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The growth morphology and the electronic structures of thin metastable Ag films grown on Si(001)2x 1 surfaces at
low temperatures are investigated by scanning tunneling microscopy and angle-resolved photoemission spectroscopy
using synchrotron radiation. The morphology of Ag films exhibits a strong thickness and substrate temperature depend-
enceindicating an intriguing growth mechanism. At anominal coverage larger than 5 ML, the as-deposited film is com-
posed of homogeneous clusters having 3-dimensional character at the substrate temperatures of [0 100 K and of flat epi-
taxial Ag(111) films by a subsequent annealing at 3000 450 K. Discrete Ag 5 s states are observed at binding energies
of 0.30 3 eV together with the surface state. The discrete electronic states can be interpreted in terms of the quantum-
well states (QWS) based on the phase-shift quantization. The phase shift, the energy dispersion and the thickness-
versus-energy relation (Structure Plot) of the QWS are consistently derived. On the other hand, for the in-plane disper-
sion, in contrast to the free-electron-like behavior expected, these QWS show (i) a significant enhancement of the in-
plane effective mass with decreasing binding energy and (ii) a splitting of a QWS into two electronic states with differ-
ent dispersions at off-T point. Such unexpected electronic properties of QWS are investigated in detail and found obvi-
ously related to the semiconductor substrate band structure. Furthermore, the QWS splitting is explained in terms of the
energy dependence of phase shift at the film-substrate interface occurring at the substrate band edge.
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Fig.1 {upper} STM images for the 2.5 ML Ag adsorption on a Si(001)2x 1
surface at 65 K (inset) and annealed at room temperature taken with a
tunnel current (l:) of 0.2 nA and atip voltage (Vi) of 5V. {lower} STM
images for the 5 ML Ag adsorption on aSi(001) 2x 1 surface at 65 K (in-
set) and annealed at room temperature taken at ;] 0.2 nA and V[ 3 V.
Black and white arrows indicate positions of steps and pit-holes (P), re-
spectively. The lateral sizeisindicated in the figure.
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Fig.2 A collection of normal-emission ARPES spectra for
the 14 ML Ag adsorption on a Si(001) 2x 1 surface at
0 120 K and subsequently annealed at 350 K. The
spectraare taken along [110] axis of the Si(001) crys-
tal at the photon energy of 21.0 eV. The photon inci-
dent angle (0i) with respect to the surface norma is
45°. The peak positions of Ag(111) surface state (SS)
and quantum-wel| states (QWSs) are assigned.
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Fig. 3 Norma-emission ARPES spectra for Ag adsorption
of various Ag coverages on Si(001) at [0 120 K and
subsequently annealed at 30001 400 K. The conditions
of ARPES measurement are same as Fig. 2. The peak
positions of different electronic states assigned are
marked with different symbols. The thick lines are
guides to the eye showing the peak motions.
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Oyac(Ep) + 2 kean_(En) d + ogub(Ey) = 2m(n-1)

Vacuum Ag | Si

Fig. 4 Schematic drawing of electron (e”) confinement in a
Ag film between the vacuum potential and the Si sub-
strate band gap. Abbreviations, E- and n, indicate
Fermi level and the surface normal, respectively. The
relation between the equation (1) in the text is also in-
dicated.
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Fig.5 (&) The sp-band dispersions for Ag along I'-L line.
Solid circles and diamonds are data points from Agl
Si(001) and Agl Cu(111)*" systems, respectively. The
solid curve is a least-squares fit of the Agl Si(001)
points based on the two-band nearly free electron
model . (b) Change of the phase shift of nO 4
quantum-well state of Agl Si(001) with binding en-
ergy. Experimental points and a least-square line fit
are shown as solid squares and a solid line, respec-
tively.
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Fig. 6 Comparison of the Phase-Shift Quantization rule

model (curves) and experiments (dots with the error
bars) for the energies of quantum-well states for Ag
overlayers on Si(001) as afunction of overlayer thick-
ness. The curves are prediction from the bulk-band
structures and the phase shiftsin Fig. 5.
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Fig. 7

The grey-scale Es(Binding Energy)-k:: diagram for the 16 ML-thick

double-domain Ag(111) film on Si(111) substrate along the [101]
axisof Si(111) crysta taken from the ARPES scans at hv[ 22.7 V.
The surface Brillouin zone (SBZ) of the Ag(111) surface and the
scanned SBZ line are also indicated in the figure.
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Fig. 8 The grey-scale Es(Binding Energy)-k:: diagrams for the 14 ML-thick

double-domain Ag(111) film on Si(001) substrate along the [110] axis
of Si(001) crystal taken at hv(d 22.7 eV. The surface Brillouin zone
(SBZ) of the Ag(111) surface and the scanned SBZ line are also indi-
cated in the figure. The parabolic fits of dispersions for the quantum-
well states are depicted as black dashed lines.
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Fig.9 In-plane effective mass, m” .:, relative to free-electron

mass m, as a function of the binding energy at k:J O
for the Ag(111) film on Cu(111) (together with bulk
Ag metal, a solid line)®”, Si(111) and Si(001) sub-
strates. Dashed lines are the guides for tracing the ex-
perimental points. The shaded areas correspond to the
energy regions below the substrate valence band
maximum. Solid circles, squares, and triangles repre-
sent the data taken at hvJ 22.7, 10.3 and 9.3 eV, re-
spectively. Error bars, which correspond to standard
deviations of the parabolic fits, are also shown.
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