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Layer-resolved quantum-well states (QWS’s) corresponding to islands of different thicknesses for ul-
trathin Ag films on graphite have been observed by angle-resolved ultraviolet photoemission. The spec-
tral linewidth dependence on island thickness and on binding energy is well described within a phase-
accumulation model, taking into account the specific quantum-well barriers involved. Thus high-
resolution photoemission of QWS’s provides an interesting tool to investigate the morphology and

island-height distribution of ultrathin metal films.

The study of low-dimensional structures at the nano-
meter scale has attracted considerable interest since in
such spatially confined systems electron-wave-vector
quantization can be observed. This phenomenon is en-
countered in semiconductor quantum wells,! in two-
dimensional metal overlayers,>” '° and recently, in quasi-
zero-dimensional metallic quantum dots.!! For example,
in thin films grown epitaxially on substrates, periodic
structure has been observed in electron-tunneling spectra
representing a direct observation of size-dependent elec-
tronic states in thin metal films.2 The spacing of the
quantized energy levels is determined by the number of
layers and provides a direct measurement of the electron
group velocity while their location in energy determines
the position of band edges and other critical energy states
in the band structure of the metal.?2 Later on, such sys-
tems have been predicted to show fine oscillations also in
their photoemission spectra caused by the quantization of
hole states,'> where the peaks are broadened only by the
intrinsic lifetime of the hole state.!? Valence level photo-
electron spectroscopy and inverse photoemission of
several metal-on-metal and metal-on-semiconductor over-
layer systems essentially confirmed these predictions and
have permitted the observation of quantum size
effects.* !

However, electron-tunneling’ and photoemission ex-
periments'! suffer from an inherent complication: in gen-
eral they sample contributions from a range of island
sizes or film thicknesses with a different number of layers
that are superimposed according to their respective popu-
lation. Therefore, in these studies, a distribution function
had to be introduced to model the actual size or thickness
distribution to obtain compatibility with the data. So far
no direct experimental verification of such a size distribu-
tion for very thin films has been obtained.

In this work, we present direct observation of layer-
by-layer-resolved island-thickness distributions of ul-
trathin Ag islands achieved by high-resolution photo-
emission of the quantum-well state (QWS). Moreover, we
show quantitatively how this size distribution determines
the linewidths as a function of binding energy and layer
thickness and we deduce an upper limit for the QWS hole
lifetime width (70 meV) which is compatible with theoret-
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ical predictions of Loly and Pendry.'? Thus high-
resolution photoemission of QWS’s provides an interest-
ing tool to study the morphology and island-height distri-
bution of ultrathin metal films.

The experiments were performed in an ultrahigh vacu-
um (UHV) photoemission chamber at a base pressure of
less than 2X 107 !9 mbar. Photoelectrons were collected
using a hemispherical electron analyzer (HA150 from
VSW). The instrumental energy resolution was 50 meV
and the angular resolution was 1+2°. Satellite-free photo-
electron spectra were measured using the Hel line (21.2
eV) of a high-intensity gas discharge lamp (GAMMADATA)
combined with a custom built monochromator.!* The
highly oriented pyrolytic graphite (HOPG) substrate was
mounted on a cold finger held at 50 K by a closed cycle
He refrigerator. A retractable electron gun allowed rapid
heating of the substrate for cleaning and annealing. The
HOPG crystal was cleaved in air before transfer into the
vacuum chamber and then cleaned in UHV by a short
heat flash (1200 K). After deposition of a given amount
of silver layers at low temperature (50 K), the sample
was annealed at room temperature for 1 min. At low
temperature the growth mode of silver on HOPG is not
determined unambiguously in spite of the discontinuous
changes in the slope of the condensation curve (4d-
photoemission signal versus deposition time).'* At this
stage the film is polycrystalline with a majority of crystal-
lites exposing the Ag(111) surface as indicated in the pho-
toemission valence-band spectrum. After annealing the
spectrum is representative of a pure Ag(111) single crys-
tal surface.!> Moreover, the contribution from the graph-
ite substrate becomes visible in the photoemission spec-
trum showing that the film has transformed into islands
with the Ag(111) orientation.

Figure 1 displays a typical spectrum of such a sample
after annealing. The Ag 4d contribution between 4 and 7
eV binding energy is very intense compared to the weak
sp band which appears as flat and structureless up to the
Fermi level. An amplification of this part of the spec-
trum by a factor of 25 reveals fine oscillations which are
the signature of the QWS (see, e.g., Ref. 7). In the
present case the one-dimensional quantum-well barriers
are formed by the Ag-vacuum and the Ag-graphite inter-
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FIG. 1. Normal emission valence photoelectron spectrum of
Ag(111) islands on graphite taken at 21.2-eV photon energy.
The inset shows typical quantum-well-state oscillations just
below the surface state at the Fermi level.

faces. In the energy range of interest, a gap in the band
structure of graphite (see below) impedes the propagation
of the electron wave function into the substrate. The in-
tense structure at the Fermi level is easily identified as the
well-known surface state of the (111) crystal face of
silver.!>!® The sharpness of this surface state reflects the
good crystallinity and orientation of the islands. In Fig.
2, a set of spectra in the range of the QWS (upper curves)
is shown for six different samples. The thickness of the
islands increases from the bottom to the top. The upper-
most spectrum was recorded on a thick film (> 100 ML).
It represents the bulk limit with the L edge of the Ag sp
band at about 0.3 eV below the Fermi level. The other
spectra were obtained on films with nominal thicknesses
of 8, 14, 17, 28, with 32 ML. The following observations
are made from Fig. 2: (i) the energy difference between
successive QWS’s diminishes with increasing film thick-
ness, (i) for a given film thickness the width of the QWS
increases with binding energy, (iii) for a given binding en-
ergy the width of the QWS decreases with increasing film
thickness, and (iv) the intensity of the QWS decreases
with increasing film thickness.

In order to explain these observations we recall that for
a one-dimensional quantum box the QWS energy E, is
given by!’

2k(E,)d+¢(E,)=2mn , (1)

where k is the electron wave-vector component perpen-
dicular to the surface, d =Na, is the film th}ckness,
where N is the number of layers and a,=2.36 A is the
distance between the layers, ® is the total phase shift of
the electron wave function from reflection at the Ag-
vacuum and Ag-HOPG interfaces, and n is the quantum
number enumerating the wells states. In Eq. (1), k(E,)
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FIG. 2. Measured (as in Fig. 1) and calculated (continuous
curves) photoemission spectra for the indicated coverages re-
vealing the evolution of the quantum well states with island
thickness. For the ultrathin Ag islands (8 ML) the new sub-
structure is accounted for by the model calculation (see text)
and monitors directly the island height distribution.

represents the band dispersion along the 'L direction in
the three-dimensional Brillouin zone of Ag, perpendicu-
lar to the Ag(111) surface. Thus observation (i) is obvi-
ously a consequence of Eq. (1). Observation (iv) is a
consequence of the finite electron mean-free path leading
to an exponential decrease of the photoemission signal.®
Observation (ii) could be explained by the lifetime depen-
dence on binding energy'® but this is not consistent with
observation (iii). The solution to the problem is con-
tained in the spectrum at the bottom of Fig. 2 (8 ML)
where the broad peak between 1 and 3 eV binding energy
clearly displays the substructure. This important obser-
vation can be explained as follows: each substructure
peak corresponds to a particular island thickness. The
energy difference between each substructure peak is
representative of a thickness difference of one monolayer
of the island height. Thus the island thickness distribu-
tion is observed directly centered on the mean number of
layers. It is this distribution that results in the broaden-
ing of the spectral linewidth as a function of binding en-
ergy and nominal film thickness.

In order to verify this hypothesis quantitatively a sim-
ple model is used to calculate the photoemission spectra.
The dispersion relation E(k) for Ag(111) in the I'-L
direction is simulated by the two band model

E(k)=Eo_[ak2+U_(4abk2+U2)V2] , )
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with a=h?/2m* and b=37%/a}, where U=4.2 eV is
the width of the gap at the L symmetry point of Ag(111),
E;,=0.31 eV is the position of the sp band edge relative
to the Fermi level and m*=0.7 is the effective mass of
the electrons in this band. The values of these parame-
ters have been chosen in agreement with previous experi-
ments.>'%1%20 In the phase accumulation model'’ the
phase shift ®(E) of the electron wave function in Eq. (1)
is the sum of two terms: the shift at the outer quantum-
well barrier at the Ag-vacuum interface

®y=7[3.4eV/(E,—E)]'?—m, 3)

which represents the phase shift for an image potential in
the WKB approximation? and where E;, is the vacuum
level. The second term is the phase shift at the inner
quantum-well barrier at the Ag-graphite interface

&.=2arcsin[(E—E;)/(Ey,—E;)]'?, )

which is an empirical relation characteristic for a step po-
tential.”> Here E;, = —4 eV and E;;=4 eV are the posi-
tions of the lower and upper band gap at the I' point in
the [111] direction of graphite,?>?* respectively. In order
to model the photoemission spectra a Gaussian distribu-
tion of island thicknesses with a full width at half max-
imum of 2 ML is assumed. The width of each individual
QW level is given by the hole lifetime convoluted with
the instrumental energy resolution. Moreover, an in-
tegrated background due to inelastically scattered elec-
trons was added to fit the experimental spectra. Since the
mean island thickness is not known a priori (due to the is-
land formation process by annealing) the layer thickness
d is considered as a free parameter in the model calcula-
tion. It should be noted that the evolution of the Ag(111)
surface state with film thickness (energy position, width,
and intensity in Fig. 2) yields an independent indication
of the actual number of layers involved,* which is in
agreement with the number of layers derived from the
quantum-well model.

Figure 2 shows a comparison between the measured
(upper curves) and calculated (lower thin curves) photo-
emission spectra for the different island thicknesses. The
overall agreement between the data and model calcula-
tions is excellent. Even for the ultrathin islands (8 ML)
shown at the bottom of Fig. 2 the fine structure in the
data is satisfactorily reproduced by the calculation. Thus
the simple one-dimensional quantum-well model which
takes into account a realistic description of the band
structure involved in combination with the phase accu-
mulation model describes the essential physics of the
problem. This is illustrated in Fig. 3 which shows the re-
lationship between the Ag E (k) dispersion along the I'-L
direction and the measured and calculated photoemission
spectra for 8 and 28 ML. In the 28-ML spectrum shown
in the top of Fig. 3, QWS’s up to n =5 can clearly be dis-
tinguished. Here the quantum state index n is counted
from the top to the bottom of the band.? In the 8-ML
spectrum shown in the bottom of Fig. 3, n=1 QWS’s
from islands consisting of 7, 8, and 9 ML are clearly
resolved individually thus elucidating the morphology of
this thin film. The n =2 QWS can also be observed start-
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FIG. 3. Measured (as in Figs. 1 and 2) and calculated photo-
emission spectra of the quantum well states with the number of
layers N and the quantum numbers 7 as indicated. In the lower
part the relevant E (k) dispersion is shown in order to illustrate
the physical origin for the observation of the height distribution
of the very thin islands (see text).

ing at binding energies >2 eV. Why does the island-
thickness distribution become experimentally visible only
for the very thin islands? The answer is depicted graphi-
cally also in Fig. 3: For thin layers the k-value spacing
becomes large [see Eq. (1)] leading to an expansion of the
QWS from adjacent layers in a large energy interval. In
addition, the influence of the band dispersion or group
velocity on the energy spacing of the QWS is evident
from Fig. 3. Moreover, due to the presence of the Ag L
gap at 0.3 eV, the QWS cascades for all island thicknesses
are “trapped” at this band edge and can never cross the
Fermi level. When the QWS approaches the band edge,
its spectral intensity diminishes (see Fig. 2 for 28 and 32
ML). This observation is in agreement with earlier
findings and predictions,2 and is due to the fact that at
the band edge the group velocity approaches zero. The
upper limit of the hole lifetime is essentially fixed by the
width of the QWS in the bottom spectra of Figs. 2 and 3
and is found to be small compared to the apparent width
of the levels in the spectra for larger thicknesses. Be-
cause of the shape of the dispersion curve E (k) with a
horizontal tangent at the L point, the bulk hole lifetime?
can be deduced by extrapolation to E=E, for thick
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films. Within the experimental uncertainty due to finite k
resolution parallel to the surface an upper limit of 70
meV is obtained which is compatible with a theoretical
prediction.!? A slight increase of the QWS lifetime width
(from 70 to about 100 meV) with binding energy is ob-
served in the bottom spectra of Figs. 2 and 3. This effect
may be due to the fact that the hole states are not com-
pletely trapped in the thin islands but can escape to the
substrate.?

To summarize, a series of QWS’s in thin Ag islands de-
posited on HOPG is observed by angle-resolved high-
resolution ultraviolet photoemission. For ultrathin is-
lands of less than ten atomic layers a new observation is
made; the spectrum of the low quantum number QWS
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clearly displays several substructure peaks. An analysis
of these new spectral features within a phase accumula-
tion model taking account of the specific quantum-well
barriers involved shows that each substructure peak
represents a QWS originating from islands of a given
thickness. Thus for very thin metal islands photoelectron
spectroscopy is able to monitor the island morphology
via the QWS with atomic layer depth resolution.
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