. 4 of intensity oscillations during surface. Figure 6 shows the result of growing on g14d)
deposition. Thus the additional energy barrier for diffusionsurface that was first roughened a small amdurt3 A) by

over a step ledge on AQ0J) is significantly smaller than on Ar-ion sputtering. With Ag deposition there is a slight initial
Ag(111). Using a step-ledge barrier which is about five timessmoothing, followed by an increasing roughness that ap-
smaller than on A@L11), recent Monte Carlo simulations for proaches the result obtained from the smooth starting surface
Ag(001) by Zhanget al?® predict 3=0.25 at 200 K—in (dashed curve Both the long-term stability of the roughened
good agreement with our experimental results. A strikingstarting surface and the initial smoothing during deposition
feature of the results for both crystal orientations is the subeemonstrate the low rate for detachment of atoms from pre-
stantial dependence on temperature—this is not fully appreexisting islands, and that only newly deposited monomers
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significantly contribute to the surface relaxation. The resultavhich seek to incorporate multiple kinetic mechanisms.

in Fig. 6 suggest classic transient behavior: initially, growth

is dominated by relaxation of the initial surface condition,

whereas surface coursening occurs at late times and leads to ACKNOWLEDGMENTS
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