PHYSICAL REVIEW B, VOLUME 64, 125427

Temperature dependence of surface roughening during homoepitaxial growth on G001)
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X-ray scattering has been used to study the roughening of tf@@Quwsurface during homoepitaxial growth,
as a function of temperature. Between 370 and 160 K, the mean-square roughnebtained from specular
reflectivity data, was found to increase as a power defw= ®2# for coverage®, ranging from 3 to 96 ML.
The roughening exponerg was observed to depend on the temperature of the substrate: it monotonically
increases with decreasing temperature frﬁm% atT=370K to ,8%%, at T=200K. At 110 K a smoother
growth re-enters in the presence of a large vacancy concentration in the deposited film.
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I. INTRODUCTION its experimental determination and comparison with theoret-
ical predictions presents a special interest. Theoretically, sev-
In spite of being driven by the same basic processes, sudral scenarios are possible. If no smoothening mechanism,
as impingement, diffusion, and incorporation of the adatomsther than diffusion, is present, the growth becomes progres-
into the surface, epitaxial growth can progress in very differ-sively roughef(i.e., 8 increaseswith decreasind, since the
ent modes, which leads to a large variety of surface mortowering of the temperature reduces the barrier-crossing
phologies. Recently, much attention has been attracted kyrobability by decreasing the diffusion rate of the monomers.
growth processes where the evolving surface morphologBelow a specific temperature, a sufficiently large Schwoebel
exhibits regular pyramidlike structures with a well-definedbarrier becomes insurmountable, leading to “Poisson
lateral separation and selected mound slope. This form ajrowth” with B~ %.1%15 Experimentally, this behavior was
three-dimensional growth, which has been observed for thebserved for the Ad.11) homoepitaxy On the other hand, if
Ag(001),"? F001),° Cu(00D,* Ag(111),> and P111) (Ref.  an additional smoothening mechanism, such as “downward
6) homoepitaxy, originates from instabilities caused by anfunneling”*® is present, the growth in the low-temperature
additional energy barrier that opposes the transport of theange may becomsmootheras the temperature is lowered
diffusing atoms downward over the step edd&rlich- and a different 3 vs T” behavior is expected® at high
Schwoebel(ES) effect].” These surfaces are not self-affine enough temperatures, where the downward funneling is in-
(because they show a distinct lateral length Scafel, there-  operative, 8 increases with decreasin until it reaches a
fore, the dynamic scaling approddis not suitable for their maximum, which may be one half or smallglepending on
description. Yet, the evolution with coverage of their mean-the strength of the step barriand it eventually decreases in
square roughness?, as predicted by models that incorporate the low-temperature range, where the increasing step density
the ES effect, ™ exhibits the same simple power law as the progressively enhances the downward funneling for loWer

one proposed by the dynamic scaling theories: Such a reentrant smooth growth behavior has been suggested
for Cu(001) homoepitaxy in a recent helium-atom beam scat-
a’=032 (1) tering study? which found a considerably smoother growth

atT=160K (B~%) than atT=200K (B8~ 3). Surprisingly,

where® is the coverage and is a growth exponent. Several however, a previous experiment employing the same tech-
experiments, using either direct imagtng*? or diffraction  nique did not indicate a similar reentrant behavior Tat
technique$;® confirmed the behavior described by H4)  =160K.*" There, the amplitude of the out-of-phase intensity
and also showed that the growth expongns not universal, oscillations was observed to steadily decrease with coverage
but depends on the material and on the temperature of thes T was lowered from 300 to 150 K, showing that the
substrate. However, the temperature dependence of growtirowth becomes progressively rougher within this tempera-
on these surfaces is not yet fully explored, and many of itgure interval. A slight recovery of the oscillation amplitude,
particular aspects, such as the microscopic mechanisms thatggesting a smoother growth, was only observedr at
drive the reentrant smooth growttobserved on P111),*  =100K.
Cu(001),* and Ag001),*? are still a subject of ongoing Motivated by this discrepancy and in an attempt at gain-
discussiort:** This is partly due to the very limited number ing more insight into the temperature dependence of rough-
of experiments that systematically address the temperatuning on(001) surfaces, we have used x-ray diffraction to
dependence of roughening. investigate the homoepitaxial growth on ©Q1) within a

In particular, the temperature dependenc@ af expected broad temperature range of 370—-100 K. Traditional x-ray
to contain information on the kinetic details of growth asreflectivity methods, enhanced by the use of synchrotron ra-
well as on the magnitude of the ES bartfeand, therefore, diation, are particularly accurate for surface-roughness mea-
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surements and are also very sensitive to defects below the
surface that induce a lattice mismatch between the deposited
film and the underlying bulk crysta®*° Our specular reflec-
tivity data show that the mean-square roughness of the grow-
ing film is well described by the power law of E¢), for
coverages ranging from 3 to 96 ML, and for all temperatures
between 370 and 160 K. We find that the corresponding
roughening exponens amounts to~3 at low temperatures
(160 and 200 K and steadily decreases above 200 K, reach-
ing B~3% at T=370K. We do not observe the reentrant
smooth growth af =160K, reported in Ref. 4. Instead, we
find that the smoother growth reenters at lower temperatures
in the presence of a large vacancy concentraie@%) in

the deposited film. This result is consistent with the partial
recovery of the out-of-phase intensity oscillations &t
=100K that was observed in Ref. 17.

Intensity (arb. units)

Il. EXPERIMENTAL PROCEDURE

The measurements were carried out on the SUNY X3B2
beamline at the National Synchrotron Light Sou(bkSLS),
using a customized ultrahigh vacuuHV) x-ray diffracto- | |

meter. A double crystal sagitally focused monochronfdtor 0 025 050 075 100 1.25

was utilized to select radiation of wavelength 0.842 A. The Q,d/2n

surface of the 12-mm-diameteR-mme-thick Cu sample was

oriented perpendicular to tH®01] direction to within 0.1° FIG. 1. Specular reflectivity measured for the cleatarting

by mechanical polishing and subsequently anneéé0 K) Cu(00)) surface(circles and for rough surfaces with 6 MLtri-

for several days in UHV(base pressure10 °Torr) in or-  angles, 24 ML (squares and 96 ML (diamonds, deposited afl

der to remove the damage from polishing. The sample was 300K. The curves are vertlt_:ally shifted for clarity. The reflectiv-
then cooled to 300 K and sputtered b h with Art at p ity damp_ens with the |ncreaS|r_19 _coverage as the surface becomes
=105 Torr (the acceleration voltage was 1 KV and the Sput_pro.gresswely rougher. '.I'he.solld I2|nes represent best fits of Hq.
tering current 1QuA/cm?). Further cycles of 1-h annealing at "/Mich allow the determination af=.

850 K gnd 15-min At sputtering were used to remove the Ill. RESULTS AND DISCUSSION

impurities detected by Auger-electron spectroscGpizS).

As shown by x-ray-scattering data, this procedure allowed us Figure 1 shows the specular reflectivity détgen sym-

to obtain clean surfaces that are virtually flat at the atomidols), measured at =300 K, for a smooth starting C001)

level (rms roughness<0.5A), have a mosaic spread of less surface(circles and for rough surfaces with coverages of 6
than 0.005°, and consist of facets whose average (&ze ML (triangles, 24 ML (squarels and 96 ML(diamond$. We
plane correlation lengitis 5000 A. Cu was evaporated from observe that the reflectivity progressively dampens with cov-
a resistively heated crucible mounted in a Knudsen cell. Onerage as the surface becomes increasingly rougher. As
sputter/anneal cycle was performed prior to each growth seexpected? this effect is more pronounced f@y, values far
ries. The deposition ratéat the sample positionwas cali- from the in-phase position. The solid lines are best fits to the
brated by using a quartz monitor and, more precisely bydata of a real-space model where the rough surface is as-
following the intensity oscillations of the antiphase specularsumed to exhibit height fluctuations described by discrete
beam—a rate of 1 ML/min was chosen. Liquid-nitrogen Gaussian statistics. In the kinematic limit, the specular re-
cooling and resistive heating were simultaneously used tdlectivity from such a surface is given by the expresston
stabilize (=1 K) the temperature of the substrate during
deposition. Before each deposition series, the temperature of
the sample was accurately determined by direct measurement
of the lattice constant and the cleanliness of the surface was

2 1 2\ N2
R(Q,)=cPF(Q,)[f(Qy)[*xexp — 5 (u9)Q;

2
verified by AES. Once a given coverage was attained the ex _4‘7 sir? Q_Zd)
deposition was stopped to allow the x-ray-scattering mea- d? 2
surements to be performed. Data were collected by scanning Q.,d @)

across the specular rdtransverse scah®ver an extended Q§ sinz( 5
range of values of the surface-normal scattering wave vector

Q,, at temperatures between 370 and 110 K. At achthe  Here, ¢ is a scaling constar(since the reflectivity was not
specular reflectivity was obtained from the correspondingneasured in absolute unitsP is the polarization factor,
transverse profile by subtracting the diffuse scattering=(Q,) includes the geometrical correction for the number of
component?® X rays striking the surface, anf{Q,) is the atomic form
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FIG. 3. Temperature dependence of the roughening expghent

o | o B=0.536 ] for the homoepitaxial growth on @@01). At low temperature$160
42 (£=0.522 and 200 K, B~ 3; above 200 K3 steadily decreases with increas-
 J = (3=0.449 ing temperature, reachirgs at T=370K.
1 o $=0.367
e (=0.320 . L .
. l . ‘ crossing: thermal ac_tlvat|on, whe_re Fhe mobility of the ada-
> s 10 20 50 100 toms progressively increases with increasihgand some

high-order-crossing effects such as “downward funnelitfy”
or “transient mobility,” 2 which are significant only at low
temperatures. Thus, for temperatures small enough to inhibit

FIG. 2. Mean-square roughness of the(@i) surfaces® as a  the thermal activation over the step edges, but large enough
function of coverag® at five different temperatures. The lines are to make the high-order step-crossing processes inoperative
least-square fits olr’=0%#. Both the mean-square roughness (if these are present at all for that given surfiac suffi-
(measured at a given coveragind the exponeng decrease with  ciently large step barrier can become perfectly reflecting,
the increasing temperature of the substrate. leading toB~ % This is what we observe for Q@01 at T

) i =160 and 200 K. Above 200 K, the thermal activation pro-

factor. (u?) denotes the mean-square amplitude of theyressively grows with the increasing temperature and we ob-
surface-normal atomic vibrations adds the separation be- ggpe that@ smoothly decreases, reaching at T=370K.
tween the atomic planes along the _surface norm%lls the A previous study of Agl11) homoepitax§ showed a quali-
mean-square roughnessurface width, defined by o tatively similar behavior, buB~ 3 was found to persist over
=3;N"%(h;—h)?, whereh represents the average height of a broader temperature range, 150—300 K, and a much steeper
the surfaceN is the number of surface lattice sites, @nds  decrease of8 was observed above 300 K. It is therefore very
the height at site. In our analysis, the mean-square ampli- likely that the temperature-dependent roughening of the two
tudes of the surface-normal atomic vibrations were set tgurfaces, C(001) and Ag111), is dominated by the same
their temperature-dependent values, calculated according &inetic processes, but the specific values of certain param-
the Debye modef? leaving the rms roughnessas the only  eters (step-barrier magnitude, diffusion rates, ptiead to
variable parameter, since the scaling constants fixed by  quantitatively different 3 vs T" behaviors.
the clean starting surface. As shown in Fig. 1, this procedure At 200 K, our results for both the mean-square roughness
gives excellent fits within a broad coverage range<(3 (measured at a given coveragad for the exponengs are in
<96 ML), allowing a precise determination of. excellent(quantitative agreement with the findings of a He-

The coverage dependence of the mean-square roughneasom scattering studyAt 160 K, however, our data show no
obtained from fits of Eq(2) to the reflectivity data, is shown evidence of the reentrant smooth growth reported there,
in Fig. 2 for different substrate temperatures between 37@hich consists of a dramatic reduction @f (measured in
and 160 K. We observe that, at all temperatures, the rouglthe range of tens of ML's of coverapassociated with a drop
ness evolution is very well described by the power latv  of B to 50% of its 200-K value. Instead, we found that the
=02, The resulting roughening exponefiis temperature coverage dependence @f and the corresponding exponent
dependent: as shown in Fig. B~3 at low temperatures g, atT=160K, are very similar to those observed at 200 K,
(160 and 200 K and it monotonically decreases with the as can be seen in Fig. 2. On the other hand, our results are
increasing temperature, reaching at T=370K. consistent with those of a previous He-atom scattering

We now discuss the observed temperature dependence study!’ where the amplitude of the out-of-phase intensity
B. Itis generally believed thag~ 3 characterizes the growth oscillations was found to steadily decrease \iitin the in-
when the interlayer mass transport is completely inhibited byerval between 300 and 150 K, showing a progressively
a perfectly reflecting step barri€t’® Monte Carlo rougher growth with decreasing temperature and no reentrant
simulations®*! have shown that two temperature-dependenbehavior at 160 K. A slight recovery of the oscillation am-
mechanisms can lead t@nd enhance the rate)obarrier  plitude, possibly indicating a reentrant smoother growth, was

coverage (ML)
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FIG. 5. Temperature dependence of the mean-square roughness
o2 measured at a constant coverde 15 ML (solid symbol; the
dashed line is a guide to the eye. Initially? increases with de-
creasingT, as the growth becomes rougher. At 110 K, however,

smoother growth reenter@r® decreases a is lowered in the
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FIG. 4. Specular reflectivity from the @@01) surface, with 15 ity of stacking faults or(111) facets, we expect only a small
ML deposited ata) T=160 K and(b) T=110 K (open symbols At strain leading to an expanded lattice. Consequently, we be-
160 K, the data is well described by E@) (solid line) while, at  lieve that the compressive strain is induced by a large va-
110 K a real-space model that includes a large compressive strain tancy concentration, which is likely to appear in the depos-
the deposited film is necessary to fit the interference fringes and thiged film when the growth occurs at very low temperatures.
pronounced asymmetry of the reflectivity. The best(dilid line) By using the linear relationship between the concentration of
yields a compressive strain ef1%. The dashed line, which corre- point defects and the strain in a fitfnwve estimate that a 2%
sponds to a strain of a smaller amplitu¢e0.4%), significantly  yacancy concentration is present in the Cu film deposited at
deviates from the data. T=110K. A comprehensive analysis of the vacancy forma-

tion during the low-temperature roughening of(Q@d) will
only observed aff=100K. Our low-temperature data, de- be presented elsewhereFor our present study, the impor-
scribed below, are in agreement with this observation. tant quantity resulting from the best fit to the 110-K reflec-

Figure 4 shows the effect of reducing the temperaturdivity data is the surface mean-square roughness 9 A?,
from 160 to 110 K on the reflectivity from Q001 with 15  which is less than halfof its value atT=160K. Thus, a
ML deposited. At 160 K, the reflectivity measured around thesmoother growth reenters dt=110K. This behavior is
(002 Bragg reflection(open circleg is very well described demonstrated in Fig. 5, where the temperature dependence of
by Eqg.(2) [solid line in Fig. 4a)]. On the other hand, at 110 the mean-square roughness of(@1) with 15 ML depos-

K, the reflectivity line shape exhibits thin-film interference ited is presented. We observe that as the film is grown at
fringes as well as pronounced asymmetry about (0@2) progressively lower temperatures? initially increases by
Bragg reflectionFig. 4(b)]. We find that both of these fea- almost one order of magnitude in the interval between 370
tures arise from the presence of a compressive strain in thend 200 K, but decreases significantly By 110 K, where
deposited film. Indeed, the data at 110 K are excellently dethe growth appears to occur in the presence of a large va-
scribed by a model where, in addition to considering thecancy concentration.

surface roughness, we allow the surface-normal interlayer A similar reentrant smooth growth behavior was very re-
spacings in the filndg,, to differ from their value in the bulk  cently found in a scanning tunneling microscof$TM)
crystaldp,. A best fit to this modelsolid line in Fig. 4b)]  study of Ag001) homoepitaxy, where it was observed that
yields  (dsim—dpud/dpu= —1%. The sensitivity of the the rms surface roughnesgs) of 25-ML-thick Ag/Ag(001)
measured reflectivity to the magnitude of the strain is apprefilms increases wheil is reduced from 300 to 200 K, but
ciable: as shown by the dashed line in Figo)4a strain of a  then decreases when the temperature is further lowered from
smaller magnitude(—0.4% would lead to a reflectivity 200 to 130 K. Except for a slight shift in temperatifer
curve that significantly deviates from the data. In regards taAg(001) the smooth growth reenters at a higigrthis be-

the origin of the compressive strain observed here, we emhavior bears a remarkable resemblance to ouf Ys T~
phasize that an accidental low-temperature surface contamitata, shown in Fig. 5. Thus, it appears that the reentrant
nation cannot explain this result, since impurities would smooth growth is indeed a characteristic of the homoepitaxy
cause a lattice expansion rather than the observed contracn (001) surfaces, as predicted by previous theoretical
tion. Moreover, an extremely large impurity concentrationstudiest®® These theories attribute the reentrant behavior to
would be necessary to account for the magnitude of the obthe downward funneling of the atoms deposited at step edges
served strain, while Auger spectroscopy shows clean surfaces lower fourfold hollow absorption sites. They also predict
at all temperatures. Alternatively, if we consider the possibil-that the downward funneling is continuously enhanced by
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decreasingl, so that the growth 0f001) surfaces becomes reentrant smooth growth on(®1.1).*3 Alternatively, it is pos-
increasingly smoother whefi approaches 0 K® Interest- sible that the strain associated with the vacancies could
ingly, this latter prediction is not confirmed in the STM data change the ES barrier itself. In any case, the presence of
in Ref. 1, where an increasinglpugher growth was ob- vacancies seems to be associated with substantial changes in
served with the decreasingfrom 120 to 50 K. To explain the “o vs T" behavior, suggesting the existence of a close
this novel “reentrantrough growth,” the authors of Ref. 1 relationship between the vacancy formation and the kinetic
suppose that at very low temperatures the depositing atonteechanisms that govern the low-temperature homoepitaxial
might get caught on the sides of the larger microprotrusiongrowth on(001) surfaces.
(which are more numerous at IoW, which is a process that In summary, we have used x-ray scattering to study the
would partially inhibit the downward funneling and lead to a temperature dependence of roughening during the homoepi-
rougher growth. This “restricted downward funneling” is be- taxial growth on C(001). At temperatures between 370 and
lieved to lead to the formation of overhangs and internall60 K, we found that the mean-square roughness evolves
voids, as also predicted by molecular dynamics simulationsvith the coverage as a power laws?= 02#. The roughen-
for low-temperature growtff ing exponent increases with the decreasing temperature from
The present Cu/G001) experiment as well as our previ- g~3% at T=370K to B~3% at T=200K but, contrary to
ous observations for Ag homoepit&Xyndicate the presence previous observatiorfsremains unchanged when the tem-
of vacancies for the low- growth on (001 surfaces, but, perature is lowered to 160 K. Between 370 and 200 K we
unlike what has been proposefbr Ag(001), we observe a find that, for a given coverager? becomes progressively
reentrantsmoothgrowth on C@001) in the presence of a larger at lower substrate temperatures. 110K, how-
large (2%) vacancy concentration. This suggests that, whatever, reentrant smooth growth is observed concomitantly
ever the mechanism, the formation of vacancies during theith a considerable strain in the growing film, produced by a
low-T Cu(001) homoepitaxy is unrelated to the microprotru- large vacancy concentration.
sions (which vyield rougher surface$ found in the above-
mgntiongd simulations. Here, we speculate .that_ vacanci_es ACKNOWLEDGMENTS
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