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Correlation between height selection and electronic structure
of the uniform height PbÕSi„111… islands
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~Received 16 July 2001; published 21 February 2002!

Uniform-height islands, with preferred heights differing by bilayerheight increments, can be grown on
Pb/Si~111! at low temperatures most likely as a result of quantum size effects. With scanning-tunneling-
microscope spectroscopy we have determined how the electronic structure of individual islands is related to
their stability. Differences between preferred vs nonpreferred island heights are seen at the position of the
Fermi level with respect to the highest occupied band and lowest unoccupied band. This difference is supported
from oscillations of the measured apparent barrierD(ln I)/Dz with island height.
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Epitaxial growth has been a highly successful techniq
to grow new materials. Recent experiments have identi
the factors controlling the type of growth mode in a film
whether it is three-dimensional~3D! or layer by layer, so it is
possible to predicta priori whether a uniform film can be
prepared in a given system.1 Uniform films have only one
dimension reduced. However a far more challenging pr
lem, with great technological importance, is the growth
regular nanostructures of uniform geometry and shape
such structures can be fabricated, they will be far more u
ful in nanotechnology applications because of their sma
size.

Self-organization of the island height and shape has b
observed in recent low-temperature experiments
Pb/Si~111!.2,3 The formation of flat-top, steep islands of pr
ferred heights has been observed with spot-profile analys
low-energy electron diffraction~SPA-LEED! from oscilla-
tions of the diffracted intensity with the electron waveleng
The growth has also been verified directly with the scanni
tunneling microscope~STM!.4 Depending on temperatur
range~120–250 K! and coverage, preferred heights differin
by bilayer-height increments@2d whered50.286 nm is the
single-step height for Pb~111!# grow. The formation of the
islands was attributed to quantum size effects~QSE!, i.e.,
how the energy of the electrons confined within the islan
depends on island height.5–9

Initial evidence of QSE has been observed in earlier
periments. Bilayer specular intensity oscillations with
coverage have been observed in Pb/Cu~111! with He
scattering.10 Changes in the interlayer spacing of Pb/Ge~001!
with Pb coverage, observed from variations of the full wid
at half maximum~FWHM! in elastic He-scattering exper
ments have been also attributed to QSE.11 Evidence for QSE
was seen in spectroscopic STM measurements on a
‘‘wedge’’ grown over stepped Si~111! with different heights
exposed at the top of the ‘‘wedge.’’12 However the different
height columns were part of a single ‘‘wedge’’~and not the
individual uniform height islands of smaller size grow
recently2–4!. More importantly, recent work has shown th
specific heights are preferred, implying strong variation
the island energy with its thickness. Also work on QSE h
been carried out with photoemission in metallic films.13

The purpose of this paper is to determine the electro
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structure as a function of island height and to show t
islands of preferred heights have different electronic str
ture than islands of nonpreferred heights. In addition,
demonstrate that the electronic structure of the preferr
height islands confirms that they are the stable ones. T
information can be used to attain better control of the grow
island geometry and size. Usually the island-stability con
tion is expressed in terms of a simplistic ‘‘standing-wav
relation nd5slF/2, with lF the Fermi wavelength,nd the
preferred height, ands an integer, but clearly the mechanis
driving the height selection is more complicated.

The growth of the Pb islands have been studied on two
interfaces, the (737) phase and the Pb-()3)) phase.
The )3) phase forms either at low coverage~i.e., the
strongly boundb-)3) phase withu5 1

3 ML ! or at higher
coverage ~the weakly bounda-)3) phase with u
5 4

3 ML !.14 Although the preferred island height is the sam
on both phases, the lateral size of the grown islands is la
for growth on thea-)3) phase.14 For spectroscopy mea
surements, it is essential to have on the surface, island
wide variation in height~both stable and unstable! so the
dependence of the electronic structure on height can be
amined with the same tip, to eliminate effects related to
electronic structure of the tip. Since islands grow larger l
erally on the a-)3) phase and can expose unstab
heights we present growth results on this phase.14

Figure 1 shows Pb growth on thea-)3) phase foru
53.3 ML andT5195 K. Most of the islands shown in Fig
1~a! are of preferred height, which is marked on top of t
islands. Some islands of unstable heights are seen: four-
~uncovered region of the five-step island at the bottom rig!
and six-step~lower right corner! islands. Some of the island
show a modulation on top that originates from the corru
tion of the metal/semiconductor interface. This corrugation
projected to the top surface by the confined electrons in
island. The necessary conditions for the projection to be
servable and the dependence of the spatial resolution
island height and electron energy, has been worked ou
Ref. 15 for metal systems. Detailed discussion of these
fects for Pb/Si~111!, which also demonstrates the importan
of QSE, will be presented elsewhere.16 The region between
the islands is in thea-)3) phase with the domain walls
arranged in stripes@i.e., SIC~striped incommensurate! phase#
separated by 3.2 nm.
©2002 The American Physical Society06-1



e
nd
th

an
st
u
te

n
-

es
en
up

h

ee
o

g
-
al
el

the
l to

vel

ruc-
ntal
be-

d.
eV

-
ht
as

de-
s
e

e
d

t
-

.

he

M. HUPALO AND M. C. TRINGIDES PHYSICAL REVIEW B65 115406
However, as Fig. 1~b! shows, obtained 40 min later, th
initial island distribution evolves in time towards larger a
stable odd heights by bilayer increments. For example,
four-step unfilled area at the bottom island is completed
the height changes to nine steps although the large two-
island to the top right remains unchanged probably beca
of the small energy difference between two- and three-s
islands.

Figure 2 shows the spectroscopic measureme
D ln I/D ln V vs V for different heights. The normalized de
rivative D ln I/D ln V can be related to the density of stat
~DOS! if the transparency of the tunneling barrier is tak
into account. The measurements are divided into two gro
Figure 2~a! shows spectra for islands of odd height~3,5,7!
and Fig. 2~b! shows spectra for the islands of even heig
~2,4,6!.

The discrete energy levels in the islands are clearly s
in the spectra. Electrons occupying a level have a fixed n
mal componentkz with their parallel component extendin
from 0 to a maximum valuekimax. They generate a 2D sub
band andkimax is determined by the condition that the tot
energy of the electrons~i.e., the energy normal and parall
to the surface! is equal to the Fermi energyEf .

FIG. 1. ~a! 1003200 nm2 STM images showing different-heigh
islands~stable and unstable!. ~b! The same area 40 min later show
ing the evolution to more stable heights.
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For the simplest model to describe the confinement of
electrons in the island we assume a 1D well of width equa
the island thickness and depth 13.7 eV~i.e., the sum of Pb
work function 4.25 eV and the separation of the Fermi le
from the bottom of the conduction band 9.45 eV!. Such a
model ignores the complications related to the Pb band st
ture but it is adequate for testing some basic experime
parameters. With STM spectroscopy the two levels just
low ~HOB, highest occupied band! and just above~LUB,
lowest unoccupied band! the Fermi level can be measure
The measured separation between the HOB and LUB 1
~for the seven-step island! agrees well with 0.92 eV, the re
sult of the simple 1D model. For islands with larger heig
~i.e., for increasing well width! the level spacing decreases
seen qualitatively in both Figs. 2~a! and 2~b!. Only for is-
lands of sufficiently large height the separation should
crease as 1/h with h the height of the island, but for island
of smaller height it will depend on the detailed form of th
1D potential well.

The main conclusion from the results of Fig. 2 is th
position of the Fermi level with respect to the HOB an

FIG. 2. ~a! D ln I/D ln V vs V spectra for the odd island heights
The Fermi level is at a larger separation from the HOB.~b!
D ln I/D ln V vs V spectra for even island heights showing that t
Fermi level is closer to the HOB for odd height islands.
6-2
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LUB: for the odd heights the Fermi level is at larger sepa
tion from the HOB while for even heights the separation
the HOB is smaller. How is the position of the Fermi lev
related to the stability of the islands?

We can answer this question by invoking an argum
used by Schulte to explain how periodic variations in t
island work function with thickness are caused by QSE.5 The
number of energy levels increases and the level spacing
creases as the island height increases. As the electronic l
are shifted downwards, a level initially above the Fermi le
will be pushed below and electrons will start populating t
subband corresponding to this level. The number of electr
occupying a subband increases with the separation of
level from the Fermi level, sincekimax will be larger. Elec-
trons at the level pushed below the Fermi level are close
the vacuum than electrons at the lower levels and their w
function extends further outside the well. Charge spills ou
the well and because of charge neutrality a dipole la
forms at the surface of the island.17 As the island height
increases, the energy levels are pushed even lower, the
vector normal to the surface is smaller, but although
number of electrons occupying the level increases, the s
ing of the wave function outside the well decreases and
respondingly the strength of the dipole layer formed at
surface is reduced. This variation of the dipole strength
sults in oscillations of the work function. If we relate th
energy of the confined electrons to the amount of cha
spilled outside the island, with minimum energy expec
when the charge spilled is minimum, then periodic variatio
in island stability should be expected with island thickne
Heights with larger separation of the HOB from the Fer
level are the stable heights, as observed experiment
Since the island height cannot increase continuously but o
at discrete multiples of the Pb step heightmd ~where d
50.286 nm andm an integer!, a height change by 2d is ap-
proximately equal to3

2 l f @with l f50.366 nm the Pb bulk
value of the Fermi wavelength in the~111! direction16#. It
will cause a new level to be pushed below the Fermi le
and generate periodic variations of the charge spilled out
the island described above. Other contributions to the e
tron energy~i.e., charge transfer3! can explain further the
difference in the Fermi-level position.

The difference between stable and unstable islands
also be seen from the level of the tunneling current in
I -V spectra. In general, theI -V curves for stable islands lie
lower than theI -V curves for unstable islands, except in t
energy range 0.4–0.5 eV, which includes the LUB for sta
islands. One can simply write for the tunneling current

I 5(
i
E

Ef

Ef1eV

dEr i~E!exp@22m/h2~f2ueVu/22Ei !#
1/2,

~1!

where r i(E) is the 2D density of states,V is the applied
tunneling voltage,f is the average work function of samp
and tip,Ei are the discrete levels normal to the island. It c
be easily shown that for tunneling from the occupied sta
the largest contribution is from the HOB level and Eq.~1!
can be approximated~if we takeEf50! as
11540
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I 5uE21ur~E21!exp@22z$~2m/h2!~f2ueVu/2

1uE21u!%1/2# ~2!

with E21 the energy of the HOB. For tunneling into th
unoccupied states the main contribution is from the level j
below Ef1eV denoted byE* .

Equation ~2! shows that for lowerE21 , I will be less.
This explains why the tunneling current from odd-height
lands is smaller than the tunneling current from even hei
islands. This is also seen in Fig. 3, which shows a curre
imaging-tunneling spectroscopy~CITS! map at V521.5.
The even-height islands~i.e., two-step, four-step, and six
step! have the higher intensity.

The conclusion that the difference in the separation of
Fermi level from the LUB for stable vs unstable islands c
be further confirmed by measuring with a modulation tec
nique the apparent barrier heightD(ln I)/Dz for different
height islands.D(ln I)/Dz was measured for two values of th
tunneling voltageV50.75 and 1.5 V~for I 51 nA!. The cor-
responding energy 0.75 eV is above the LUB level for t
stable islands@Fig. 2~a!# and 1.5 eV is above the LUB leve
for unstable islands@Fig. 2~b!#. Since I is an exponential
function ofz the apparent height barrierD(ln I)/Dz is simply
given by

D ln I

Dz
522S 2m

h2 ~f2ueVu/22E* ! D . ~3!

From Eq.~3! it is first seen that for higher tunneling voltag
the lower will be the value ofD(ln I)/Dz since the tunneling
barrier is lower. This explains why the values ofD(ln I)/Dz
in Fig. 4 are lower for 1.5 V than for 0.75 V. Equation~3!
shows that the value ofD(ln I)/Dz is essentially determined
by the separation ofE* from Ef1eV. What is more inter-
esting in Fig. 4 is the oscillatory variation ofD(ln I)/Dz with
island height. For tunneling voltage 0.75 V, the odd isla
heights are at the minima ofD(ln I)/Dz while for 1.5 V the
even island heights are at the minima. We will show next t
this is a direct result of the difference in the position of t
Fermi level with respect to the HOB and LUB discuss
earlier.

If there was no difference in the position of the Ferm
level with respect to HOB and LUB between stable and u

FIG. 3. Current-imaging-tunneling spectroscopy for the sa
topographic image in Fig. 1~a! obtained at11.5 V ~i.e., the sample
is biased! showing that the even-height islands of Fig. 2~b! ~two-,
four-, six-step heights! have higher intensity.
6-3
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stable islands, the LUB would move monotonically towar
the Fermi level~as the spacing between the levels is d
creased!. E* would decrease and as Eq.~3! shows,
D(ln I)/Dz would correspondingly increase with island thic
ness. No oscillations ofD(ln I)/Dz with island height are ex-
pected in this case. As mentioned before, when discus
Fig. 2, the separation betweenEf and LUB is smaller for odd

FIG. 4. Apparent barrier heightD(ln I)/Dz vs island height mea-
sured for two voltagesV510.75 and11.5 V. The oscillations can
be explained from the difference in the Fermi-level position~with
respect to the LUB and HOB! as shown in Fig. 2.
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heights than the corresponding separation for even he
islands. The measured value ofD(ln I)/Dz at 1.5 V for odd-
height islands will be at the minima since as seen in Fig. 2~b!
their LUB level is close toEf1eV; but at 0.75 V for the
even-height islands,E* coincides with the HOB, which is a
a large separation fromEf1eV and these heights result in
maxima ofD(ln I)/Dz. For odd-height islands the opposite
true: the separation between the LUB is larger at 1.5 V@and
odd heights are at the maxima ofD(ln I)/Dz# while the sepa-
ration is smaller at 0.75 V@and odd heights are at the minim
of D(ln I)/Dz#.

In summary, we have performedI -V measurements on
the uniform-height Pb islands grown on Si~111! at low tem-
peratures as a function of island height. It is possible to d
tinguish stable from unstable islands by the position of
Fermi level: it is at a larger separation from the HOB f
stable islands than unstable islands. This asymmetry expl
why stable islands have lower energy and results in osc
tions of the apparent height barrierD(ln I)/Dz with island
thickness. The spectroscopic studies confirm the importa
of QSE and more importantly demonstrate strong corre
tions between the island’s electronic structure and stabili
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