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The growth of Pb films on the Si(1 0 0)-2 � 1 surface has been investigated at low temperature using
scanning tunneling microscopy. Although the orientation of the substrate is (1 0 0), flat-top Pb islands
with (1 1 1) surface can be observed. The island thickness is confined within four to nine atomic layers
at low coverage. Among these islands, those with a thickness of six layers are most abundant. Quan-
tum-well states in Pb(1 1 1) islands of different thickness are acquired by scanning tunneling spectros-
copy. They are found to be identical to those taken on the Pb(1 1 1) islands grown on the
Si(1 1 1)7 � 7 surface. Besides Pb(1 1 1) islands, two additional types of Pb islands are formed: rectangu-
lar flat-top Pb(1 0 0) islands and rectangular three-dimensional (3D) Pb islands, and both their orienta-
tions rotate by 90� from a terrace to the adjacent one. This phenomenon implies that the structures of
Pb(1 0 0) and 3D islands are influenced by the Si(1 0 0)-2 � 1 substrate.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction have the (1 1 1) orientation even though they are grown on the
Metal films have a wide range of applications, not only in the IC
fabrication for minimizing the chip size but also in opto-electronics.
The growth of metal films with atomic-scale flatness on a semicon-
ductor has become an important issue in nanoscience and nano-
technology in recent years. Due to the lattice mismatch and the
stress existing at the metal–semiconductor interface, most of metal
films are formed into three-dimensional (3D) islands on semicon-
ductor substrates [1–3]. However, recent research in the epitaxial
growth of metallic thin films has shown that atomically flat Ag films
with selective heights can be formed on GaAs(1 1 0) and Si(1 1 1)
surfaces [4,5]. This growth phenomenon is known as a result gov-
erned by the quantum size effect (QSE) in the metal films [6,7].

For a thin metal film on a semiconductor surface, of which thick-
ness is comparable to the de Broglie wavelength of the electrons at
the Fermi level, the electrons in the conduction band, confined be-
tween the vacuum and the metal–semiconductor interface, would
form the standing-wave. This confinement produces discrete en-
ergy levels of quantum-well states (QWS). The manifestation of
QWS in the films is so named the QSE. The QSE in Pb films is very
distinct in comparison with other films and has been intensely
investigated experimentally and theoretically in recent years in epi-
taxial systems of Pb/Si(1 1 1) [8–18], Pb/Cu(1 1 1) [19], Pb/Ge(1 0 0)
[20], and Pb/Ge(1 1 1) [21]. Interestingly, the Pb islands or films still
ll rights reserved.

x: +886 2 2651 0704.
ang).
(1 0 0) surface which has twofold or fourfold symmetry. For exam-
ple, Itoh et al. have observed that Pb(1 1 1) islands can be grown on
the Si(1 0 0) substrate [22]. Therefore, one can investigate the Pb/
Si(1 0 0) system to compare with the Pb/Si(1 1 1)7 � 7 system
whether the substrate orientation would affect the island thickness
and the corresponding QWS. In this paper, we use scanning tunnel-
ing microscopy and spectroscopy to observe the growth behavior
and the electronic structure of Pb(1 1 1) island on Si(1 0 0)-2 � 1
substrate at low temperature. Our results show that the island
growth is indeed governed by the quantum size effect because of
the manifestation of the preferred thickness. In comparison with
the Pb/Si(1 1 1)7 � 7 system, however, it is found that the distribu-
tion of the preferred thickness and the energy levels of QWS in
Pb(1 1 1) islands on both substrates are almost identical. Besides
Pb(1 1 1) islands, atomically flat Pb(1 0 0) islands and 3D Pb islands,
having twofold symmetry, are also formed. The anisotropic struc-
ture of Si(1 0 0)-2 � 1 substrate can significantly affect the growth
orientations of flat-top Pb(1 0 0) islands and 3D islands, leading to
the orientation rotated by 90� from a terrace to the adjacent one.
Moreover, the ratios of Pb(1 0 0) islands to the 3D islands increase
when the growth temperature is lower.
2. Experiment

In our experiment, Si(1 0 0) samples were cleaned in ultra high
vacuum at a base pressure of 8 � 10�11 mbar. The Si(1 0 0)-2 � 1
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reconstruction can be formed by annealing the sample to 1400 K
and slowly cooling it to room temperature. Lead was evaporated
in situ onto the surface at a low temperature of 210 K with a flux
of�0.24 ML/min. The pressure is maintained below 2 � 10�10 mbar
during the deposition. I–V spectroscopy was used to probe the QWS
and the spectra were acquired at 105 K.

3. Results and discussion

3.1. Growth mode

The growth mode and surface structures of Pb/Si(1 0 0) system
at room temperature have been investigated by Itoh et al. and Li
et al. [22,23]. They discovered that the growth mode is the Stran-
ski–Krastanov type, i.e. Pb is grown into a wetting layer with a cov-
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Fig. 1. (a) Double domain structure of c(4 � 4) structure (outlined by dotted line) and m
100 � 100 nm2; sample bias, �2 V, tunneling current, 0.2 nA. (b) STM image of c(4 � 4) st
types of Pb islands at 4.32 ML. (d) 3D images of the Pb(1 1 1) island, Pb(1 0 0) island and
island is flatter than the wetting layer.
erage of three monolayers, then 3D Pb islands start to appear. In
our experiment, Pb was deposited on the Si(1 0 0) surface at
�210 K, and the changes in surface reconstruction as Pb coverage
increases from 0.24 to 3.6 ML are similar to the previous studies
[22,23]. When the coverage is 0.24 ML, Pb atoms form Pb dimer
rows and these rows are perpendicular to the Si dimer rows. At
1.08 ML, the STM image shows that the first Pb layer is of the
2 � 2 structure. With increasing coverage up to 2.04 ML, the sec-
ond Pb layer is formed as the 2 � 1 structure. When the Pb cover-
age reaches 2.88 ML, the c(4 � 4) reconstruction is observed, as
shown in a dotted rectangle in Fig. 1a. The c(4 � 4) structure con-
sists of two orthogonal domains in each terrace. Fig. 1b is the im-
age of this structure in higher resolution. Besides the c(4 � 4)
phase, another metastable structure marked by solid rectangle in
Fig. 1a is also observed, which has not been found in the previous
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. Pb(111) island 

. Pb(100) island 

. 3D island 

etastable structure (outlined by solid line) in the third layer at 2.88 ML. Scan area,
ructure in higher resolution (50 � 50 nm2). (c) STM image (300 � 300 nm2) of three
3D island. (e) Edge differential image shows the top of the Pb(1 1 1) and Pb(1 0 0)
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studies at room temperature. When the Pb coverage exceeds 3 ML,
Pb islands start to appear on the wetting layer. Fig. 1c shows the
growth of islands at coverage of 4.32 ML. It can be seen that the is-
lands can be formed with either rectangular or hexangular shape.
The 3D images of islands in Fig. 1d further exhibit that islands
can be divided into three categories. The first type is the flat-top
hexangular Pb(1 1 1) island. The second type is the flat-top Pb is-
land with rectangular shape indicating that its top surface is
(1 0 0) orientation. The third type is the 3D Pb islands with rectan-
gular base. Fig. 1e is the edge differential image, showing that the
top surfaces of the Pb(1 1 1) and Pb(1 0 0) island is flatter than the
wetting layer.
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Fig. 3. (a) I–V spectra measured on four- ad five-layer thick islands and the wetting
layer. (b) The quantum states in dI/dV/I/V spectra around the Fermi level for
different thicknesses of islands. The energy levels and the quantum numbers of
quantized states are marked by the arrows and the numbers. The down-pointing
3.2. Pb(1 1 1) island

In this section, we focus on the properties of Pb(1 1 1) islands.
Fig. 2 is a statistical result of the distribution ratio as a function
of island thickness for two different coverages at 210 K. The thick-
ness of islands is confined within four to nine atomic layers. Since
four layers is the minimum thickness we have observed, it repre-
sents the threshold thickness for the formation of Pb islands. Is-
lands with a thickness of six layers have the highest ratio,
indicating that six layers are the magic thickness for the growth
of Pb islands. We analyzed the average thickness and the area of
islands, and found that the average thickness increases only �9%,
even though the coverage (above the wetting layer) increases by
a factor of 2. However, the average area of islands increases by a
factor 1.7, which denotes that the growth of islands prefers the lat-
eral direction. Pb islands can be of six kinds of preferred thickness
and reveal lateral growth behavior, indicating that their formation
is driven by the QSE and the QWS should exist in islands.

To explore the existence of QWS in the Pb islands, we measure
I–V spectra of islands with different thickness. Fig. 3a shows I–V
spectra measured on 4-, 5-layer thick islands and the wetting layer.
By differentiating the tunneling current with respect to the sample
bias, the density of states of Pb islands can be obtained. In order to
make the signal more distinct, the dI/dV–V curves of these islands
are further divided by I/V to normalize the spectra. Fig. 3b shows
the normalized spectra of the islands of different thickness. The
number N on the right hand side represents the number of layers
of Pb islands above the wetting layer. We can observe two peaks
around the Fermi level in each spectrum, which are the well-
known QWS. The down-pointing and up-pointing arrows mark
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Fig. 2. The distribution ratios as a function of island thickness at two different
coverages. The thickness of islands is confined within the range of four to nine
atomic layers and the six-layer-thick island has the highest ratio.

and up-pointing arrows mark the QWS in empty states and filled states.
the energy levels of quantum-well states in the empty state and
the filled state, respectively.

While the positions of some peaks are changed with the thick-
ness, it can be seen in Fig. 3b that a peak located at 0.56 eV above
Fermi level, indicated by a dashed line, is clearly independent of
the thickness in the spectra of N = 4, 6, and 8. Previous studies
[11,12] on Pb/Si(1 1 1)7 � 7 system have found this peak at the
same energy and have identified the wave vector k of this specific
QWS to be 3p/2d0, where d0 is the interlayer spacing along (1 1 1)
direction. The existence of this peak implies that the finite square
well of the islands can be approximated by an infinite square well
with a width of W = Md, where M has to be an even integer. Since
the number N of this peak is even, M could be equal to N, (N + 2),
(N + 4), and so on. The quantization condition for the infinite po-
tential well is

kMd ¼ np ð1Þ

where n is the quantum number. Owing to the fact that the wave
vector of the thickness-independent peak is known, we can assign
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the quantum number of each peak. First, we assume M = N, (N + 2),
and (N + 4), and then substitute these equations into Eq. (1) to ob-
tain three sets of quantum numbers, respectively. Second, in order
to examine which set is valid, the energy separation DE between
adjacent states was calculated by using the equation

DE ¼ n2p2�h2

2m�W2 �
ðn� 1Þ2p2�h2

2m�W2 ¼ ð2n� 1Þp2�h2

2m�W2 ð2Þ

where m* is the effective mass in the [1 1 1] direction, which is
1.14m0. Fig. 4a shows the comparison between the experimental
and theoretical results, and we find that only the case of M = N + 4
agree with the experimental results. Finally, since the relationship
between M and N is determined, the right quantum number of each
QWS can be assigned, as marked by numbers near peaks in Fig. 3b.
Previous studies and our measurement show that the wetting is
about 3 ML. Therefore, the width of the quantum well in the Pb is-
land would be N + 3, one layer less than aforementioned M = N + 4.
The additional one layer originates from the quantum well being fi-
nite, and the electron can penetrate into the barriers at Pb/Si and
Pb/vacuum interfaces. With assumption of the penetration depth
being d/2 on both sides, they will add up to the additional layer.
The penetration depth mainly depends on energy. Owing to that
the observed quantum-well states are around the Fermi level and
the energy separations between the quantum-well states are within
the range of 2 eV, which are much smaller than the inner potential
of 13.08 eV of the Pb islands [24]. Therefore, it is plausible to con-
sider that the penetration depth is nearly not changed in the range
of 2 eV and is the same for the observed quantum-well states.
Fig. 4b illustrates this geometric relation and the dots indicate the
layer positions. Moreover, the magic thickness including the wet-
ting layer in this growth system is nine layers, which is the same
as that of Pb/Si(1 1 1)7 � 7 system. Both systems also reveal several
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Fig. 4. (a) Comparison between the measured energy separation in Fig. 3b and the
theoretical calculation. (b) A sketch to illustrate the actual width of the quantum
well.
kinds of preferential thickness and similar energy levels of QWS.
These results show that the influence of substrate symmetry is
insignificant on the QSE-induced growth behavior in these two sys-
tems. According to the model of the electronic growth [6], the
charge spilling is a key factor to determine the preferred thickness
of the metallic films with the quantum-well states. Because of the
identical magic thickness, it is plausible to infer that the situation
of the charge spilling at the Pb/Si interface is similar for both orien-
tations, and thus the barrier at Pb/Si interface for reflecting elec-
trons is close for both substrates. This explains why energy levels
of QWS in both systems are almost identical.
3.3. Pb(1 0 0) island and 3D island

We have shown in Fig. 1a that c(4 � 4) structure and the meta-
stable structure coexist on the wetting layer. These two structures
orient at 45� to the step edge, i.e., 45� with respect to the Si dimer
rows. However, Fig. 1b emerges that Pb(1 0 0) islands and 3D
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Fig. 5. STM images (300 � 300 nm2) of Pb islands grown at: (a) 160 K, (b) 186 K, (c)
210 K, and (d) 228 K with a coverage of 4.32 ML. (e) Distribution ratio of three kinds
of islands at four different temperatures. The number of 3D Pb islands decreases
significantly and the number of Pb(1 1 1) island increases at 228 K, indicating that
the Pb atoms prefer to nucleate Pb(1 1 1) islands over 3D Pb islands.
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islands rotate by 90� from one terrace to the adjacent one. This
observation implies that, unlike Pb(1 1 1) in the previous section,
the 2D Pb(1 0 0) and 3D islands are influenced by the Si(1 0 0)-
2 � 1 surface. According to the structure models of the Pb 2 � 1
configuration in the second layer and of the c(4 � 4)Pb surface
[22,23], the Pb ad-dimers in c(4 � 4) have the same orientation
as the that of Si dimers under the wetting layer. Therefore, by com-
paring the orientations of the longer edges of the Pb(1 0 0) islands
and 3D islands with Pb ad-dimers, we can know that the longer
edge of these islands are parallel to the Si dimer rows.

It is interesting to note that the growth of Pb(1 0 0) island and
3D island are affected by the Si dimer rows instead of c(4 � 4)
structures. Previous research shows the Si(1 1 1)-7 � 7 structure
can be directly observed under the Pb islands with a STM [25],
manifesting that the structure of wetting layers under the island
was crystallized. Besides, previous study shows that the formation
of an elongated island during MBE on Si(1 0 0)-2 � 1 surface is
attributed to the preferential diffusion of adatoms along the dimer
row direction [26], thus leading to the rectangular shape of
Pb(1 0 0) islands and 3D islands.

3.4. Temperature effect

Fig. 5a–d shows the growth of Pb islands at four different tem-
peratures (160 K, 186 K, 210 K, 228 K) at coverage of 4.32 ML. It can
be seen that all three kinds of islands can be observed in this tem-
perature range. Moreover, as temperature increases, the island
density decreases and the island size increases, manifesting a com-
peting process between the nucleation and the size growth. The
competition arises because the mobility of Pb atoms is faster at
higher temperature; the probability for an atom to attach to an
existing island is higher than that to nucleate a new island. The
thickness measurement reveals that the thickness of Pb(1 1 1) is-
lands is still confined in four to nine layers at 228 K, indicating that
the effect of quantum confinement sustains even when the tem-
perature reaches 228 K.

Fig. 5e is a statistical result of the ratio distribution for three
kinds of islands at four different temperatures. The 3D rectangular
Pb island has the highest ratio in the temperature range of 160–
210 K, indicating that the diffusion of most of Pb atoms are re-
stricted by the 2 � 1 reconstruction of Si(1 0 0) substrate. However,
the ratio of Pb(1 1 1) island rapidly increases when the tempera-
ture changes from 186 to 228 K. This can be attributed to that
the (1 1 1) surface has the lowest surface energy, and thus
Pb(1 1 1) island has a probability to appear even the substrate is
(1 0 0) surface. The appearance of more isotropic Pb(1 1 1) islands
indicates that the mobile atoms on the wetting layer can overcome
the anisotropic influence of the underneath Si(1 0 0) dimer surface
to form into islands with the (1 1 1) surface. Therefore, it is obvious
that there is a competition among the formations of the (1 1 1) and
more elongated 3D and (1 0 0) islands. In our opinion, what type of
the island is formed is determined by the mobility of surface atoms
in the direction across the dimer rows, and is thus dependent on
the growth temperature. Therefore, the slight temperature differ-
ence shown in Fig. 5 for island distributions reflects the small dif-
ference in the diffusion barriers along and across the direction of
the dimer rows.
4. Conclusion

Using the scanning tunneling microscopy, we have investigated
three kinds of Pb islands on the Si(1 0 0)-2 � 1 at low temperature.
When the coverage is less than 4.5 ML and the temperature range
is between 160 and 228 K, flat-top Pb(1 1 1) islands are formed.
The thickness of Pb(1 1 1) islands is confined within the range of
four to nine layers, and the six-layer islands are the most abundant.
Furthermore, with increasing coverage, Pb islands exhibits a two
dimensional growth behavior. These growth characteristics indi-
cate that the quantum size effect plays an important role in the
Pb(1 1 1) island growth. Quantum-well states are also observed
in the Pb(1 1 1) island. The quantum numbers can be assigned be-
cause of the manifestation of the thickness-independent state in
the spectra of the islands with even-layer thickness. The spectra
of Pb(1 1 1) island on Si(1 0 0)-2 � 1 reveal that the energy levels
of quantum-well states are similar to those in the Pb/Si(1 1 1)-
7 � 7 systems. The flat-top Pb(1 0 0) islands and 3D islands rotate
by 90� from one terrace to the adjacent one. This phenomenon im-
plies that the growth of Pb(1 0 0) and 3D islands are influenced by
the Si(1 0 0)-2 � 1 substrate.

References

[1] J. Walz, A. Greuer, G. Wedler, T. Hesjedal, E. Chilla, R. Koch, Appl. Phys. Lett. 73
(1998) 2579.

[2] A. Grossmann, W. Erley, J.B. Hannon, H. Ibach, Phys. Rev. Lett. 77 (1996) 127.
[3] J. Tersoff, R.M. Tromp, Phys. Rev. Lett. 70 (1993) 2782.
[4] A.R. Smith, K.J. Chao, Q. Niu, C.K. Shih, Science 273 (1996) 226.
[5] L. Gavioli, K.R. Kimberlin, M.C. Tringides, J.F. Wendelken, Z.Y. Zhang, Phys. Rev.

Lett. 82 (1999) 129.
[6] Z. Zhang, Q. Niu, C.-K. Shih, Phys. Rev. Lett. 80 (1998) 5381.
[7] F.K. Schulte, Surf. Sci. 55 (1976) 427.
[8] K. Budde, E. Abram, V. Yeh, M.C. Tringides, Phys. Rev. B 61 (2000) R10602.
[9] M. Hupalo, V. Yeh, L. Berbil-Bautista, S. Kremmer, E. Abram, M.C. Tringides,

Phys. Rev. B 64 (2001) 155307.
[10] M. Hupalo, S. Kremmer, V. Yeh, L. Berbil-Bautista, E. Abram, M.C. Tringides,

Surf. Sci. 493 (2001) 526.
[11] W.B. Su, S.H. Chang, W.B. Jian, C.S. Chang, L.J. Chen, T.T. Tsong, Phys. Rev. Lett.

86 (2001) 5116.
[12] S.H. Chang, W.B. Su, W.B. Jian, C.S. Chang, L.J. Chen, T.T. Tsong, Phys. Rev. B 65

(2002) 245401.
[13] H. Okamoto, D. Chen, T. Yamada, Phys. Rev. Lett. 89 (2002) 256101.
[14] H. Hong, C.M. Wei, M.Y. Chou, Z. Wu, L. Basile, H. Chen, M. Holt, T.C. Chiang,

Phys. Rev. Lett. 90 (2003) 076104.
[15] W.B. Su, S.H. Chang, H.Y. Lin, Y.P. Chiu, T.Y. Fu, C.S. Chang, T.T. Tsong, Phys. Rev.

B 68 (2003) 033405.
[16] J.H. Dil, J.W. Kim, S. Gokhale, M. Tallarida, K. Horn, Phys. Rev. B 70 (2004)

045405.
[17] C.S. Jiang, S.C. Li, H.B. Yu, D. Eom, X.D. Wang, P. Ebert, J.-F. Jia, Q.K. Xue, C.K.

Shih, Phys. Rev. Lett. 92 (2004) 106104.
[18] X.Y. Bao, Y.F. Zhang, Y. Wang, J.F. Jia, Q.K. Xue, X.C. Xie, Z.-X. Zhao, Phys. Rev.

Lett. 95 (2005) 247005.
[19] R. Otero, A.L. Vazquez de Parga, R. Miranda, Phys. Rev. B 66 (2002) 115401.
[20] A. Crottini, D. Cvetko, L. Floreano, R. Gotter, A. Morgante, F. Tommasini, Phys.

Rev. Lett. 79 (1997) 1527.
[21] M.M. Özer, Y. Jia, B. Wu, Z.Y. Zhang, H.H. Weitering, Phys. Rev. B 72 (2005)

113409.
[22] H. Itoh, H. Tanabe, D. Winau, A.K. Schmid, T. Ichinokawa, J. Vac. Sci. Technol. B

12 (1994) 2086.
[23] L. Li, C. Koziol, K. Wurn, Y. Hong, E. Bauer, I.S.T. Tsong, Phys. Rev. B 50 (1994)

10834.
[24] M.C. Yang, C.L. Lin, W.B. Su, S.P. Lin, S.M. Lu, H.Y. Lin, C.S. Chang, W.K. Hsu, T.T.

Tsong, Phys. Rev. Lett. 102 (2009) 196102.
[25] I.B. Altfeder, D.M. Chen, Phys. Rev. Lett. 80 (1998) 4895.
[26] S. Clark, M.R. Willby, D.D. Vvedensky, Surf. Sci. 255 (1991) 91.


	Effects of electronic confinement and substrate on the low-temperature growth of Pb islands on Si(100)-2×1 surfaces
	Introduction
	Experiment
	Results and discussion
	Growth mode
	Pb(111) island
	Pb(100) island and 3D island
	Temperature effect

	Conclusion
	References


