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Electronic growth of Pb islands on S(111) at low temperature
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The growth of Pb films on the Si(111)}77 surface has been investigated at low temperatures using
scanning tunneling microscopy. Flat-top Pb islands are formed and at low coverage the thickness of islands is
confined in the range of four to nine atomic layers. Among these islands, those of seven-layer height are the
most abundant. In low coverage limit, these multilayer islands prefer to grow in size instead of in thickness,
showing a quasi-two-dimensional growth property. This growth behavior, different from the conventional
growth modes, arises from the quantum size effect. At higher coverage, the growth also reveals layer-by-layer
behavior. The Arrhenius plot of the island density versus temperature shows a linear relationship, indicating the
formation of islands can be explained by the nucleation and growth theory. We also study the growth of Pb
films on the incommensurate Pb{Bi1) surface at low temperatures. Flat Pb islands can be grown as well, but
the threshold thickness is reduced to two atomic layers instead of four.

DOI: 10.1103/PhysRevB.65.245401 PACS nuntber68.55.Ac, 68.55.Jk, 68.37.Ef

. INTRODUCTION degrees of coverage up to 2 MC'* Some properties such as
electronic structure and Schottky-barrier height may change
Growth of thin metal films with atomic flatness on a semi- With these complex surface phases as WellAt higher cov-
conductor has been an important subject in recent years di#2a9¢. Pb is known to grow on ($11) with the Stranski-

to both scientific interest and possible applications in the<rastanov mode, i.e., to grow in 3D islands following the

integrated circuit industry. However, because of lattice misCOMPletion of a wetting layer. By increasing the coverage up

match, the stress existing at the metal/semiconductor intef© hundreds of ML, the islands start to connect to each other

. . and finally a continuous film is formetin our previous
face may drive the morphology of the metal film to three- . : . :
dimensigna(BD) island fgrmati%)lllr3 instead of a flat film. studies,*""we have investigated the growth of a Pb film on

For thi h th of a flat metal fil . the Si(111) X 7 surface at 200 K with scanning tunneling
or this reason, the growth of a fiat metalfiim on a ?em'con'microscopYSTM). Our results show that flat-top Pb islands
ductor surface remains a formidable task. Recent discoveri

X : &F¥ thickness confined in the range of four to nine atomic
have demonstrated that this barrier can be overcome by @yers can be formed and the seven-layer island is the most

new growth procedure: low-temperature deposition followedypndant one. In addition, I-V measurements on individual
by annealing to room temperature. By using this two-stefsjands reveal the quantum-well states, manifesting that the
process, flat silver overlayers with preferred thickness ofuantum size effect indeed exists in Pb islands. In this paper,
seven and two atomic layers have been created ofe focus on the essential factors influencing the growth of
GaAq110 and S{111 surfaces, respectivefy. Recently islands such as the coverage, temperature, and interface. Our
Budde et al. have also observed that flat Pb islands withfindings show that in low coverage limit the islands tend to
seven-step thickness can be grown on the Si(1XIj&ur- grow in lateral direction. Thus the growth of the multilayer
face at 185 K by analyzing the spot profiles acquired fromislands is of quasi-2D growth behavior, similar to the ho-
low-energy electron diffractioh A specific characteristic of moepitaxy of single-layer 2D island& At higher coverage,
these growth phenomena, not observed in conventiondhe islands start to coalesce, and the lateral growth as well as
growth, is that the preferred thickness is not changed wittihe on-top growth proceeds simultaneously. The measured
increasing coverage until the film has been completelysland density shows an Arrhenius dependence on tempera-
grown. In order to elucidate such peculiar growth behavior, 4uré, indicating that though the quantum size effect indeed

model named “electronic growth” has been proposed to extakes part in the island formation, the growth of the islands is

plain why some flat metal films can be grown on semiconStill governed by factors in the conventional nucleation pro-

ductor surfaces under the low-temperature growt cess, such as the activation energy of surface diffusion, the

condition! The essence of this model is based on the quan—ingéng energy of the critical size, the growth temperature,
tum size effect in the metal film and the inclusion of charge€c:~ Flat islands can also be formed when Pb is deposited

transfer occurring at the metal/semiconductor interface. Th n the '“Commensu"?“e Pb(S1]) surface at 20.8 K, but the .
preferred thickness of the metal film is determined by thesd resholq thickness is reduced to two atomic layers. This
two factors. _observatlon demonstrates_ that the interface structure can be
Pb is known to be chemically inactive and it does not'MmPortant for the electronic growth.

intermix with Si® Therefore, the Pb/Si interface is sharp,
which facilitates the study of the growth mechanism and
electronic properties. At room temperature, different phases The experiment was carried out in a UHV chambeaise
of Pb atoms on the 8i11) surfaces are formed with varying pressure less thanx110 *° mbar) equipped with a cold-

Il. EXPERIMENT
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finger type variable temperature STM and a well-collimated
e-beam heating evaporator of high purity Pb. Samples were
cut from boron dopped 8ill) wafers with the resistivity
0.1~1 Qcm and a miscut angle of less than 0.1°. The re-
constructed K 7 surface was obtained by annealing samples
to 1200 °C and followed slow cooling to room temperature.
Lead atoms were evaporated onto the predetermined sample
at low temperatures with a rate of 0.16 ML per minute. The
pressure was kept belowx210™1° mbar during the deposi-
tion. To prepare the incommensurafg surface, 2 ML of Pb
was first deposited onto theX77 surface at room tempera-
ture and followed by annealing at 480 °C for a few seconds.

Ill. GROWTH CHARACTERISTICS

Figure 1 shows some STM topographic images of Pb
overlayers grown at-208 K with three different coverages.
Before islands are formed, about 2 ML of Pb are consumed
in wetting the Si(111)X 7 surface. The remaining Pb be-
gins to grow into Pb islands with a flat-top surface above the
wetting layer. Previous studies have shown that the orienta-
tion of the top surfaces of these islands is along [thEl]
direction!® Comparing these three images, the island density
does not change significantly with the coverage. Figye 2
shows the statistical data of island density as a function of Pb
coverage. It demonstrates that the island density is at a
steady-state regime when the coverage is between 2.72 ML
and 5.12 ML. The island density drops rapidly at higher cov-
erages, indicating islands start to contact each other, i.e., is-
land coalescence occurs. Since the island density is almost
constant at lower coverages, the deposition of Pb is to in-
crease the thickness of island and the island size. In order to
understand the changing of island thickness at different cov-
erages, we sampled more than two hundred islands to ana-
lyze their thickness for each coverage. The thickness of an
island is measured from the wetting layer to the top surface
of the island. Fig. &) shows the ratio distribution as a func-
tion of island thickness at three coverages. It is interesting to
note that the thickness of islands is confined within the range
of four to nine atomic layers. Since four layers is the mini-
mum thickness we have observed, it represents the critical or
threshold thickness for the growth of Pb islands. Islands with
seven-layer thickness have the highest abundance ratio, indi-
cating that the seven-layer is the magic thickness for the
growth of Pb islands. We analyze the average thickness of
islands and it only increases7% even though the coverage
(above wetting layerincreases by a factor of three. Thus the  FIG. 1. STM images (500500 nnf) of Pb islands grown
growth of islands is mostly along the lateral direction. Figureat ~208 K with a coverage of(a) 2.72 ML, (b) 3.52 ML,
2(c) demonstrates that the average size of the islands irand(c) 4.32 ML.

creases with the coverage linearly, further illustrating thesity is reduced and the island size increases rapidly because

two-dimensional growth behavior of these islands. The P%f the coalescence of islands. Thickness measurement shows

islands are of flat top, preferred thICKHESS, and grown .Iatert'hat islands with thickness above nine layers appear and

. %even—layer thickness is no longer the most abundant one,

island size at coverage of 8.32 ML is on average larger than

the one in Fig. 89). Thus after the coalescence, islands can
IV. GROWTH AT HIGHER COVERAGE still grow in the lateral direction. Arrows in Fig.(B) point to

the islands with an incompletely grown top layer. The ap-

Figure 3a) shows the morphology of Pb islands at a cov-pearance of incomplete islands indicates that the vertical

erage of 6.72 ML. An obvious change is that the island dengrowth is restricted by the supply of incoming atoms as the

islands.
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FIG. 3. (a) The growth of Pb islands at 208 K with a cover-
age of 6.72 ML; island density becomes less, compared to the one
in Fig. 1(b) At the coverage of 8.32 ML, the island size increases
and single-step incomplete layeiadicated by arrowsappear on
some islands. The size of both images is 8800 nnf.

growth of an individual island byn situ deposition. During
deposition we withdraw the tip away from the surface only a
few hundred angstroms in order to observe the same scanned
area before and after deposition. Figul@4shows two Pb
islands with five-layetbottom lef) and eight-layefup righ
thickness grown at-205 K for the coverage of 2.77 ML,

but observed at 160 K. At 160 K, the growth speed is sup-
pressed so we can observe the growth process in steps. Fig-
ure 4b) demonstrates that the five-layer island becomes
larger and an incomplete single-step layer is created on the
base island after additional deposition of 0.19 ML Pb. With
0.04 ML more deposition, basically the shape of the incom-
plete layer is not changed. However, the incomplete layer
gradually changes to a complete layer with time even with-

at low coveragé2.72—5.12 ML), the island density is saturated and gyt further deposition, as shown in Fig¢ch-4(f). The evo-

it is reduced at higher coverage because of the coalesodndée

lution of the incomplete layer reveals that there are still free

appearance ratios as a function of island thickness at three differegih atoms moving on the surface and they take time to meet
coverages(c) The average size of islands linearly increases withtha incomplete layer due to the lower mobility at 160 K.
coverage at saturated regime, showing a quasi-two-dimension@ligures 4d)—4(f) thus illustrate the vertical growth of is-

growth behavior.

island size becomes large. In our observation, the thickness

lands following the mechanism of layer-by-layer growth.

V. TEMPERATURE EFFECT

of the incomplete top layer is always one atomic layer, indi-

cating that the vertical growth of islands may be the layer-

Figure 5 displays the growth of islands at temperatures

by-layer growth. To check this point of view, we observe thefrom 190 K to 250 K at a coverage of 3.2 ML. In this tem-
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FIG. 5. The growth of Pb islands &) 189 K, (b) 198 K, (¢)
FIG. 4. (a) Islands grown at 208 K but observed at 161(K) 208 K, (d) 217 K, (€) 226 K, and(f) 254 K at a coverage of 3.2 ML.

After more 0.19 MLin situ deposition at 161 K, the left-down The jmage size ofa)—(c) is 300<300 nn?, (d) and () is 500
island becomes larger and an incomplete single-step layer is creategsog nn?, (f) is 1000< 1000 nnA.

on its surface. After more 0.04 ML deposition, this layer changes

ir_lto a complete layer with time as shown (@—(f). Each image o atoms, depending on the epitaxy temperatEPr@%Since
size is 30300 nnf. the Pb islands, in our case, are formed on the wetting layer,
) o the nucleation process is supposed to be similar to the ho-
perature range, the top surfaces of the islands maintain thejfoepitaxy and the critical size should be close to that in the
atomic flatness. The thickness measurement reveals that th%moepitaxy system. The number of aggregated atoms for
height of Pb islands is still confined in the four to nine |ayer5manifesting the quantum size effect should be much larger
range. It indicates that the effect of quantum confinemenfhan the critical size. We believe that the nucleation process
sustains even when temperature reaches 250 K. As the tefyst occur before the quantum size effect takes place. Thus
perature is raised further, the island density decreases, aRge nucleation and the quantum size effect are two indepen-

the island size increases, manifesting a competing procegg.ns factors in the formation of an island, the former results
between the island nucleation and growth. The competition

arises because Pb adatoms diffuse faster at higher tempera- 1011
ture, the probability for an adatom to attach to an existing
island instead of nucleating a new island thus increases. Ac-
cording to the nucleation theory, in the low coverage limit
with isotropic diffusion, the island density is given by°

Island density (cm™?)

10103
N~exd (iIEq+E;j)/(i+2)kgT], (1)
whereE, is the activation energy for diffusion, artg] is the
binding energy for the critical size The Arrhenius plot of .
the island density versus temperature shows a linear relation- O 4% 48 50 52 54
ship as demonstrated in Fig. 6. It implies that EL).can be 1000/ Temperature(K™')

applied to describe the growth of Pb islands here. For some
homoepitaxy systems in which single-step 2D islands are FIG. 6. The Arrhenius plot of the island density versus tempera-
formed, the critical size of the nucleation of islands is one otture, showing a linear relationship.
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VI. INTERFACE EFFECT

It is well known that Si(111)% 7 surface can be con-
verted into a X1 bulk-terminated structure if further an-
nealing is performed after the deposition of Pb on
Si(111) 7X 7 surface. Pb atoms on a bulk-terminated surface
can give rise to several different phases depending on the
coverage. For example, incommensurée) phase, X1
phase mixed withy3x 3 phase exist at a coverage just
above and below 1 ML, respectivel{Previous studies have
shown that the Schottky-barrier at Pb/Si(11X)7 interface
is different from that at Pb/Si(111)41 interface!® indicat-
ing that the charge transfer between Pb and Si for these two
interfaces is different. Since the charge transfer at the metal/
semiconductor interface is an important factor in the elec-
tronic growth of a film, we expect that the Pb growth on the
IC phase would be different from that on the Si(11%)7.

Figure 8a) shows a typical STM image of the incommen-
surate Pb surfacé, which consists of domaingbright re-
gion) and domain wallgdark region. In a domain, every
three Pb atoms gather to form a trimer and the lattice of the
trimers displays a periodicity of3x /3. Every two Pb at-
oms in the domain walls form a dimer. In contrast with the
Pb growth on the Si(111)% 7, the islands can be grown on
the IC phase directly without an additional wetting layer.
Figure &b) demonstrates the growth of Pb islands on the

in the creation of an island and the latter determines the &’ 2oy
thickness of the created island. 3y

FIG. 7. Post deposition on the island-creation surfac&)ab6
K; the single-step and fractal-like layer is formed on islands.
121 K; the compactlike layer is created on an islaéimdlicated by
an arrow. The image size ofa) and (b) is 138<80 nn? and 106
X 72 nnt, and both are the 3D images.

Figure 7a) shows the 3D topographic image acquired at =« 271
56 K after first depositing 2.72 ML Pb at 208 K and subse- =~~~ &+~
quently depositing additional 0.8 ML at 56 K. This two-step = = =
deposition allows us to observe the growth on wetting layer =«
as well as on islands at lower temperatures. On the wettingjfj/ﬁd&{f,ﬁ%?&i{(
layer, clusters with a size much smaller than the island are ) 2" J& B )

formed due to the low mobility of atoms. In addition, the
height of clusters is smaller than the critical thickness of
islands, indicating the quantum size effect does not contrib-
ute to the growth at this temperature. Therefore, if the epi-
taxy temperature is too low, the deposited atoms are not mo
bile enough to exhibit the effect. On islands, single-step and
fractal-like Pb layer is grown, showing the top face of the
island is the(111) surfacé®2°and the diffusion of Pb atoms
on the island is very different from that on the wetting layer.
Because of the amorphous structure of the wetting layer, the
arriving Pb atoms are supposed to face a larger barrier ir.
diffusion, thergfore the Pb atoms are formed into small clus- FIG. 8. () The typical topography image of the incommensurate
ters and the distance between each cluster, which reflects ﬂﬂ%/srlll) surface(image size: 108 78.5 nnf) (b) The growth of
diffusion length, is also short. On the other hand, atoms Mov; s X '

. the island hi bilitv. th b lat top Pb islands on the incommensurate Pb surface after deposit-
Ing on the island possess a much larger mobility, the num eiF1g 1.1 ML. At this coverage, there are few four-layer islafisirk

of created single-step layers on the island is thus only one q§", mhey and the three-layer island is never found but the third
two. However, at 52 K, the diffusion of atoms at the edge Ofjayer on some two-layer islands can be obseriadicated by an
f[he layer is su'ff|C|entIy low, therefqre th_e shape of the layeryrrow. (c) The topography image at coverage of 2.2 ML, showing
is fractal-like instead of compactliké.Figure qb) shows  the island density is reduced and island size becomes latgéhe
that the compactlike layer is growindicated by an arroW  ratio distribution as a function of island thickness, showing the
when the additional deposition is performed at 121 K. Thispreferred thickness is two layers at 1.1 ML and the four and five
indicates that Pb atoms can migrate along the layer edgeayers become the next preferred thickness at 2.2 ML. The image
thus leading to a smoother shape at this temperature. size of (b) and(c) is 300x 300 nnf.

Hi1ML
2.2 ML

2 3 45
Thickness (layer)
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incommensurate surface after depositing.1 ML of Pb at  growth on the Si(111)X7 surface, in which there is no
208 K. The ratio distribution of islands as a function of thick- “9ap” in the window of preferred thickness.

ness is plotted in Fig.(d), which reveals that most of islands
are of two atomic layers in thickness, which marks the criti-
cal thickness for the growth on this substrate. At this cover- Using the scanning tunneling microscopy, we have inves-
age, four-layefindicated by number in Fig.(B)] and five- tigated the growth of flat-top Pb islands on the Si(111)7
layer islands are seldom found, and they do not appear at7 surface at low temperatures. When the coverage is less
lower coverages. In comparison with the growth on the subthan 5 ML and the temperature is lower than 250 K, six kinds
strate of Si(111)% 7 surface, which can have six different of preferred thickness, i.e., four to nine atomic layers above
kinds of preferred thickness, the primary thickness of thehe wetting layer, appear among the grown islands, and is-
grown islands on IC surface is just of one kind. It demon-lands of seven-layer height are the most abundant. These
strates that the interface indeed plays an important role in th@"owth characteristics indicate the important role of the
electronic growth. Figure (8) shows that the island density duantum size effect in the growth mechanism and the growth
is reduced and the island size becomes larger as the coveragghavior of Pb islands exhibits a quasi-two-dimensional

becomes 2.2 ML. The ratio distribution of this coveragepmperty' At higher coverage and substrate temperature, both

shown in Fig. &d) demonstrates that the dominant thickness/actors will promote the growth out of the above range. We

is four and five layers, and two-layer thickness becomes glso studied the growth of Pb islands on the incommensurate

minor one. Thus four-layer and five-layer are the next pre—Pb/S(.lll) surface gt 208 K .to explore the interface effect.
uasi-2D flat-top islands with sharp edges were also ob-

ferred thickness for growing islands. Recent studies by spo 4. imolvina the el . h model i |
profile analysis low-energy electron diffraction have shown3€rved, implying the electronic growth model can still apply.

that the five-step islands are the most stable isl&hdis is Below the coverage of 2.5 ML, the distribution of the island

consistent with our result at higher coverages. In our obsefNickness has been changed to two to five layers.

vation, the complete three-layer island is never found and the

third layer[indicated by an arrow in Fig.(B)] can only be ACKNOWLEDGMENTS
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