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How Sensitive is Epitaxial Growth to Adsorbates?
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CO coverages as low a)~3 monolayers—which may result from background partial pressures
in the low 10~!" mbar range—are found to affect island shapes, island densities, step-edge barriers
for adatoms and film roughness during homoepitaxial growth on Pt(111). The effects are traced to
preferential adsorption of CO molecules on low coordinated Pt atoms. [S0031-9007(98)06823-9]

PACS numbers: 68.35.Bs, 68.55.Jk, 68.55.Ln, 82.65.My

Long before surfactants became fashionable it wai well outgassed vacuum chambers to a significant rise
known that adsorbed species from the residual gas map CO partial pressure by electron stimulated desorption
influence the morphology of films grown by vapor depo-and/or processes following ionization events in the back-
sition (e.g., [1]). For “clean” growth, not only carefully ground gas [4]. (We verified that the onset of electron
cleaned substrates are necessary, but also the rate lmdmbardment in our previous evaporator gave rise to sig-
impingement of the residual gases—especially of thenificant CO partial pressures of a fedd~'° mbar). As a
reactive ones—must be minimized. As an example, theonsequence of the two improvements, the total pressure
presence of atomic hydrogen in the residual gas duringuring deposition remained belo% X 10~!'! mbar and
low-temperature silicon growth on Si(001) contributesthe CO partial pressure belofvx 10~'? mbar, to which
to the loss of epitaxy at some critical thickness [2].the evaporator pressure rise contributeck 10~'? and
Technically, the impingement rate cannot be reduced@ X 10~'2> mbar, respectively. Finally, we note that the
infinitely. Therefore a microscopic understanding of theflux of background gas particles impinging on the sample
mechanisms by which minute amounts of foreign atomsurface during deposition is usually larger than expected
may influence the growth process is essential. As afrom the background pressure measurement. Because of
additional problem, the influence of residual gases hathe nearby evaporator the local pressure rise at the sample
so far been mostly studied during deposition of manyis higher than at the distant pressure measurement device.
monolayers (ML) (e.g., [2,3]). As many impurities tend Purposely admitting CO during growth as in the experi-
to float at the growth front, their concentration increasesnents described below allowed us to estimate a factor of
continuously. Here, we present experiments in whichabout 3 between measured and actual pressure rise at the
we focused on an atomic-scale understanding of theample, for our previous deposition experiments with an
influence of minute amounts of CO on the submonolayeelectron bombardment evaporator.
homoepitaxial growth on Pt(111). The key experiment discussed in this paper is shown in

The experiments were performed in a variable tem+ig. 1. Five STM topographs are compared correspond-
perature STM apparatus. The Pt(111) sample was preag to deposition of 0.15 ML Pt at 400 K at a rate of
pared by prolonged bombardment with a mass selectesl X 1073 ML /s with different CO partial pressures. The
1 keV Xe' ion beam af700 °C, and annealing t650°C.  CO pressure was set 100 s before deposition started and
The Pt-wire used for evaporation was cleaned by heatmaintained during the 30 s deposition time. The Pt is-
ing at 1000 °C for several days in an oxygen atmospherelands resulting from clean deposition in Fig. 1a are trian-
of about5 X 10~* mbar in a separate vacuum chamber.gular consisting of110)/{111} steps {111}-microfaceted
Pressure measurements were performed with an ionizateps oriented alon¢j 10), briefly B steps) with a certain
tion gauge down td X 107! mbar and with a quadrupol number of kinks. One triangle vertex of each island points
mass spectrometer for lower pressures. They were calio the right. A CO partial pressure @f0 X 10~'° mbar
brated and corrected for the ionization sensitivities forcauses drastic changes in the island shapes (Fig. 1b). The
pure CO, H, and Xe and found to behave linearly with re- islands are more compact and contain also segments of
spect to each other in the pressure range ftom 1071 (110)/{100}—or A steps. In Fig. 1c at a CO pressure
to1 X 1078 mbar. A prerequisite for the present experi- of 4.7 X 107'° mbar the island edges are already domi-
ments was an efficient reduction of the residual gas presiated byA steps and start to develop a triangular shape,
sure during growth, especially of the CO partial pressurenow with one triangle vertex pointing to the left. At
This was achieved by (i) an overall reduction of the cham-CO pressures 09.5 X 107!° mbar (Fig. 1d) andl.9 X
ber base pressure and (i) by replacing the electron bomt0~° mbar (Fig. 1e) fully triangular islands consisting al-
bardment Pt evaporator by a resistively heated Pt wirenost exclusively ofA steps result from growth. Most of
mounted on a watercooled support. (ii) was necessary, béhe islands in Figs. 1d and le already support a second-
cause accelerated electrons (e.g., from hot filaments) leddyer island, in contrast to those grown at lower CO
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FIG. 1. STM topographs after deposition of 0.15 ML Pt on Pt(111) at 400 K with a deposition rafexof0~> ML/s
and with different CO partial pressures during growth. (&)o <5 X 1072 mbar (“clean”); (b) pco = 1 X 107'° mbar;

(€) pco = 4.7 X 107! mbar; (d) £CO =9.5 X 1071 mbar; (€) pco = 1.9 X 107° mbar. CO was admitted 100 s prior
deposition. Scan siz&700 X 2500 A.

pressures. This aspect has been quantified by determining 3.1 A (Fig. 3b) and at 400 K from 2.5 A (Fig. 3c)
for each CO partial pressure the average island area, foo 4.1 A (Fig. 3d). Similar increases in interface width
which the probability of finding a second layer nucleus isdue to the presence of CO are observed for other growth
0.5. This island area is converted to a critical diametetemperatures below 470 K. Finally, in Fig. 4 the island
d. of a circular island of identical area and plotted indensity after deposition of 0.15 ML in dependence of
Fig. 2 (left axis). As pointed out by Tersoft al.[5], pco is plotted. Apparently the presence of CO on the
a decreasingd, is uniquely related to an increasing surface causes decreasein island density by about a
height of the step edge (Ehrlich-Schwoebel) barfigg  factor of 2 in the analyzed pressure range. In conclusion,
for adatoms to descend from an island. Also plottedhe presence of CO in the background pressure during
in Fig. 2 is the dependence @gs on pco as obtained deposition changes all aspects of homoepitaxial growth
from the values ofd. by the formula given by Tersoff on Pt(111) at about 400 K.

et al.[5] (right axis). We note that other approaches
exist [6], which give a qualitatively similar behavior but
different values folEgs. The topographs in Figs. 3b and
3d obtained after deposition of 5 ML at 300 or 400 K
with pco = 9.5 X 10~'° mbar show not only differences

in edge orientation and island compactness but also a
drastically higher roughness compared to the clean growth
in Figs. 3a and 3c. The interface width increases due
to the presence of CO at 300 K from 1.5 A (Fig. 3a)
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CO pressure [mbar] FIG. 3. Surface morphology after deposition of 5 ML with a

rate of 5 X 1073 ML /s at 300 K for (a), (b) and at 400 K for
FIG. 2. Critical diameted, for nucleation on top of anisland (c), Sd). CO partial pressures during growth were, < 5 X
(left axis and full circles) and associated step edge barriet0~'> mbar (clean) in (a), (c) anghco = 9.5 X 1071 mbar
height according to Ref. [5] (right axis and full squares). Linesin (b), (d). Scan sizes aré070 X 1070 A in (a), (b) and
are to guide the eye. 2130 X 2130 A'in (c), (d).
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3.0x10-5 . . . obtained assuming a CO-sticking coefficient of 0.79 (the
) value at 300 K as determined by Steiningewl. [7]) and
£ 25x105 | 1 infinite lifetime of the adsorbed molecules. The resulting
> values are9 X 1073 and 1.8 X 1072 ML, respectively.
2 20x10% | ] The step atom to terrace atom ratio after deposition
C of 0.15 ML in the exposure range of interest here is
§ 1.5x105 [ ] 9 X 1073, The upper bound coverages result in a CO
2 concentration of 1-2 CO molecules per step atom, in
1.0x10-5 . . . qualitative agreement with our assumption [10]. Note that
10-12 10-11 10-10 10-¢ 10-8 the dramatic effects seen already in Fig. 1b correspond
CO pressure [mbar] only to 0.2 CO molecules per step atom. Deviations
FIG. 4. Island density versus CO pressure for the experiment§0M the clean growth behavior are observed for CO
illustrated in Fig. 1. concentrations of only 0.1 CO molecules per step atom,

which, e.g., may be realized by several 100 s CO
exposure with a partial pressure in the Id@'! mbar

How is it possible that small amounts of CO—to berange. After prolonged growth (e.g., 100 ML deposited)
specified below—bring such drastic changes about? Twe find clear shape effects due to CO accumulation at
answer this question it is useful to recall the well-knownstep edges even for our best growth conditions with
adsorption behavior of CO on Pt(111) [7]: CO adsorbspco < 5 X 10~!2 mbar.
on Pt(111) preferentially on-top. In the limit of low Up to now, one of the most obstinate problems in
coverage the bond strength 1.4 eV on the terrace understanding homoepitaxy on Pt(111) was a growth-
and=1.7 eV at step edges. For kinked steps even highetemperature-induced switch from a triangular growth shape
binding energies are found. The CO-Pt bond appears tbounded byA steps to one bounded B steps at 455 K
be the stronger the lower the Pt-atom coordination. A{11]. This switch has been analyzed by a number of the-
the temperatures considered here CO is highly mobile. lbretical groups [12], but no mechanism has been agreed
rapidly exchanges between terrace and step edge sites lart, so far. This situation is somewhat reassuring, since
prefers the step-edge sites by far. The saturation coveragiee data of Fig. 1 clearly show that the switch frémto
of steps is 1 CO molecule per step atom (e.g., Collins an&-step triangular islands in the previous experiments is not
Spicer, Hendersoat al. [7]). a direct temperature effect at all (as claimed before by us

For the effect of CO on the island density when sub{11]), but rather, is mediated by CO. CO adsorption on
monolayer amounts of Pt are deposited, two possible exstep atoms is significant below 455 K leadingiatep tri-
planations are given here, both relying on the preferentiadngles; the decrease in CO molecule lifetime on Pt(111)
binding of CO to low coordinated Pt atoms. (i) A CO is what switches the island shape to the cl@astep tri-
molecule that binds atop a Pt adatom weakens the bond@sgles above 455 K. Clean growth experiments show only
between the adatom and the terrace. This may lead to rériangularB-step bounded islands in the entire temperature
duced corrugation of the potential energy surface of theange from about 350—650 K. But how does CO cause
adatom and thereby to an enhanced diffusion coefficienthe switch in island shape? A speculative explanation is
compared to a clean adatom. Such a “skyhook” mechbased on the link between step free energy and binding
anism has been proposed theoretically by Stumpf for Hbf step adatoms to steps. Conceptually, in order to ob-
on a Be adatom on Be(0001) [8]. (i) CO moleculestain a triangular island from an initially hexagonal island,
binding atop a small Pt cluster, e.g., a Pt dimer, maya flux of step adatoms is necessary along the island edge to
weaken the cluster bonds and thereby promote cluster dihe growth facets which will grow out and disappear. For
sociation. According to standard nucleation theory [9]Ir(111) it has been shown experimentally (and explained
enhanced adatom diffusion (i) as well as reduced clustesn the basis of a simple model), that the lower step free
stability (ii) decrease the resulting island density. energy ofB steps is associated with a stronger binding of

The changes in island shape, step-edge barrier, arglep adatoms té\ steps [13]. Assuming the same rela-
film roughness are probably caused by CO adsorbetion to hold for Pt(111), due to the lower step free en-
at step edges. As CO adsorbs preferentially at stepgrgy of B steps in clean growth a flux of step adatoms
this assumption implies that these effects should alreadffom B steps toA steps would result and, consequently,
saturate for a small amount of adsorbed CO, i.e., atad to the observeB-step bounded islands. Following
soon as the step atoms are CO saturated. Saturation tbfis idea of a link between step adatom binding and step
the island-shape effect is reached somewhere betwedree energy, it is possible that the CO-induced switch in is-
Figs. 1c and 1d (there is no more shape change betwedsnd shape té\-step bounded islands is brought about by a
Figs. 1d and 1e). An inspection of Fig. 2 gives a similarminute change in step energetics attributable to the adsorp-
estimate for the saturation effect @h. Upper bounds tion. If CO passivates-step atoms more effectively, step
for the CO coverages involved in Figs. 1¢c and 1d areadatoms aA steps should bind less well. The differences
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in peak desorption temperatures between terrace- and We thank J.K. Fremerey and Peter Feibelman for
step-CO for vicinals of Pt(111) witlB steps orA steps useful discussions, the latter also for comments on the
indeed indicate a stronger binding of CO Aosteps [7]. manuscript and communicating the results ofdlisinitio
STM topographs obtained after quenching the sample atalculations prior to publication. Th. M. acknowledges
ter small CO exposure prove the preferential binding of CGsupport by the Deutsche Forschungsgemeinschaft.
to step edges, but they do not allow so far to discriminate
between the binding behavior at the two different dense
packed steps.
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