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Origin of Oxygen Induced Layer-By-Layer Growth in Hornoepitaxy on Pt(111)
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Whereas on the clean Pt(111) surface Pt grows in a multilayer (3D) mode at 300 and 400 K, pread-
sorption of an ordered p(2x 2) oxygen overlayer leads to a high quality layer-by-layer (2D) growth with

the oxygen Aoating on the film. In contrast to other surfactants oxygen can be completely removed from

the film surface at the growth temperature. It is demonstrated that the presence of oxygen reduces the

barrier height for the motion of Pt adatoms across step edges. This facilitates the interlayer mass trans-

port and thus the layer-by-layer growth.

PACS numbers: 68.55.Jk, 61.16.Ch, 68.55.Ce, 68.55.Ln

Recently surfactants have attracted considerable in-

terest in both hetero- and homoepitaxial growth by in-

creasing the smoothness of the deposited films [1-4].
Ho~ever, so far the technological application of surfac-

tants to the growth of smooth films is hampered by the

difficulty of removing the floating adsorbed overlayer

from the deposited film after growth process completion.

In fact, surfactants like As and Sb which successfully

alter the growth of films to layer-by-layer growth are al-

most unremovable even at elevated temperatures [2-4].
From this point of view the use of simple gases, which can

often be removed more easily, would be desirable [1].
This is especially true for the growth of heterosystems

where temperature treatments would cause interdiffusion.

For homoepitaxial growth on Pt(111) it was noticed by

He scattering that oxygen supplied from the background

gas during growth improves the Pt interlayer mass trans-

port, the sine qua non condition for 2D growth [5].
In this Letter we will demonstrate that an oxygen over-

layer is very eA'ective in inducing a greatly reduced film

roughness during homoepitaxy on Pt(111). Moreover,

the oxygen overlayer is floating on the film and can be

completely removed by hydrogen exposure at room tem-

perature, leaving a clean and smooth film behind.

In view of the fact that films are usually grown far
from equilibrium (high supersaturation), the mechanisms

by which the additives change the growth mode have to

be found in modifications of the growth kinetics. Two

mechanisms have been proposed so far to be eA'ective in

changing the growth mode in the case of homoepitaxy:

(1) the increase of the island number density [6] and (2)
the lowering of the barrier for adatoms at step edges

which hinders the interlayer diA'usion [4]. Both mecha-

nisms can in principle play an important role. Whereas

the eA'ectiveness of the first one has been demonstrated

experimentally [6], the present scanning tunneling micro-

scope (STM) study gives the first direct experimental evi-

dence of the second one, that an additive can lower the

barrier at step edges.
The STM, the UHV apparatus, and the sample

preparation are described in detail elsewhere [7,8]. Here,

Pt was grown on the Pt(l 1 1) surface precovered with an

oxygen overlayer and for comparison on the same but

clean Pt(111) surface at identical surface temperature
and deposition rate. The oxygen precovered sample is

prepared by exposing it to a pressure of pozygzn 2 x 10
mbar for 5 min starting from 500 K while cooling from
the last annealing. The oxygen is adsorbed atomically at
fcc threefold hollow sites [9] and forms an ordered
p(2x2) overlayer leading to a sharp low energy electron
diA'raction pattern. Throughout the range of applied
voltages (~ 600 mV) and currents (» 15 nA) oxygen is

imaged as a depression on the surface. The pattern of
dark spots in hexagonal arrangement in Fig. 1 is thus the
p(2&&2)O superstructure. The adlayer is not perfect but
shows some apparent oxygen vacancies. It was necessary
to replace oxygen on the surface after about 2-3 grown

layers since oxygen was partly reacted away by residual

H2 and CO during Pt deposition, as the corresponding
partial pressures are rising due to the heating up of the

evaporator surroundings.
The Pt vapor phase deposition is done by sublimating

an ultrapure Pt foil heated by electron bombardment. If
not otherwise specified the deposition rate is 4.4&10
monolayer (ML) per second. Two deposition tempera-
tures (300 and 400 K) were chosen. They lie in the range
where the growth of clean Pt(l I I) proceeds in the 3D
mode. After processing the Pt(111) surface at a temper-

ature T, no thermal annealing is observed when continu-

FIG. 1. The p(2x 2)O overlayer on Pt(111) recorded at 200
K. The arrangement of dark spots corresponds to the positions

of adsorbed oxygen atoms (60 A &&60 A).
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ing to keep the sample at this temperature, if T ~ 400 K
[8]. Thus the STM topographs obtained at room temper-
ature represent the true morphology at the end of the
deposition.

The influence of oxygen on the growth behavior is obvi-
ous in Fig. 2 when comparing the STM topographs ob-
tained after the deposition of approximately 5 ML of Pt
on the clean and the oxygen precovered surfaces. In the
clean case the deposited Pt forms pyramidal structures
with up to 8 and 10 uncovered layers at 300 K [Fig. 2(a)]
and 400 K [Fig. 2(c)], respectively. In contrast, on the

oxygen precovered surface only 5 layers are uncovered at
both temperatures [Figs. 2(b) and 2(d)]. The morpholo-

gy of the film grown on the oxygen precovered surface is

obviously much smoother.
For a more quantitative comparison the fractions of

uncovered layers were determined by means of image
analysis [10] in a number of topographs like those in

Figs. 2(a)-2(d). The degree of completion of the depos-

ited layers is shown as a histogram below the correspond-

ing STM images in Fig. 2.
The diA'erence in growth behavior between the clean

and the oxygen preadsorbed cases appears to be most pro-
nounced at 400 K. The growth is close to the ideal 3D
and 2D behavior, respectively. Indeed, the histogram in

Fig. 2(c) deviates only slightly from a Poisson distribu-

tion, shown dashed in the same plot. (The Poisson distri-
bution corresponds to the ideal 3D growth [11].) In con-
trast, in Fig. 2(d) only a few Pt atoms in layers 6 and 7

are in the "wrong layer"; i.e., almost all Pt atoms falling
on growing islands have managed to join the lower levels.

Figure 3 shows a detail of a STM image after the
deposition of 5 ML of Pt on the oxygen precovered sur-

face. Besides areas vacant of oxygen (i.e., where oxygen
has been lost to the gas phase leaving the clean surface
behind) there are still patches of the p(2X2)O overlayer
floating on the terrace and oxygen atoms decorating the

step edges of the islands. An exact determination of the

oxygen coverage during growth is not possible. After
reacting away the oxygen with gas-phase H2 at room

temperature, no oxygen could be detected with Auger
spectroscopy, demonstrating that no appreciable amount
has been incorporated into the film.

The experiments and discussion so far have shown that
in the presence of preadsorbed oxygen the interlayer mass
transport (i.e., the jumping of adatoms across step edges
onto the lower terrace) is dramatically increased.

An enhancement of this interlayer mass transport can
be caused by either increasing the attempt frequency of
the deposited atoms to overcome the potential barrier at
the island rim for descending on the lower terrace [6], or

by lowering this potential barrier [4]. The eA'ect of in-

creasing the attempt frequency was demonstrated recent-
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FIG. 2. Topographs taken after deposition of approximately
5 ML of Pt on the clean surface at 300 K (a) and 400 K (c)
and on the oxygen precovered surface at 300 K (b) and 400 K
(d) [1100 Ax 1100 A in (a) and (b); 2200 A x 2200 A in (c)
and (d)I. The percentage of completion of the deposited layers
versus the layer number n is plotted as a histogram below each
topograph.

FIG. 3. Topograph taken after the deposition of approxi-
mately 5 ML of Pt on the oxygen precovered surface at 300 K
[see Fig. 2(b)I. The topograph is represented with illumination
from the left. Oxygen is lloating on the terrace [patches of the
p(2X2)O adlayerl and is decorating the step edges of the is-
lands (140 A x 140 A).
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ly in the case of Ag/Ag(111) [6]. The island number
density was artificially increased and thus the maximal
size of the islands before coalescence set in was de-
creased, however, without decreasing the mobility of the
Ag adatoms on top of the islands. The ensuing layer-by-
layer growth showed that decreasing the island size while

keeping the diAusivity on top of the islands high results in

an increased interlayer mass transport. We will call this
the size effect [12].

Figure 4 shows that the Pt island number density on
the oxygen precovered Pt(111) surface [Fig. 4(b)] is in-

creased by a factor of 16 compared to the clean case [Fig.
4(a)], due to the reduced diffusivity of the Pt adatoms on

the oxygen covered terraces. At first sight one might thus
ascribe the smoothing effect of oxygen demonstrated in

Fig. 2 to this increase of the island number denisty, i.e.,
to the size eA'ect. This explanation could be used here if
no oxygen were to be present on top of the islands. I f,
however, the islands were oxygen covered to the same ex-
tent as the terraces, the diffusivity of the Pt adatoms on

top of the islands would also be reduced to the same ex-
tent as on the terraces and nucleation before coalescence
should be expected. Figure 3 shows that some oxygen is,
indeed, present on the islands 30 min after the end of the
growth (and thus even more during the growth pro-
cess)—even if we cannot ascertain that in the same
amount as on the terrace. We conclude that the effect of
oxygen on the growth mode via the size effect is certainly
less important than the density increase may suggest.

In order to assess the possible contribution to the
growth mode change demonstrated in Fig. 2 to an oxygen
induced reduction of the barrier at the edge of the is-

lands, we performed a number of experiments. The result
of one of them is shown in Fig. 5. In this experiment we

directly determined the fraction of the Pt adatoms which

remained on top of preexistent islands out of those which
landed on them (and thus the magnitude of the interlayer
mass transport) for the "clean" and the "oxygen covered"
cases, while largely excluding the size effect. The experi-
ment consisted of a preparation step and a subsequent
growth step. In the preparation step we deposited X ML
of Pt at 400 K with a rate of 3.3x10 3 ML/s. A 60 s

annealing at 620 K led to islands of rather homogeneous
size and shape [Figs. 5(a) and 5(b)]. Note that no
second layer islands are present on the top of the islands.
In the subsequent growth step we deposited identical
amounts of Y ML of Pt at the same rate and temperature
(3.4x10 ML/s, 350 K) onto the prepared islands in

two different runs: (I ) after covering the prepared is-

lands with oxygen [the "oxygen" run, Fig. 5(c)] and (2)
on freshly prepared islands [the "clean" run, Fig. 5(d)l.
The amounts Y =6.5 & l 0 M L deposited during l 93 s

in both runs and leading to the morphology in Figs. 5(c)
and 5(d) have been verified a posteriori from the analysis
of many STM images to be identical for the two runs
within the experimental error margin of +0.4x10
ML. The remarkable homogeneity of the island sizes in

Fig. 5(d) (we refer here to the first layer islands present
on the terrace) shows that due to the choice of deposition
parameters hardly any new islands have been nucleated
on the terrace during the clean growth; except for the few

very small islands which we will disregard, all others
(which we will call C islands) originate from the further
growth of the islands nucleated during the preparation
stage. In contrast, in Fig. 5(c) obtained after the oxygen
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FIG. 4. Topographs taken after deposition of 0.2 ML of Pt
at 400 K (a) on the elean Pt(111) surface and (b) on the oxy-
gen covered surface. The topographs are represented with il-
lumination from the left [2200 A&&1450 A; inset in (b): 550
gx 360 g].

FIG. 5. Topographs (a) and (b) taken at the end of the

preparation step, i.e., after depositiion of 11.7x10 ML and

7.8x 10 ML of Pt, respectively, at 400 K and subsequent an-

nealing to 620 K. Topographs (c) and (d) taken at the end of
the growth step, i.e., after the deposition of 6.5x lO ML of Pt
at 350 K (c) on the surface shown in (a) bui oxygen covered,
and (d) on the surface shown in (b) left as prepared (see text)
11100 Ax 2200 A in (a) and (b); 2200 Ax 2200 A in (c) and

(d)l.
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growth, two categories of islands are present on the ter-
race, small and large ones, each one rather homogeneous-

ly sized. The small ones have obviously been nucleated
during the oxygen growth. Their high density is due to
the reduced Pt adatom diffusivity on the terrace caused
by the presence of oxygen (see Fig. 4 and the correspond-
ing text). The large ones —on which we will focus in the
following —originate, like the C islands, from the further
growth of the prepared ones, but now in the presence of
oxygen; we call them 0 islands.

The amounts Lo and Lp deposited in the preparation
steps of the oxygen and of the clean growth, respectively,
were chosen so that the final sizes of the 0 and C islands
became approximately equal. Because the 0 islands are
growing more slowly at equal deposition rates (nearly
half of the Pt atoms landing on the oxygen covered ter-
race are "consumed" in the nucleation and growth of the
small islands), we had to take Xo) Xc. The particular
values in the experiments shown in Figs. 5(a) and 5(b)
have been Xo = (11.7 ~ 0.3) x 10 M L and Xt- = (7.8
x0.3) &10 ML. They ensured that during the whole
growth step the 0 islands were larger than the C ones and
thus that the island size effect (discussed above) alone
would clearly favor Pt nucleation on top of the 0 islands
during the growth step.

A simple comparison between Figs. 5(c) and 5(d)
shows that the contrary is the case: The nucleation prob-
ability on top of the C islands is much larger than on the
0 ones and the size of each of the islands nucleated on

top of the C islands is also much larger. This, in spite of
the fact that all conceivable processes clearly favored Pt
nucleation and accumulation on top of the 0 islands: (a)
the size effect (see above), (b) the reduced diffusivity of
the Pt adatoms due to the adsorbed oxygen on top of the
0 islands, and (c) the larger number of Pt atoms which
landed on each of the 0 islands due to their larger size
during the growth step (identical Pt exposures). In order
to be more quantitative we determined for both the C and
the 0 islands the number of Pt atoms which have landed
on them during the growth step (assuming that the island
area increases linearly in time) and of those which were
present on top of the islands at the end of this step [from
images like those in Fig. 5(c) and 5(d)]. From these
numbers we deduce that the fraction of the Pt atoms
which jumped onto the lower terrace after having landed

onto the C and 0 islands are (22.4+' 4.4)% and
(90.0+ 1.3)%, respectively; and this in spite of the pro-
cesses listed above, which tend to ease the jumping down
from the C islands compared to the 0 ones.

The only plausible explanation for this unequivocal re-
sult is that the adsorbed oxygen reduces substantially the
barrier at the step edges which hinders the interlayer
mass transport for the clean Pt/Pt(l I I) system. This
effect alone is sufficient to explain the oxygen induced
layer-by-layer growth in homoepitaxy on Pt(111), which
does not exclude an additional contribution of the size
effect.
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el Bott.
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