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Quantum electronic stability and spectroscopy of ultrathin Pb films on Si„111…7Ã7
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The growth of Pb on Si(111)737 has been studied with photoelectron spectroscopy. At low temperature
~110 K!, Pb grows in a quasi layer-by-layer mode that allows for the direct observation of discrete quantum
well states. The quantum well states are analyzed in terms of the Bohr-Sommerfeld phase quantization model
using a phenomenological phaseshift function and reduced quantum numbers. Fermi-level crossings occur
when the film thicknessNd5n(lF/2), whered is the atomic layer spacing andlF the bulk Fermi wavelength
(N,n are integers!. The photoemission intensity from the quantum well states shows a strong modulation with
photon energy which can be interpreted on the basis of the matrix elements for direct transitions in bulk
Pb~111!. The in-plane effective mass of the quantum well states is greatly enhanced in the vicinity of the
substrate band edge. The present results provide important elements for understanding the growth morphology
of Pb films in recent STM studies.

DOI: 10.1103/PhysRevB.66.195410 PACS number~s!: 79.60.Dp, 73.21.Fg, 68.55.Jk
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I. INTRODUCTION

There is an increasing body of experimental evidence s
gesting that the growth mode of ultrathin metal films at mo
erately low temperatures is significantly affected by t
quantum-size effect. The earliest report dates back to 1
when Hinchet al.1 studied the growth of Pb on Cu~111! near
200 K and observed a doubling of the periodicity in t
specular beam intensity in He scattering experiments du
growth. They proposed that Pb grows in bilayers and no
that the bilayer periodicity is almost perfectly commensur
with half the Fermi wavelength:Nd'nlF/2. The proposed
link between quantum confinement and growth mode did
survive later scrutiny2 but recent studies convincingl
showed that electronic structure, specifically quantum c
finement perpendicular to the film, dictates the growth m
phology during the early stages of growth at low te
perature. ‘‘Magic film thickness’’3 and ‘‘preferred island
heights’’4,5 have been observed for several met
semiconductor interfaces. The preferred island heights o
on Si~111! can furthermore be tuned by tuning the confin
ment parameters~i.e., boundary conditions! of the film.6 The
relation between quantum confinement and structural sta
ity was demonstrated also for metal-on-metal epitaxy
which case the confinement is not due to the absolute b
gap in the substrate but rather to a relative band gap in
growth direction.

To understand and predict the morphological evolut
during low-temperature growth, one needs to understand
underlying physics in detail; analysis of the quantized el
tronic states and their boundary conditions is therefore es
tial. To calculate these levels, one can start from the stan
textbook example of a particle in a one-dimensional, fin
square well potential. A slightly more sophisticated mode
the ‘‘electronic growth’’ model7—explicitly addresses the
role of the semiconductor substrate and revealed that u
0163-1829/2002/66~19!/195410~7!/$20.00 66 1954
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thin flat films can be thermodynamically stable, margina
stable, or even unstable, depending on their thickness, s
lar to the existence of magic numbers for me
nanoclusters.8 The unstable films are expected to phase se
rate into multiple-height islands of stable thickness, provid
that the temperature is high enough to allow sufficient s
face diffusion. These predictions have been verified in
experimental studies cited above, but the electronic gro
model is too simplistic to quantitatively reproduce the glob
energy minima of the metal films. Total energy calculatio
within the framework of density functional theory~DFT! cal-
culations should be much more accurate but these often
not include the~usually! incommensurate substrate. Furth
complications arise from the fact that the structure of
interfacial wetting layer is usually disordered or totally u
known.

To obtain more knowledge about the Pb/Si(111)737
system and especially about the quantized electronic sta
we performed photoemission measurements as a functio
layer thickness. Photoemission is a suitable technique
probe quantum well states directly. Normal emission data
fixed photon energy will show quantum well states dispe
ing to lower binding energy as the film thickness increas
The Bohr-Sommerfeld phase accumulation model very w
reproduces this behavior and furthermore yields the inte
cial phaseshift parameter. Normal emission data at differ
photon energies reveal strong matrix element effects
photo-ionization, and angle-dependent photoemission d
reveal a large in-plane effective mass for states that are c
to the Fermi energy. These experimental results have b
analyzed in detail and their implications for growth and s
bility will be discussed in the context of recent STM studie

II. EXPERIMENT

The experiments were performed at beamline BL 33
the MaxLab synchrotron radiation facility in Lund, Sweden9
©2002 The American Physical Society10-1
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The base pressure of the chamber was 3310211 mbar. The
photon energies used were>22 eV because otherwis
second-order light from the monochromator would produ
spurious features in the photoemission spectra. Ann-type
silicon sample was cleaned by flashing to 1375 K by re
tive heating. After cooling to room temperature the sam
showed a sharp 737 low-energy electron-diffraction
~LEED! pattern and photoemission spectroscopy showed
traces of contamination. The sample was subseque
cooled by a liquid-nitrogen cold finger to 110 K. Pb w
evaporated from a Knudsen cell at a source temperatur
870 K which resulted in an evaporation speed of 0.11 mo
layer ~ML ! per minute. The growth temperature of 110
appeared low enough to prevent the presence of prefe
~magic! island heights. Pb grows in the~111! orientation on
Si(111)737 and therefore the film thickness is given
terms of a Pb~111! monolayer (1 ML59.43
31014 atoms/•cm22).

The Pb evaporation speed was calibrated from the ev
tion of the Schottky barrier as a function of deposition tim
and from the ratio of the Pb5d/Si2p photoemission line in-
tensities as a function of deposition time.10 This intensity
ratio abruptly saturates at the absolute coverage of 0.65
which was independently checked with Rutherford ba
scattering spectrometry. The development of the Scho
barrier is complete at a coverage of 0.830.65 ML
50.52 ML.10 This calibration was consistent with the rea
ings of our quartz crystal oscillator.

III. RESULTS AND DISCUSSION

A. Photoemission from quantum well states

A series of photoemission spectra of Pb on Si(111)737
at 110 K is shown in Fig. 1. The spectra were recorded
normal emission with 22 eV photon energy. The incide
angle was 45° and the polarization was in the plane of
incident photons and emitted electrons. The signature of
quantum well states is evident from~i! the binding energy
shift of the peaks with increasing Pb coverage and~ii ! the
fact that the binding energy of a quantum well state is in
pendent of photon energy~Fig. 6!. Binding energies were
determined from the minima of the second derivatives of
photoemission spectra. One can clearly see that the qua
well states shift to lower binding energy with coverag
which may seem counter intuitive but will be explained la
on. At 22 eV photon energy, the quantum well states are o
observed within a binding energy interval from 0 to 0.7 e
below the Fermi level.

Figure 2~a! shows a plot of the quantum well energies
a function of layer thickness~in ML Pb!. As a first step
towards the interpretation of the data we employ a symme
cal, one-dimensional square well potential11 with a depth of
12.4 eV ~8.1 1 4.3 eV for the Pb work function! and an
effective mass of 1.2me . Filled squares represent the ene
gies of the quantum well states that are calculated with
model. The quantum numbersn are indicated and it can b
seen that for each measured photoemission ‘‘branchp
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[3N22n remains constant (N is the layer thickness in ML!.
The reduced quantum numbersp are indicated in Fig. 2~a!.

Each photoemission branch has the property that it s
ports a new quantum well state as the thickness increase
multiples of two monolayers. The number of antinodes in
wave function increases by three for each bilayer increm
hence the condition 3N22n5 constant. From the bulk ban
structure of Pb, one finds that in this range of energy a
momentum,l'4d/3, which does indeed show that a bilay
of Pb can support approximately three antinodesd
52.85 Å andlF53.95 Å).11 The energy goes up slightly
for each bilayer increment, which is due to the fact that
wavelength must be squeezed a little so that the wave fu
tion can still fit in the well. The numberp can be viewed as
a reduced quantum number corresponding to a lo
wavelength (l8) modulation which satisfies the conditio
pl8/252Nd.

This simple model reproduces the scanning tunnel
miscroscopy and spectroscopy~STM/STS! observations of
Suet al.5 and Altfederet al.12 that each quantum well branc
has only contributions from odd- or even-numbered laye
Branches with reduced quantum numberp5even~odd! only
have contributions from even~odd! layers. Another property
of the system is that all films with an even number of atom
layers support a quantum well state 0.6 eV above the Fe
level. These states all belong to the branchp50 @not shown

FIG. 1. Normal-emission photoemission spectra of Pb
Si(111)737. The coverage ranges from 2 to 23 ML.
0-2
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FIG. 2. ~a! Open circles: ex-
perimental quantum well states a
a function of Pb coverage. The
filled squares represent the best
of the one-dimensional squar
well model to the photoemission
data. The quantum numbersn and
p are indicated. The solid lines
serve as a guide to the eye.~b!
Photoemission intensity at the
Fermi level as a function of Pb
coverage. Inset: illustration of the
symmetrization procedure.
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in Fig. 2~a!# and havek53p/2d exactly at the midpoint of
the second Brillouin zone.5 Su et al.5 and Altfederet al.12

performed STM/STS measurements on Pb on Si(111)737
at 200 K. Suet al.observed flat-top~magic! islands on top of
a wetting layer of Pb, while Altfederet al. performed their
measurements on a wedge shaped Pb island on a we
layer. They both observed thep50 state in STS for island
heights corresponding to an odd number of atomic lay
above the wetting layer. This proves that the wetting laye
their studies consists of an odd number of Pb layers.

From the measurements it is furthermore deduced tha
Pb growth is not perfectly layer-by-layer. The quantum w
states disperse continuously with Pb coverage and do
reveal monolayer resolution. Neighboring quantum w
states in each branch are often separated by less than 0
and hence it is also much more difficult to achieve mon
layer resolution as compared with e.g., Ag films.13 The small
separation of the quantum well states is a direct consequ
of the property that each bilayer supports three new stat

We now turn to the more accurate description in terms
the Bohr-Sommerfeld phase accumulation model

2k~E!Nd1FB~E!1FC~E!52pn ~1!
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with k(E) the Pb band structure in theGL direction~perpen-
dicular to the surface!, Nd the thickness of the well,FB and
FC the phaseshifts at the surface-vacuum interface and
metal-semiconductor interface, respectively, andn the prin-
cipal quantum number of the state. The wave vectorsk(E)
are located in the second Brillouin zone. When we appro
mate the surface potential barrier with an image potent
the phaseshift at the vacuum side of the well can be appr
mated from the well-known WKB expression:14

FB~E!/p5@3.4/~EV2E!#1/221, ~2!

whereEV is the vacuum level~or work function!. FB varies
slowly as function of energy. It ranges from20.11p at the
Fermi level and 20.18p at 0.7 eV binding energy to
20.36p at 4 eV binding energy. The total phaseshift (FB
1FC) and k(E) can be determined from the experiment
films of various thickness have quantum well states at
same binding energy.15 BecauseF only depends on energy
these two states must have identical phaseshifts. Their w
number is therefore given by

k5p~n22n1!/~N22N1!d ~3!
0-3
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with N1 and N2 corresponding to the number of layers
each film. This value fork gives, along with Eq.~1! the total
phaseshift at that particular energy. Because the datas
limited to a small energy window of only 0.7 eV, this anal
sis can only be implemented for four pairs of quantum w
states. The result forE(k) is shown in Fig. 3~a!. The band
structure is approximately linear for such a small interv
The fit gives a value forkF of 1.59160.006 Å21, which is in
very good agreement with De Haas-Van Alph
measurements16,11 which produced a value of 1.596 Å21.

From the experimental relationshipk(E) and WKB val-
ues ofFB from Eq. ~2!, FC can be calculated, which is
slowly varying function of energy. A linear fit gives the resu
FC5a1bE, with a53.160.1 rad and b50.34
60.11 rad eV21, as shown in Fig. 3~b!. These values are
similar to those of Al/Si~111!,17 Ag/Si~001! and Ag/Si~111!.18

At low coverages (,8 ML) the finite square well mode
deviates significantly from the photoemission branches w
p51 and p52. The square well model ignores the ba
structure and does not come anywhere close to reprodu
the correct boundary conditions. The deviation from t
model becomes increasingly important for thinner films. T
phase accumulation model, instead, reproduces the ph
emission branches over the entire coverage range. Fi
4~a! shows a fit to thep52 photoemission branch using E
~1! in combination with the conditionn5(3N2p)/2, assum-

FIG. 3. ~a! Experimental band structureE(k) of Pb in theGL
direction in the second Brioullin zone. The linear fit produces akF

of 1.59160.006 Å21. ~b! Experimental phaseshiftFC with
linear fit.
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ing that the dispersionk(E) remains linear down to 0.7 eV
binding energy. Phaseshifts are shown in Fig. 4~b!.

Figure 2~b! shows the photoemission intensity at th
Fermi level as a function of Pb coverage. The values for t
graph are obtained by symmetrizing the spectra.19,20 In this
procedure a spectrum~with EF50) and the spectrum with
reversed energy sign are added up as shown in the ins
Fig. 2~b!. This symmetrization procedure essentially remov
the Fermi-Dirac distribution. The symmetrized intens
peaks when a state crosses the Fermi level. The vertical
of Fig. 2~b! shows the height of the peak in the symmetriz
spectrum devided by the height of the Fermi edge of a sin
spectrum~for normalization purposes!. The broad features in
Fig. 2~b! ~i.e., the broad peaks around 9 and 16 ML! corre-
spond to the Fermi-level crossing of the first (p51) and
second (p52) photoemission branches of quantum w
states. A quantum well state close toEF gives rise to an
increased intensity atEF . The maxima of these peaks a
indicated as filled circles in Fig. 2~a! and are situated wher
the photoemission branches would cross the Fermi level.
overall shape of Fig. 2~b! reflects the long-wavelength osci
lation in the so-called ‘‘misfit function’’d5uNd2nlF/2u
which was introduced by Hinchet al.1 Fermi-level crossings
appear whend50, which happens when the coverage equ
9 and 16 ML. Pronounced dips in the photoemission int
sity appear at 13 and 20 ML. At these points, the high
occupied quantum well state has the highest binding ene
i.e., these are the midpoints between two subsequent Fe

FIG. 4. ~a! Measured quantum well energies for thep52 branch
~open circles! and the fit to the phase accumulation model.~b! Total
phaseshift (FB1FC) from the fit in ~a!.
0-4
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QUANTUM ELECTRONIC STABILITY AND . . . PHYSICAL REVIEW B 66, 195410 ~2002!
level crossings. With increasing coverage, the branches c
closer together which explains the fact that the intens
minimum at 13 ML is deeper than the minimum at 20 ML

The data in Fig. 2 of the paper by Suet al.5 show the first
Fermi-level crossing when the Pb islands grow 8 ML hi
above their wetting layer. Altfederet al.12 observe the cross
ing of the second branch (p52) at an island height of 15
ML. Our data indicate Fermi-level crossings at 9 and 16 M
which shows that the wetting layer in the ST
experiments5,12 can only be one layer thick instead of thre
as was claimed in these studies. Taking a wetting laye
only 1 ML, all of the quantum well energies measured in t
STM/STS experiments5,12 fit our photoemission result
nicely. A 1 ML wetting layer reduces the quantum numbe
of Su et al. by 3.

From purely electronic considerations, higher binding e
ergies atki50 imply larger stability,13 which would then
suggest that films of 13 ML and 20 ML, and films belo
'8 ML should be particularly stable. Realizing again th
the spectra are not layer resolved and that thep51 branch
belongs to the odd-numbered layers, whereas thep52
branch belongs to the even-numbered layers, it is imm
ately evident that below 9 ML, the even-numbered layers
more stable than odd-numbered layers, whereas the
numbered layers are more stable between 9 and 16 ML.
ternatively, below 9 ML islands consisting of an odd numb
of atomic layers above the wetting layer should be m
stable than those with an even number of atomic plan
STM21 and spot profile analysis LEED data6 indeed sugges
that 5 ML and 7 ML height islands are strongly preferre
however, the strongest preference for 7 ML height island
inconsistent with the increased binding energy of thep52
branch towards lower coverage. The strong dips at 13
and 20 ML call for STM investigations to explore the pos
bility of a preferred thickness in this coverage range.

B. Angle-resolved photoemission

The in-plane dispersion of a quantum well state at 0.30
binding energy (p52) of a 9 ML Pb film is measured with
angle-resolved photoemission spectroscopy. The spectra
recorded at a temperature of 120 K. The data for the
main crystallographic directionsGM andGK are plotted in
Fig. 5.

The parallel momentumki was obtained from\ki
5A2mEksinu, with Ek5hn2Eb2fa , and fa the work-
function of the analyser. The values for the effective mas
m* derived from the spectra in theGM andGK direction are
3.95me and 3.61me , respectively. To check whether the
high values of the effective mass are an intrinsic property
two-dimensional Pb, DFT calculations have been perform
on free standing Pb films, according to the localized sph
cal wave technique.22 This method is a modification of th
augmented spherical wave program that was developed
Williams et al.23 Exchange and correlation were treat
within the local spin-density approximation and scalar re
tivistic effects were included.24,25 The lattice of Pb atoms
was not allowed to relax in the calculations. The effect
masses from the calculations are listed in Table I.
19541
e
y

,
of
e

s

-

t

i-
re
d-
l-
r
e
s.

;
is

L

V

are
o

s

f
d
i-

by

-

These theoretical values ofm* show numbers from 0.6 to
1.3me and an increase of the effective mass with decreas
binding energy. Similar behavior has been observed
Al/Si~111!26 and Ag/Si~111!.27 From these numbers it is clea
that the measured values form* cannot be attributed to the
electronic properties of two-dimensional Pb. Other stud
have indicated unexpected trends and sometimes unus
large mass parameters for quantum well states near
valence-band edge of the substrate. Examples include A
Si~001!,28 Al on Si~111!,26 and Ag or Cu on V~001!.29 For Pb
on Si(111)737, the Fermi level is located near the botto
of the Si band gap30 which means that thep52 band of the
9 ML film must be close to the valence band maximum. W
conjecture that this causes the unusually large values form* .

C. Influence of the photon energy

At 22 eV photon energy quantum well states can only
observed for binding energies,0.7 eV. However, if the
photon energy is varied, quantum well states can be obse
at different binding energies. For example, aroundhn
531 eV a quantum well state appears at 3.3 eV bind
energy. A series of photoemission spectra from a 4.5 ML
film on Si(111)737 taken with photon energies from 22 t
32 eV is presented in the gray scale plot of Fig. 6~a!. This
gray scale plot is obtained by multiplying the second deri
tive of the photoemission spectra with a function that c
rects for the increased lifetime broadening at high
binding energy. This correction function is given b
2A(aEb)21DEinstr

2 , with Eb the binding energy,DEinstr

the instrumental energy resolution anda(50.1) a constant to
be adjusted to obtain good contrast in the entire energy ra

FIG. 5. Parallel dispersion of a 9 ML Pb film on Si(111)737 in
theGM andGK directions. The effective masses are 3.95 and 3.
respectively.

TABLE I. Effective massm* ~in units of me) as a function of
binding energy~in eV! in the GM and GK direction from DFT
calculations of Pb slabs.

Energy~eV! 4.03 3.36 2.54 1.39 0.16

m* (GM) 0.59 0.65 0.78 0.89 1.28
m* (GK) 0.60 0.62 0.64 0.86 1.01
0-5
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of the plot.31 In this figure, black represents high photoem
sion intensity while white represents low photoemission
tensity.

It can be clearly seen that the intensity of the quant
well state at 0.7 eV binding energy is diminished for phot
energies.27 eV and that the state at 3.3 eV binding ene
is only visible forhn.28 eV. The quantum well state at 2
eV binding energy is less pronounced and only visible in
region between 26 and 29 eV. In this 4.5 ML Pb film, t
state labeledA at 0.7 eV binding energy can be attributed
the p52 branch, the state labeledB ~1.9 eV binding energy!

FIG. 6. Gray scale representation of the photoemission spe
from a 4.5 ML ~a! and 10 ML ~b! Pb film on Si(111)737 as a
function of the photon energy. Black and white mean high and
photoemission intensity, respectively. The gray line indicates
dispersion of the bulk Pbsp band.
19541
-
-

y

e

to thep53 branch and stateC ~3.3 eV binding energy! to the
p54 branch. The contribution of thep51 branch is ob-
served in the raw spectra for photon energies from 22 to
eV, but it is not visible in the gray scale plot due to the stro
curvature near the Fermi level.

For the 10 ML film of Fig. 6~b!, statesD andE at 0.3 and
0.7 eV binding energy can be attributed to thep52 andp
53 branches, respectively. For binding energies greater
1 eV, the individual quantum well states of thep54 branch
~1.1 to 1.5 eV binding energy! can be observed and are la
beledF1 –F3. From the simple finite square well model, on
finds that theF1, F2, andF3 states correspond to differen
layer thickness~8, 10, and 12 ML, respectively!, which is
indicative of a rough growth front.

The observed intensity maxima of the quantum well sta
coincide with photon energies for direct transitions32,33,28in
bulk Pb. The curves in Figs. 6~a! and 6~b! indicate the loca-
tions, where direct transitions would be possible in bu
Pb.34 The valence states in ultrathin films are quantized,
the photoemission matrix elements do not deviate much fr
those in the bulk.35,36 In thin films however, matrix element
only integrate over the film region, which causes a broad
ing in momentum~5energy! space.37 This is illustrated in
the Figs. 6~a! and 6~b!. The photon energy range in which
certain quantum well state can be observed for a 10 ML fi
is 1.760.1 eV @Fig. 6~b!# while for a 4.5 ML film it is 2.7
60.3 eV @Fig. 6~a!#.

IV. SUMMARY

The growth of Pb on Si~111! has been studied with pho
toemission spectroscopy. The experimental photoemis
branches of quantum well states can be described wit
reduced quantum numberp[3N22n. The numberp can be
viewed as a reduced quantum number corresponding
long-wavelength modulation that satisfies the condit
pl8/252Nd. The photoemission branches reflect the ge
eral property of the Pb films that in the energy range
interest, each bilayer of Pb can support approximately th
antinodes of the quantum well wave function. The pho
emission branches cross the Fermi level when the condi
Nd5nlF/2 is satisfied. The quantum well states are furth
more characterized by a large in-plane effective mass
strong matrix element effects for photo-ionization. T
present study also sheds some light on previous STM exp
ments. It is now evident that below 9 ML, films with an eve
number of atomic layers are electronically more stable th
those with an odd number of layers. This observation
counts for the fact that the ‘‘magic’’ islands in STM studie
all have an odd number of atomic layers above the wett
layer. The wetting layer in the STM studies consists of on
a single layer of Pb.
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